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Abstract

Nucleotide excision repair (NER) in mammalian cells requires the xeroderma pigmentosum group
A protein (XPA) as a core factor. Remarkably, XPA and other NER proteins have been detected
by chromatin immunoprecipitation at some active promoters, and NER deficiency is reported to
influence the activated transcription of selected genes. However, the global influence of XPA on
transcription in human cells has not been determined. We analyzed the human transcriptome by
RNA sequencing (RNA-Seq). We first confirmed that XPA is confined to the cell nucleus even in
the absence of external DNA damage, in contrast to previous reports that XPA is normally resident
in the cytoplasm and is imported following DNA damage. We then analyzed four genetically
matched human cell line pairs deficient or proficient in XPA. Of the ~14,000 genes transcribed

in each cell line, 325 genes (2%) had a significant XPA-dependent directional change in gene
expression that was common to all four pairs (with a false discovery rate of 0.05). These genes
were enriched in pathways for the maintenance of mitochondria. Only 27 common genes were
different by more than 1.5-fold. The most significant hits were AKR1CZand AKRICZ, involved
in steroid hormone metabolism. AKR1C2 protein was lower in all of the immortalized XPA-
deficient cells. Retinoic acid treatment led to modest XPA-dependent activation of some genes
with transcription-related functions. We conclude that XPA status does not globally influence
human gene transcription. However, XPA significantly influences expression of a small subset

of genes important for mitochondrial functions and steroid hormone metabolism. The results

may help explain defects in neurological function and sterility in individuals with xeroderma
pigmentosum.
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1. Introduction

Nucleotide excision repair is the only pathway that mammalian cells have available for

the removal of the major DNA lesions arising from ultraviolet (UV) radiation damage.
NER also repairs helix-distorting lesions produced by reactive chemicals and other types of
radiation. The NER process excises damage within a 24-32 nt oligonucleotide, followed by
repair synthesis and ligation to complete repair. About 30 polypeptides are needed for the
basal NER process [1-3]. The main pathway of global genomic NER involves distortion
recognition by XPC-RAD23B, formation of a pre-incision damage recognition complex
including TFIIH, XPA and RPA, and incision of the damaged strand on the 5" and 3" sides
by the ERCC1-XPF and XPG nucleases respectively.

In eukaryotes, most of the components of the NER machinery have major additional
biological functions that are essential for normal viability. This has profound consequences
for cells or organisms with mutations in NER genes. The ten subunits of TFIIH form a

core initiation factor for basal transcription of all mMRNAs, for example, and XPG also

has a transcription-related function [4-6]. ERCC1-XPF participates in some homologous
recombination reactions and in crosslink repair [7]. Consequently, complete disruption of
some NER components is incompatible with cellular survival or embryonic development
(for example, TFIIH subunits or RPA), while perinatal lethality occurs following disruption
of other components (ERCC1, XPF, XPG). Mutations that partially disable these factors can
lead to severe diseases in human beings.

Complete disruption of two major NER factors is tolerated. One of these is XPC, part of

a distortion recognition complex. XPC disruption causes xeroderma pigmentosum (XP) in
humans, with a relatively less severe phenotype than other complementation groups because
a transcription-coupled form of NER remains intact. Nevertheless, even XPC is reported to
have an additional function as a component of a transcription complex for specific genes [8].

The other NER factor that can be completely inactivated without impairing cell viability is
XPA. This is notable, as XPA is absolutely required for NER. It is a scaffold protein that
contacts many of the other NER protein components, and also binds to DNA [9-11] (Fig.
1A). XPA patients or mice without XPA function have no NER activity. Because each of the
other NER factors has an identified additional function in cells, it is important to evaluate
whether XPA also has a significant biological function other than NER. Broadly, elimination
of XPA is compatible with mammalian development, growth, and cellular function. Patients
with mutations that completely ablate XPA function are born, develop relatively normally
and may live for several decades. Similarly, mice with complete XPA defects are born,
develop normally, and have a near-normal lifespan, with a low background of spontaneous
tumors occurring later in life [12,13].
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XPA patients often succumb to metastatic UV radiation-induced skin tumors. This can be
delayed by protection of individuals from sun exposure. However, many XPA patients with
loss of XPA function show accelerated neurological deterioration over decades, initially
characterized as de Sanctis-Cacchione syndrome [14]. Retention of a small amount of XPA
function results in much milder symptoms [15]. A likely explanation for the origin of

the neurological impairment is the accumulation of genomic DNA lesions over decades in
non-replicating neural cells that can only be repaired by NER [16]. Prime candidates are the
cyclopurines induced by reactive oxygen species, which are repaired by NER and cannot

be removed by other repair systems [17]. XPA-defective mice, with a much shorter lifespan
than humans, do not appear to exhibit these neurological deficits [18].

Nevertheless, a few observations have suggested that XPA may have additional functions
beyond NER. Chromatin immunoprecipitation of NER proteins (including XPA) indicates
association with the promoters of several tested genes [19]. The basal transcription initiation
factor TFIIH is expected to be present at promoters. XPA may be detectable by this method
because it binds to TFIIH and associated proteins, or because it binds directly to DNA. One
study indicates that XPA depletion affects retinoic acid (RA)-activated transcription of the
genes RARB, PPAR, and HMGCS2[19]. Moreover, a comparison of XPA-proficient and
deficient cells by microarray analysis found changes in gene expression associated with XPA
status, and indicated that XPA-deficient cells in culture display mitochondrial dysfunction,
with defects in pathways of mitophagy [20]. Mitochondrial dysfunction would be expected
to impact neural health.

To comprehensively investigate the extent of a possible transcriptional defect in XPA-
deficient cells, we examined genome wide expression of transcribed genes by high
throughput RNA-Seq analysis.

