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Abstract: Xeroderma pigmentosum complementation group C (XPC) protein recognizes bulky DNA
adducts to initiate global genomic nucleotide excision repair (GG-NER). Humans carrying germline
mutations in the XPC gene display strong susceptibility to skin and certain internal cancers. In
addition to its role in NER, recent studies have indicated that XPC is also involved in other DNA
damage repair pathways and transcription regulation. In this report, we generated a zebrafish xpc
knockout mutant. Zebrafish xpc−/− mutant fish develop relative normally and are fertile. However,
the mutant embryos were more sensitive to ultraviolet (UV) irradiation. Upon UV irradiation,
compared with the wild type embryos, mutant embryos accumulated significantly higher levels of
unrepaired DNA damages and apoptotic cells, which led to more severe abnormal development.
Transcriptome analysis showed that the p53 signal pathway and apoptosis were enriched in the
over upregulated genes in UV-irradiated mutant embryos, suggesting that high levels of unrepaired
DNA lesions activated p53 to trigger apoptotic activity in mutant embryos. More interestingly, up to
972 genes in the untreated mutant embryos were differentially expressed, compared with those in
the untreated WT. Among these differentially expressed genes (DEGs), 379 genes did not respond
to UV irradiation, indicating that Xpc plays a role in addition of DNA damage repair. Our results
demonstrate that Xpc is an evolutionally conserved factor in NER repair. Zebrafish xpc−/− mutant
also provides a platform to study other functions of Xpc beyond the DNA damage repair.

Keywords: zebrafish; xpc; UV irradiation; DNA damage; NER pathway; apoptosis

Key Contribution: Our work demonstrate that zebrafish Xpc has evolutionally conserved function
in NER repair, and show that Xpc has functions beyond DNA damage response. Zebrafish xpc−/−

mutant will provide a plat form to further investigate whether the function of Xpc beyond DNA
repair is related to different internal cancers.

1. Introduction

Throughout life, cells are under a wide range of DNA damage pressures from both
endogenous and exogenous sources. To minimize the effects of toxic insults on their DNA,
cells have evolved different DNA repair pathways. A defect in any DNA repair pathway
will result in mutations and genomic instability, which predispose an organism to cancer.
The nucleotide excision repair (NER) is the primary DNA repair pathway to eliminate
cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts
(6-4PPs) generated by ultraviolet (UV) irradiation or DNA strand crosslinking induced by
DNA alkylating agents like cisplatin [1,2]. NER has two subpathways: global genomic
NER (GG-NER) and transcription coupled NER (TC-NER). Both NER subpathways repair
helix-destabilizing DNA lesions. TC-NER occurs when the RNA polymerase II is stalled
at bulky DNA lesions within actively transcribed regions of the genome, and GG-NER
removes bulky DNA lesions throughout both transcribed and non-transcribed regions
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of the genome [3–5]. In the process of NER, there are four essential steps: recognition,
incision/excision, resynthesis and ligation [6]. Two subpathways are different at the step
of DNA damage recognition. TC-NER is rapidly triggered by the stagnation of the RNA
polymerase II at the site of a DNA damaging lesion, which subsequently recruits CSB and
other TC-NER recognition proteins such as CSA, XAB2, UVSSA, USP7 and others [7,8].
GG-NER is initiated by xeroderma pigmentosum group C (XPC), together with RAD23A/B
and CETN2, through identification of DNA strand distortions from large, bulky DNA
lesions, and is primarily responsible for the slower repair of damage on non-transcribed
portions [9–12]. The following steps after damage recognition are the same between the
two NER subpathways. XPC plays an essential role in damage recognition and initiation of
GG-NER but is dispensable for TC-NER [13,14].

Xeroderma Pigmentosum (XP) is clinically characterized by photosensitivity and a
high incidence of solar irradiation-induced skin tumors and divided into eight different
groups (XP-A to XP-G and XP-V). XP-A to XP-G are caused by genetic mutations in one
out of seven NER genes, and XP-V derives from mutations in the DNA polymerase-η
gene [15]. The extremely high sensitivity of XP patients to sunburn shows that there is
a causal relationship between UV-induced erythema and edema with the persistence of
UV photoproducts in the DNA, because of the defect of NER [16,17]. XP-C is due to loss-
of-function of the XPC protein encoded by the XPC gene. The XPC protein is composed
of 940 amino acids and forms a complex with RAD23B and CETN2 to recognize helix
distortions on the basis of disrupted base pairing [13]. Xpc−/− knockout mice have also
shown an increased susceptibility to UV-induced skin cancer, similar to humans [18].