2.1. Validation of pairs of XPA-deficient and proficient cell lines

The purpose of this study was to determine the extent to which XPA expression status
influences overall gene expression in cultured cells. We considered it important to use
independent, genetically matched pairs of cell lines where one cell line was completely
XPA-deficient, and the other was XPA-proficient. Four pairs of cell lines were investigated.
Fig. 1B indicates the sites of causative XPA mutations in each of the cell lines. Two pairs
include widely used and characterized XPA-deficient cell lines derived from human skin
fibroblasts of individuals with xeroderma pigmentosum group A, XP20S and XP12RO.
These were compared to the same cell lines complemented with a plasmid expressing XPA
cDNA. In both cases, there is ample evidence that XPA expression fully corrects the UVC
radiation sensitivity and NER defect in these fibroblasts [21,22]. As another comparison pair
of cell lines, two CRISPR-Cas9 mediated XPA-disrupted HelLa S3 cell lines were generated
(Fig. 1C). We reasoned that if any XPA-associated gene expression changes were found

in common across several cell lines, they would represent the most biologically significant
consequences of XPA expression. The common genetic origin of the paired cell lines was
confirmed by short tandem repeat analysis (Table S1).
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In three of the XPA mutant cell lines, XPA protein was undetectable by immunofluorescent
staining of cells (Fig. 2A) or by immunoblotting of cell extracts (Fig. 2B, C). This is
consistent with the known mRNA destabilizing mutations in XP20S [23] and XP12RO [22]
(Fig. 1B). The HeLa KO142 cells encoded an XPA protein with a deletion of six amino
acids (residues 9-14) near the N-terminus (Fig. 1B and 1C). This, perhaps surprisingly,
destabilizes XPA expression, reducing it to ~10% of the level in the HeLa cells (Fig. 2B
and C). The GTX103168 antibody recognizes the globular core domain of XPA and also
detected a reduced level of XPA in HeLa KO142 cells (Fig. 2B). The HeLa KO38 cells

had a frameshift mutation causing early termination and complete loss of XPA protein.

UV irradiation of paired cell lines confirmed the NER deficiency in the XPA mutant

cell lines showing that there is a reduced level of NER in KO142 (Fig. 2D). This is
consistent with previous data showing that XPA levels are rate-limiting for NER when
reduced sufficiently [24,25]. HeLa KO38 cell extracts were completely deficient in NER and
could be complemented by XPA protein (Fig. 2E).

2.2. XPA is localized in the nucleus of cells and does not require UV irradiation for import

To have a direct influence on transcription, XPA would have to be present in the cell
nucleus, where transcription takes place. Although XPA is localized in the nucleus under
standard fixation conditions (Fig. 2A), we were concerned about reports that XPA is
normally resident in the cytoplasm, and is only recruited to nuclei following UV radiation
exposure [26,27]. We note that in those studies, cells were first briefly exposed to wash
buffers containing Triton X-100 detergent or the milder fixation agent methanol, or with
0.05% NP-40 detergent. As shown in Fig. 3A (top row), XPA is entirely resident in the
nucleus as visualized after paraformaldehyde fixation. However, because XPA is a relatively
small protein (31 kDa), it easily leaks out of nuclei into the cytoplasm after only a few
seconds’ exposure to a buffer containing 0.05% NP-40 (Fig. 3A, third row).

Cells exposed to sufficient DNA damage retained XPA in the nucleus for at least 30 min
even after a brief wash in buffer containing NP-40 detergent. A UVC radiation dose of 20
Jim? was sufficient to retain all detectable XPA in the nucleus (Fig. 3A, fourth row and Fig.
3B). This result is consistent with previous observations that XPA remains chromatin-bound
after UV irradiation, but is extractable from chromatin in nondamaged cells [28]. Similarly,
we found that photoactivated psoralen lesions could also immobilize XPA in the nucleus,
even in cells washed with buffer containing NP-40 (Fig. 3C). Consequently, previous
observations suggesting nuclear import of XPA following UV radiation [27] appear to have
been misinterpreted. Instead, XPA is always present in nuclei. Fixation in the presence of
detergent facilitates nuclear membrane permeabilization, and XPA leaks out readily; DNA
damage in the nucleus temporarily restricts such leakage while XPA is engaged in repair.
Other examples of misinterpretation of the subcellular localization of proteins arising from
the presence of detergent have been noted previously [29,30].

2.3. Influence of XPA status on overall gene transcription

To analyze gene expression, RNA was extracted from a culture of 108 actively growing cells
of each pair, and used for next-generation RNA-Seq. Three replicate cultures were grown
independently for each cell line, and RNA was extracted from cell pellets for analysis. With
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an overall mapping rate of 87-96%, about 14,000 genes were analyzed for each pair of cell
lines. With a False Discovery Rate (FDR) less than or equal to 0.05, a very high proportion
of genes (~9000 for each pair) were initially identified as differentially expressed between
paired XPA-proficient and deficient cell lines (Table 1). However, the expression patterns of
these genes for the four pairs of cell lines were very distinct from one another. The ratio

of gene expression was calculated for XPA+/XPA- for each cell pair; positive log 2 values
were termed “high” and negative log 2 values were termed “low”. We determined the genes
that were uniformly “high” or “low” for all four cell pairs. This narrowed the set to 325
genes with expression that is consistently influenced by XPA status at an FDR < 0.05 (Table
1, Fig. 4).

2.4, XPA status and expression of genes affecting mitochondria and mitophagy

Because XPA status has been reported to affect mitochondrial function and mitophagy
[20,31], we examined gene expression in relevant pathways. To narrow down the analysis,
we focused on genes with a fold change (FC) of 1.5 (Table 1) or 2 (Table 2) in each

pair of cell lines. Genes listed on the GO consortium for ‘mitophagy’ or ‘mitochondria’
were overlapped with FC2 genes from our experiment. Consistent with the previous reports,
mitochondria or mitophagy related GO terms were significantly enriched in the FC2 genes
for all four of our datasets (Table 2). This confirms and extends the evidence for an influence
of XPA status on gene expression affecting mitochondrial maintenance and regulation of
mitophagy.

2.5. Classification of the most differentially expressed genes common among all cell pairs

To determine which genes have expression most reproducibly affected by XPA status, we
began with the group with at least a 1.5 fold change (FC1.5) in each cell pair. The overlaps
in the gene list between the four sets were determined. This narrowed the set to only 27
genes that were differentially expressed at FC1.5 and have a uniform trend of high or low
expression among all four pairs of cell lines (Fig. 4, Fig. 5A). Among the most differentially
expressed genes were AKR1C1, AKRICZ and AKRIC3. These genes are adjacent on
human chromosome 10p15 (Fig. 5B) and encode members of the aldo/keto reductase
superfamily, discussed further below. Another gene more highly expressed in XPA* cells
was NDUFA4L 2, which encodes a subunit of an NADH dehydrogenase localized in the
mitochondria and important for ATP generation.

To determine whether the transcriptional differences were reflected at the protein level, we
used immunoblotting to analyze AKR1C proteins in the cell pairs. AKR1C2 protein levels
were clearly reduced in all of the XPA-cells compared to XPA+ cells, and AKR1C1 protein
was lower in three XPA-cell lines of the pairs (Fig. 5C). AKR1C3 protein levels did not
correspond well to transcript levels (Fig. 5C).

2.6. More commonalities within fibroblast and HelLa cell pairs

We also analyzed the data to compare the two skin fibroblast pairs to one another (XP12RO
and XP20S) and the two sets of data derived from HeLa cells (KO38 and KO142). Within
these pairs, there were many more genes in common that were differentially expressed in
an XPA-dependent manner (Table 4). For FC1.5 genes, 803 (341 high + 462 low) genes in
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fibroblast cell lines and 804 (458 high + 346 low) genes in HeLa knockout cell lines had a
similar expression pattern (Table 4), in contrast to the only 27 genes common between all
four cell lines at this expression level (Table 1, Fig. 5A).

2.7. Retinoic acid transactivation affects XPA-dependent transcription related functions

Retinoic acid (RA) transactivation of RKARB gene transcription has been suggested to
depend on NER integrity [19]. To assess the influence of XPA status, we treated cell pairs
with all-trans retinoic acid (RA) or a DMSO control, and assessed the response of the cell
lines to retinoic acid treatment. All cell lines, both XPA-proficient and deficient, responded
to RA as shown by an increase in the mRNA level of RARB, a direct target gene of RA
(Fig. 6A). The transcriptional response of RARB was lower in the HelLa cell lines than

in the skin fibroblast lines. RNA-sequencing data from cells treated with retinoic acid or
DMSO for 7 h were analyzed. Ingenuity Pathway Analysis was used to compare genes
with higher expression (FDR < 0.05) in RA-treated cells compared to controls. For some
biological functions, the RA response appeared to be XPA-dependent (Fig. 6B). Thus, XPA
proficiency might influence retinoic acid transactivation. However, we found no common
gene expression pattern among all four pairs of cell lines. There were 18 common changed
genes, comparing RA-treated HelLa S3 with KO38 or KO142 (FC1.5). No genes common
to the two fibroblast cell pairs were found in similar conditions. Each cell line responded

to retinoic acid treatment in a different manner. Although specific gene expression patterns
were different in all four sets of cell lines, common biological functions were represented in
each pair of cell lines (Supplemental Fig. 1), with transcription-related functions having the
highest dependence on XPA status (Fig. 6B).

3. Discussion

3.1. Expression of a subset of genes is influenced by XPA status in cell lines

The major purpose of this study was to determine the extent to which XPA status may
influence transcriptional activity in human cell lines. We found that XPA does not globally
influence gene transcription. However, expression of a relatively small subset of genes is
consistently affected by XPA status. These include genes that are necessary for steroid
metabolism and for optimal mitochondrial function and integrity.

A plausible explanation for a positive effect of XPA on gene expression is that XPA
sometimes participates as part of a transcription factor complex, for this subset of genes.
For example, by binding to some DNA promoter regions in concert with the transcription
initiation factor TFIIH and other NER proteins [19], it may modulate TFIIH activity for a
subset of genes. XPA is a DNA binding protein that might also serve as a component of an
enhancer or mediator complex for some genes.

Another, not necessarily exclusive possibility is that the NER defect caused by XPA
deficiency gives rise to constitutive DNA damage stress that interferes with transcription

of some genes. Persistent sites of DNA damage on templates will interfere with transcription
[32]. For individual genes that are more susceptible to DNA damage, this could account

for the higher transcription of some genes in XPA-proficient cells. We culture cells in
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low ambient light or with yellow fluorescent lights, and so UV radiation is unlikely to

be a significant source of stress. In contrast, reactive oxygen species are a ubiquitous

and constant source of damage. For example, a type of oxidative DNA lesion, the
8,5”-cyclopurine-2”-deoxynucleosides (cyclopurines), is repaired by NER but not by base
excision repair [33,34]. These lesions are known to interfere with transcription. Oxidative
damage, particularly cyclopurine lesions, has been suggested as an explanation for the
neurodegeneration in XP patients, which includes progressive cerebral atrophy, intellectual
defects, hearing impairment, abnormal speech, neuropathy, and muscular discoordination of
movement [14,17,34-37]. Most neurons are non-replicating and metabolically very active,
depending on mitochondria to remain functional. In a study of XP patients from 1971 to
20009, 6 of 10 individuals with XP-A had neurological degeneration, and this was the cause
of the death of some XP-A patients [35].

A further consideration is that transcription and NER are competing processes. For example,
transcription initiation efficiencies in yeast are reduced when NER is ongoing [38]. In
mammalian cells, there is lower NER activity at promoters when core transcription factors
are bound to them [39,40]. After UV radiation damage to DNA, NER proteins are delayed in
recruitment to promoter sites by several hours [19]. This suggests that NER components are
prioritized to repair damaged DNA first before resuming any activity in transcription.

It is significant that the XPA-dependent transcriptional profiles in KO142 and KO48 cells
are similar, even though KO142 cells retain about 10% of the XPA protein level found in
HelLa cells. The amount of XPA present in the KO142 line is enough to confer near-normal
UV sensitivity, consistent with previous findings that XPA is in excess in cells for NER
activity [24]. Because complete knockout of XPA or knockdown to 10% has a similar effect
on transcription, this suggests that at least part of the influence of XPA on transcription is
not directly related to the NER function.

3.2. Defective mitophagy associated with XPA deficiency and relation to neurological

deficits

It has been observed that some of the symptoms of xeroderma pigmentosum group A

have commonalities with mitochondrial disorders [20]. XPA-defective human cells showed
abnormalities in mitochondrial functions including mitochondrial membrane potential,
membrane organization, and oxidoreductase activity. XPA was reported to play a role in the
regulation of mitochondrial autophagy and mitochondrial functions through NAD+/SIRT1
and PARP [20]. In the present study, we found that genes 1.5 fold or more changed in
XPA+ compared to XPA-were indeed significantly represented for many mitochondrial and
mitophagy-related GO terms (Table 4).

A direct connection between an increased load of DNA damage and mitochondrial
dysfunction is suggested by several observations. In mice, a telomerase defect eventually
gives rise to exposed telomeres. This genomic stress is clearly associated with mitochondrial
dysfunction, and it is possible that exposed DNA ends induce a signal for disruption of key
mitochondrial gene expression [41-44]. Another example is provided by an siRNA screen
for factors that reduce sensitivity to a mitochondria-targeted DNA damaging agent [31].
Many DNA repair factors, including XPA, were detected in this screen.
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3.3. Relevance of the most significant XPA-regulated genes to steroid and sexual
degeneration issues in xeroderma pigmentosum group A

The genes that are uniformly altered with the highest magnitude and significance are
AKRI1CIand AKRICZ. These genes are adjacent in the human genome and are transcribed
towards one another (Fig. 5B). Such convergent transcription can be toxic, but can be
alleviated in some cases by XPA-dependent repair [45,46]. This gene arrangement may
help explain the XPA-dependence of transcription in this region. The XPA-dependent
“high” genes TMPRSS15, NDUFA4L2and HOMER?Z2 are also convergently transcribed
with adjacent genes. However, some genes with lower expression in XPA proficient cells
also have this convergent transcription arrangement.

Both AKRIC gene products are critical for steroid metabolism and some bile

metabolism [47-49] and are associated with obesity, sex reversal, hyperphasia and
developmental delays [50,51]. AKR1CL1 converts progesterone to its inactive form, 20-
alpha-dihydroxyprogesterone. AKR1C2 catalyzes the inactivation of the most potent
androgen, 5-alpha-dihydrotestosterone, to 5-alpha-androstane-3-alpha,17-beta-diol (3-alpha-
diol). Therefore, an imbalance of steroid hormones may be expected in XPA-defective cells.
A previous study used microarray analysis to study gene expression changes in several
XPA-defective cell lines [20]. We analyzed the most XPA-dependent genes found in those
experiments (NCBI GEO dataset GSE55486) and found that AKRICZ2is the only gene

that coincides with our list of most changed genes by RNA-Seq analysis. We show here
that immortalized XPA-deficient cells have exceptionally low levels of AKR1C2 protein.
Degenerating seminiferous tubules and no spermatozoa were detected in 24-month-old
Xpa~!~ mice [52]. Secondary sexual development is delayed in some XP patients [53].
Consequently, our finding of XPA-dependent expression of the steroid regulator AKR1C2
may be relevant to the sterility and sexual developmental issues observed in mammals.

A few studies have examined the transcriptome in XPA-defective organisms. A whole
organism under continuing environmental and aging influences is much more highly
challenged than a cell line in culture. In the nematode C. elegans, the xpa-1 mutant is
shorter-lived than wild type by several days, and shows signs of increased oxidative stress
[54]. A microarray based transcript analysis found changes in 2815 genes at FC = 1.8,
comparing wild type to xpa-1. This substantial transcriptional shift did not overlap directly
with changes in the proteome [55], which reflected regulation of oxidative stress responses.
A lower steady state level of cyclopurines was found in the C. elegans xpa-1 mutant than

in the wild-type strain, so this lesion does not appear to be responsible for the increased
oxidative stress in the nematode [55].

Microarrays were also used to compare transcriptional expression of total RNA from the
livers of mice with defects in Xpa or a double defect in Xpaand Csb [56]. This again
represents a biologically very different situation from human cell lines, as the mice are
under continuing developmental pressure, showing an upregulation of the IGF1 axis and
oxidative stress responses. In single-strain comparisons, 1865 genes were transcriptionally
different between wild type and Xpa Csb mice at FC > 1.2, and many fewer at FC > 1.5.
This is consistent with our conclusion that despite the high level of stress, only a minority
of the transcriptome is altered. Interestingly, one of the significantly upregulated pathways
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in Xpa Csbwas steroid metabolism and biosynthesis. The Akric, c2and c3genes were
not found as differentially expressed genes in Xpa or Xpa Csb mouse liver [56]. However,
expression of one paralog, Akrlc20was significantly reduced (FC 1.54) in the Xpa Csb
mice. This gene is part of a cluster of AkrZcgenes on mouse chromosome 13. Overlaps
between this mouse data and our short list of consistently altered transcripts in human cell
lines (Table 3) include only HOMERZ and PROCR. Expression of the reticulobalbin 3 gene
RCN3was higher in XPA-defective human cells; expression of the related RCAN2 mouse
gene was correspondingly higher in XPA defective mouse liver. Syngrl gene expression
was higher in XPA-defective human cells; expression of the paralogous mouse Syngr2was
correspondingly higher in XPA-defective mouse liver.

3.4. Perspectives

Despite these correlations, there are many unanswered questions concerning the mechanism
of how XPA affects cellular function. One puzzle is that although mitochondria-related
functions are affected, the specific gene transcripts that are changed are different between
cell line pairs. We observe here that independent XPA defective mutants, even from the same
source, show wide variations in the selection of genes that are transcriptionally altered. The
present study shows how important it is to not only have biological replicates for RNA-Seq,
but also to investigate cell lines of different genetic background in order to detect significant
consequences of a single gene disruption.

4. Experimental procedures

4.1. Cell lines

Four human cell lines deficient in XPA and their complementary XPA-proficient cell

lines were used. SV40-immortalized human fibroblast cells from patients deficient in

XPA (XP12RO and XP20S) and XPA-proficient (XPA/XP12RO and XPA/XP20S) cell
lines complemented with XPA cDNA [21,22] were kindly provided by Dr. Masafumi

Saijo, Osaka University. The mutations in XP12RO and XP20S are shown in Fig. 1B.

Only 10% of our initial culture of XPA/XPA12RO cells expressed XPA as shown by
immunofluorescent staining with 12F5 anti-XPA antibody. To obtain a culture with 100%
XPA expression, we reisolated from a single colony and used this “clone 2” of XPA/
XP12RO0 as the XPA-proficient cell line matched with XP12RO. The HelLa S3 cells in

these experiments were from banked laboratory stocks of the same cells used for the
fractionation and reconstitution of mammalian NER [57]. HeLa S3 cell lines KO142 and
KO38 were derived by CRISPR-Cas9 targeting technology by the Gene Editing and Cellular
Model Core Facility at the University of Texas MD Anderson Cancer Center (Fig. 1B).
XP12RO0O and XP20S and the complemented XPA cell lines were grown in DMEM-high
glucose (Sigma D5796). HelLa S3, KO142 and KO38 were grown in RPMI-1640 25 mM
HEPES (Sigma R4130) medium. All cells were grown in medium containing 10% FBS, 1%
penicillin-streptomycin solution at 37 °C and 5% CO,.

4.2. Immunoblotting

Anti-XPA antibodies were rabbit polyclonal CJ1 [58], mouse monoclonal 12F5 [24], and
rabbit polyclonal GTX103168 (Cat. No. GTX103168, GeneTex). Other antibodies used
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were mouse monoclonal to AKR1C1 (Cat. No. GTX53684, GeneTex), rabbit polyclonal to
AKR1C2 (Cat. No. 13035, Cell Signalling Technologies Inc.), rabbit polyclonal to AKR1C3
(Cat. No. ABS1172, EMD Millipore), and mouse or rabbit a-tubulin (Sigma Aldrich).
Mouse monoclonal 1E4 to XPF was a gift of Dr. Laura Niedernhofer. Cell lysates were
prepared by pipetting 10°-107 cells in 0.2 ml of lysis buffer (500 mM KCI, 20 mM
Tris—=HCI [pH 8.0], 5 mM MgCl,, 10% glycerol, 1 mM PMSF, 0.1% Tween 20, 10 mM
B-mercaptoethanol) in a 1.5 ml microfuge tube. The suspension was sonicated using a
microtip (three times for 15 s with 15 s intervals, amplitude of 1, 137 J) on ice (Misonix,

Inc. part No. S-4000). Lysates were then mixed with SDS loading buffer for 3 min at 95

°C before loading onto a 4-20% gradient polyacrylamide gel. Proteins were transferred to a
polyvinylidene fluoride membrane for 1 h using ice-temperature Tris-glycine-20% methanol
buffer. The blots were blocked with 10% non-fat dairy milk for 2 h at room temperature and
washed 3 x 10 min with TBS-T (Tris buffered saline-Tween 20). Membranes were incubated
with primary antibodies diluted as follows (CJ1; 1:10,000, 12F5; 1:5000, GTX103168;
1:1000, XPF 1E4; 1:2000, AKR1C1; 1:1000, AKR1C2; 1:500, AKR1C3; 1:1000, a-tubulin;
1:8000). Membranes were incubated overnight at 4 °C, or for 20 min at room temperature
for tubulin detection. Membranes were washed 3 x 10 min and incubated with mouse or
rabbit 1gG secondary antibodies (1:10,000) at room temperature for 2 h, washed and treated
with Pierce Western blot signal enhancer (Thermo Scientific Inc.) and then exposed to x-ray
film.

4.3. UVC clonogenic survival assay

The UVC clonogenic survival experiments were performed using two 15 W germicidal
lamps emitting predominantly 254 nm light adjusted to a fluence of 0.3 J/m?/s. Cells were
plated onto 10 cm dishes at densities of 1-5 x 10° cells per plate and incubated overnight
prior to treatment. Cells were removed from plate perimeters with sterile cotton swabs.
Growth media was aspirated, and the attached cells were rinsed once with sterile phosphate
buffered saline without magnesium or calcium (PBS). Plates containing 4 ml of PBS were
irradiated with the lids removed. Following exposure, the PBS was aspirated and cells were
detached by trypsin-EDTA treatment and passed through a 23 gauge needle. Diluted cells
were counted using a Beckman Coulter Particle Counter Z1 Single, and plated, in triplicate,
at the appropriate cell number for each dose into 10 cm plates containing 10 ml of growth
medium. Following incubation for 12-17 days, colonies were rinsed with PBS, fixed with
methanol, stained with 0.5% crystal violet in ethanol, and counted manually. The original
plating counts and colony counts were used to determine the plating efficiency and the%
survival.

4.4. NER extracts and assays

Whole cell extracts of HeLa S3 and KO38 were prepared as described [59,60]. A protein
concentration of at least 20 mg/ml was obtained in each extract. A single 1,3 (dGpTpG)
cisplatin intrastrand adduct substrate was prepared and tested in an NER dual incision assay
using the end-labelling method [61,62]. Reaction mixtures (10 pl) consisted of 50 ng of
Pt-GTG or control substrate, 40-45 pg of whole cell extract protein in buffer with final
concentrations of 45 mM HEPES-KOH (pH 7.8), 70 mM KCI, 7.5 mM MgCl,, 0.9 mM
DTT, 0.4 mM EDTA, 2 mM ATP, 2.5 ug of creatine phosphokinase, 3.4% glycerol and
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18 pg of bovine serum albumin. An oligonucleotide containing a G-overhang was used

to detect the dual incision product by incorporating [a- 32P] dCTP. NER dual incision
complementation was done using purified XPA protein. For XPA purification, cell growth,
induction, and lysis was performed as described [63]. The sonicate was centrifuged at
15,000 x g for 30 min at 4 °C. Supernatant was incubated with HIS Select Nickel Affinity
Gel (Sigma) for 3 h at 4 °C. The protein was eluted by gravity flow with buffer containing
50 mM sodium phosphate (pH 8.0), 100 mM KCI, 0.01% Nonidet P-40, 1 mM EDTA, 10%
glycerol, and 250 mM imidazole. Fractions were pooled and the buffer was exchanged to 25
mM HEPES-KOH (pH 7.8), 10% glycerol, 0.4 mM EDTA, 1 mM DTT, and 0.5 M KCI.

4.5. Immunofluorescence assay

Cells were washed 3 x 3 min with PBS followed by fixation with 4% formaldehyde for

10 min at room temperature. The fixed cells were washed twice with 0.2% Triton X-100

in PBS at room temperature for 3 min followed by two 3 min washes with PBS. The cells
were blocked with 5% goat serum for 30 min at room temperature followed by two 3 min
washes with PBS. Incubation with 1:10,000 dilution of anti-XPA antibody 12F5 was done
overnight at 4 °C on a shaker. Following a wash with PBS, the sample was incubated with a
1: 2000 dilution of goat anti-mouse Alexa-Fluor 488 labelled 1gG at room temperature for 2
h, washed with PBS, incubated 10 min with 1 mg/ml DAPI (4’ ,6-diamidino-2-phenylindole,
dihydrochloride from Molecular Probes) and washed with PBS. The slides were then
covered with mounting media and coverslips.

4.6. XPA-extraction immunofluorescence assay

In experiments to observe extraction of XPA from the nucleus into the cytoplasm, cells
were exposed to PBS containing 0.05% NP-40 detergent for 10 s twice, and then

fixed immediately with 4% formaldehyde for 10 min at room temperature. Fixed cells
were washed twice for 3 min with PBS, blocked with 5% goat serum and staining for
immunofluorescence was performed as above.

4.7. UVC exposure

40,000 cells were plated on 18 mm x 18 mm coverslips in 35 mm diameter Petri dishes.
After overnight incubation, the plates were washed twice with PBS for 3 min and irradiated
with 5, 20 or 60 J/m? UVC. Medium was returned and the cells were incubated for 1 h at 37
°C. Immunofluorescent analysis was carried out as described above.

4.8. Psoralen + UVA (PUVA) treatment

40,000 cells were plated on 18 mm x 18 mm coverslips in 35 mm diameter petri dishes

at 37 °C overnight. Cells were washed twice with Hank’s balanced salt solution (HBSS)
and incubated with 10 pM of 4’-hydroxymethyl-4,5"-8-trimethylpsoralen (HMT) in HBSS
or HBSS alone for 30 min at 37 °C. The cells were exposed to UVA under a bank of

12 Cosmolux UVA 15 W lamps (#10005) with a Mylar filter to exclude UVB and UVC
wavelengths below 315 nm. After 30 min exposure at 10 J/m?/s (18 kJ/m?), cells were
washed with HBSS to remove free psoralen. A second UVA dose of 18 kJ/m?2, 36 ki/m?, 54
kJ/m?2 or 108 kJ/m? was delivered to the cells on plates on ice. Media was returned to the
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plates and incubation continued for 1 h at 37 °C. Cells treated with only psoralen were kept
in HBSS for the same time as for the corresponding PUVA treatments. Immunofluorescent
analysis was performed as described above using the fluorochromes A4 FLUO (blue) for
DAPI and GFP FLUO (green) for XPA. The images were acquired with a Leica DMI6000
microscope and objective lenses (magnification/numerical aperture) HCPLAN APO 10X/
0.03 or HCX PL FLUOTAR 20X/0.07. Dry imaging medium was used at room temperature.
A Leica DFC360 FX camera captured the images using Leica Application Suite X software
(version 1.1.0.12420).

4.9. Transactivation

108 fibroblast cells were cultured 24-48 h or until 90% confluent. 2 x 106 cells were
treated for different periods with 10 uM all-trans retinoic acid (RA) in dimethyl sulfoxide
(DMSO) or with DMSO only as a control. HeLa S3 cells were cultured in RPMI (Thermo
Fisher Scientific) media with 10% FBS and 1% penicillin/streptomycin solution. HelLa cell
lines were treated with 1 pM RA in DMSO or with DMSO only as a control. The final
concentration of DMSO was 0.01% in the cell culture. The fibroblast cells were harvested
with a cell scraper, centrifuged (1500 rpm = 485 x g, for 5 min at 4 °C) and washed once
with PBS. The pellets were quick-frozen and stored at —80 °C. RNA was extracted from
pellets using a QIAGEN RNA isolation kit for a gqPCR assay. The qPCR data were analyzed
for fold-change in mMRNA level of the human RARB gene at different time points. A time
point of maximum response was determined to prepare the samples for RNA-Seq analysis.
Cells were treated as described above and cell pellets prepared for sequencing.

4.10. Sequencing

Libraries were prepared using the Illumina TruSeq stranded mRNA kit according to the
manufacturer’s protocol, except that eight PCR amplification cycles were used. The libraries
were loaded on cBot (Illumina, San Diego, CA) at a final concentration of 10 pM to perform
cluster generation, followed by 2 x 76 bp paired end sequencing on a HiSeq 2500 instrument
(IMumina). A total of 48 libraries (three biological replicates per condition) were sequenced
in 6 lanes, generating 16—41 million pairs of reads per sample. Each pair of reads represents
a cDNA fragment from the library.

4.11. Mapping

The reads were mapped to the human genome (hg19) using TopHat (version 2.0.10) [64].
The overall mapping rate was 87-96%. Differential Expression. The number of fragments
in each gene from the RefSeq database [65] (downloaded from UCSC Genome Browser

on July 17, 2015) was enumerated using htseg-count from the HTSeq software package
(version 0.6.0) [66]. Genes with less than 10 fragments in all samples were removed

before differential expression analysis. The differential expression between conditions was
statistically assessed using the R/Bioconductor package DESeq (version 1.18.0, for DMSO
vs. DMSOQ) [67] and edgeR (version 3.8.6, for DMSO vs. RA) [68]. Differential expression
of genes with FDR (false discovery rate) < 0.05 was considered significant and a fold change
(FC) = 1.5 was used for more rigorous analyses. RNA-Seq data has been deposited to GEO
(Gene Expression Omnibus, https://www.ncbi.nlm.nih.gov/geo/), under accession number
GSE100855.
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4.12. Analysis of sequencing data

Data were curated to identify significant (FDR 0.05) differentially expressed genes in XPA-
proficient cells compared to their respective deficient cells, as well as genes with fold
change levels > 1.5. Gene set enrichment analysis, pathway analysis and statistical gene
enrichment analysis were performed using Gene Ontology (GO) Consortium [69], Gene
Set Enrichment Analysis (GSEA) [70] and QIAGEN’s IPA programs using GO as the data
source. The term “human” was selected for gene analysis. GO assignments are subject to
some uncertainty because only limited inferential data is available for some genes. To help
avoid random matches, the Bonferroni correction was used while using GO Consortium
software for testing pathway and gene enrichment or over-representation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Description of XPA-proficient and deficient cell lines used in the study

A. Top, human

XPA protein showing the location of the central globular core in relation

to the six coding exons (gray). The locations of the nuclear localization signal (NLS) and
zinc finger (Zn2*) are shown. The bottom part of the panel shows mapped regions of XPA
that interact with other proteins. B. The exon-intron structure of the human XPA gene
showing the sites of the causative XPA mutation in each XPA-deficient cell line used here.
C. Location of CRISPR-Cas9 mutations generated in the XPA gene of HeLa S3 cells. Two
mutated HeLa cell lines were obtained using two guide RNAs (JRNA). KO142 had the
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indicated 18 bp deletion in both alleles, and an A164G mutation leading to a Q16R amino
acid change in one allele. KO38 had a deletion of C168 (AC168) leading to early termination
in both alleles and a C142T mutation leading to a P9S amino acid change in one allele.
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Fig. 2. XPA expression, UVC sensitivity and NER complementation
A. Immunofluorescence images using anti-XPA antibody (12F5) and DAPI showing the

presence of XPA in all XPA-proficient cell lines and little or no XPA in the deficient

cell lines. DAPI (blue) staining of nuclei included for reference. B. Immunoblot of the
cell lines with anti-XPA antibodies (CJ1 and GTX103168), as well as alpha-tubulin or
XPF antibodies as loading controls. C. Quantification of the immunoblots for the HelLa
S3 cell lines shown in (B). The blue bars represent the alpha-tubulin control. The red

bars represent the anti-XPA antibody CJ1. D. UVC clonogenic survival for XPA-disrupted
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cell lines KO38 and KO142 compared to wild type HeLa S3. Each point on the survival
curves represents the mean of 3 independent experiments. KO38 is more sensitive to UVC
compared to HeLa S3. KO142 has only slightly more sensitivity compared to HelLa S3. E.
NER complementation assay. KO38 whole cell extracts complemented with purified XPA
protein to produce incision products. 50 ng 1,3-intrastrand d(GpTpG)-cisplatin substrate was
incubated with 45 pg whole cell extract protein. Various amounts of purified XPA protein
were added to KO38 extracts. NER activity is detected with 44 and 88 pg of purified XPA
combined with KO38 extracts. Incision products were observed as a characteristic ladder of
bands where complementation was successful (lanes 7 and 8), like the incision products with
NER proficient HeLa S3 extract (lane 1).
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Fig. 3. XPA is a nuclear protein resistant to leakage from the nucleus during DNA repair
A. Immunofluorescence (IF) staining with 12F5 antibody (green) and DAPI (blue). Cells

in the top two panels were stained without exposure to buffer containing detergent. This
shows that XPA is localized in the nuclei of complemented XPA/XP12RO cells, regardless
of exposure to UVC. The lower two panels show that brief exposure to a buffer containing
0.05% NP-40 causes leakage of XPA into the cytoplasm in untreated cells but not in cells
exposed to 20 J/m2 UVC.

B. In XPA/XP12RO cells, the leakage of XPA into the cytoplasm decreases with increasing
doses of UVC (0 J/m2-60 J/m?). C. XPA/XP12RO cells were exposed to psoralen with or
without UVA radiation (PUVA). The 2 h sample received 54 kJ/m? (first dose 18 kd/m?,
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second dose 36 kJ/m?) and the 2.5 h sample received 72 kJ/m? (first dose 18 kJ/m?,

second dose 54 kJ/m2). All cells were exposed briefly to a buffer containing 0.05% NP-40
before fixation for IF. XPA leaked to the cytoplasm in cells exposed to psoralen alone, but
not in PUVA treated cells. D. Quantification showing the% of XPA/XP12RO cells with
cytoplasmic XPA following PUVA treatment with increasing total doses of UVA. All cells
were exposed briefly to a buffer containing 0.05% NP-40 before fixation for IF. The red bar
shows XPA leakage in cells exposed only to psoralen, and the blue bar shows a reduction in
leakage following DNA damage induction with increasing UVA doses.
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Heatmap of the 325 genes (Table 1) having the same expression pattern, either high (yellow)

or low (blue), comparing all four pairs of cell lines, at a cut off level of FDR 0.05.

Differential expression of mRNA was obtained from high throughput RNA-Seq data. Three
biological replicate experiments were analyzed for each cell line pair and are numbered on
the top of the heatmap. The ratio of gene expression was calculated for XPA+/XPA- for
each cell pair; positive log 2 values are termed “high” and negative log 2 values are termed
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“low”. The most differentially over- or under-expressed genes summarized in Table 3 are
shown at the right.
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Fig. 5. XPA-dependent gene expression including the steroid regulators AKR1C1 and AKR1C2
A. Venn diagrams for high expressed genes (left) and low expressed genes (right) in all

four pairs of cell lines at a cut off level of FC1.5 or more. Overlaps are shown, with each
XPA- and XPA+ cell pair represented in a different color. Only 11 *high” and 16 “low”
genes (boxed numbers) overlap between all four comparisons (cf. Table 1). B. Orientation
of part of the AKR1C gene cluster on human chromosome 10 p15.1, with nucleotide
positions shown, from the GRCh38/hg38 assembly. The H3K27Acetylation track (a histone
modification often found near active genes) is shown for the K562 (blue) and NHEK (pink)
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cell lines, to emphasize that gene activation is different in between cell lines. Direction of
transcription is shown by gray arrows.

C. Immunoblot for products of three of the most differentially expressed genes (AKRICI,
AKRICZand AKRI1C3) in lysates from XPA-proficient and deficient cell lines. An XPF
immunoblot serves as a loading reference. AKR1C1 and AKR1C2 protein levels were lower
in XPA-deficient cells compared to proficient cells, while AKR1C3 protein level levels

do not obviously correlate with expression. The * denotes a nonspecific band detected by
the AKR1C3 antibody. The blots were scanned and the AKR1C protein level determined,
relative to the respective XPF loading control. The numbers under the blots show this
AKR1C/XPF ratio, normalized to 1 for the XPA+ cell line in each pair.
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Fig. 6. XPA-dependent transcription related functions after retinoic acid transactivation
A. Retinoic acid-dependence of RARB expression. gPCR results for XPA-proficient and

deficient cell lines showing responses to RA treatment at 7 h. RARB gene expression was
analyzed with GAPDH as control. The expression of RARB mRNA in RA treated cells
was normalized to the DMSO-only controls. The black bars indicate the range of data in
2 experiments. B. Pathways for genes upregulated by RA treatment. IPA analysis assigned
pathways to genes with higher expression (FDR < 0.05) in RA treated cells compared

to DMSO controls. The scores are presented as negative log values of p-values. XPA+
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cells (red) have higher significant differences than XPA- cells (blue), for some pathways
shown on the x-axis. Transcription-related functions are highlighted in red. Mean values of
comparisons between the four pairs of cell lines are shown here, and results for individual
cell lines are given in Supplemental Fig. 1.
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Table 1

Summary of genes analyzed by high-throughput RNA sequencing (RNA-Seq) and significant XPA-related
differences.

Cell lines (XPA-vs. XPA+)  Genes Analyzed FDR 0.05 (High + Low) FC =1.5 (High + Low)

XP20S vs. XPA/XP20S 14117 9526 1721 + 2206
XP12RO vs. XPA/XP12RO 13669 10283 2750 + 2625
KO38 vs. HelLa S3 14564 9520 1769 + 1701
KO142 vs. HeLa S3 13824 8364 1642 + 1422
Common genes 12022 176 + 149 11+16

The first column shows the number of genes analyzable by RNA-Seq for each XPA-proficient/deficient cell pair. The second column shows the
number of genes with differential expression at a False Discovery Rate (FDR) of 0.05. The ratio of gene expression was calculated for XPA+/XPA-
for each cell pair; positive log 2 values are termed “high” and negative log 2 values are termed “low”. The third column shows for each cell pair the
number of “high” or “low” genes with fold change (FC) of 1.5 or more.
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