Several lines of clinical data have shown that loss-of-function of XPC is correlated
not only with development of skin cancer but also with development of internal cancers
such as lung and bladder [19,20]. Similar observations have been obtained from mouse
models. Xpc−/− mice were highly susceptible to lung and liver cancers upon exposure to a
single intraperitoneal injection of 2-acetylaminofluorene (2-AAF) and NaOH-2-AAF [21,22].
Interestingly, XPC presents multiple interactions, either physical or regulatory, with the
different DNA repair pathways such as base excision repair (BER), mismatch repair (MMR),
homologous recombination (HR), and non-homologous end joining (NHEJ) [13,23]. In
addition to DNA damage repair, XPC has been reported to be involved in transcription
regulation [24–26].

In this study, we generated a zebrafish xpc genetic mutant to investigate the Xpc
function. Our results showed that the mutant embryos were more sensitive to UV irradia-
tion. Transcriptomic analyses indicated that zebrafish Xpc may also play a role in addition
to DNA damage repair. Zebrafish xpc−/− mutant provides a good model to study Xpc
functions beyond DNA repair.

2. Materials and Methods
2.1. Phylogenetic Analysis

Six XPC protein sequences including zebrafish and its orthologues in Homo sapiens,
Mus musculus, Saccharomyces cerevisiae, Rattus norvegicus and Drosophila melanogaster were
collected from NCBI databases [27]. The protein sequences were aligned with MUSCLE.
Based on the maximum likelihood algorithm using 1000 replicates of bootstrapping with
MEGA version 11, the phylogenetic tree was constructed [28]. The iTOL version 6.5.8 was
used for the final editing [29].

2.2. Zebrafish Husbandry and Generation of xpc−/− Zebrafish Mutant

Zebrafish (Danio rerio) AB strain was used as the wild type (WT) in this study. Fish
were raised and maintained according to standard procedures described in ZFIN (http:
//www.zfin.org, accessed on 2 February 2018).

The xpc−/− knockout zebrafish line was generated by CRISPR/Cas9 according to
the published protocol with slight modifications [30]. Briefly, the guide RNA (gRNA:
5′-AGTTGACTCCGAGTGGTGGGAG-3′) was designed to target the eighth exon of the xpc
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gene by CHOPCHOP [31]. Synthesized gRNA (300 ng/µL) [32] was co-injected with the
Cas9 protein (0.25µg/µL) into zebrafish wild type embryos at one-cell stage.

The injected embryos (F0) were raised to adulthood and crossed with WT fish to gen-
erate F1. The mutant fish were identified by a 451 bp DNA fragment (containing the gRNA-
target site), amplified with a pair of primers (forward 5′-GATGTGGATCAGGGTGTCGG-3′;
reverse: 5′-CAAACACTGGAGACACGGCT-3′), followed by BslI endonuclease digestion.
The mutations were verified by sequencing.

2.3. Whole-Mount In Situ Hybridization

The xpc RNA probes were amplified with a pair of primers (forward: 5′-TAGATGTGG-
ATCAGGGTGTCGG-3′; reverse: 5′-TCCTGGCTTTACGGGAACGGTT-3′) from the cDNA
of zebrafish WT embryos at 24 h post fertilization (hpf). Whole-mount in situ hybridization
(WISH) was performed according to the previously described protocol [33].

2.4. Exposure of UV

For each replicate, about 50 WT or xpc−/− mutant embryos at 28 hpf were exposed
to UV (254 nm) irradiation in CL-1000 UV crosslinker (BD Biosciences) at the dosage of
75 J/m2 or 180 J/m2.

2.5. Comet Assay

For the comet assay, approximately 50 irradiated or unirradiated control embryos
were sampled at 0 and 24 h post irradiation (hpi), and subjected to cell dissociation in
ice-cold PBS containing 20 mM EDTA [34]. The comet assay was performed according to
the published paper [35] with an alkaline treatment at pH 11. For the data processing, each
comet picture was measured with CASP (Comet assay software project).

2.6. TUNEL Assay

UV-irradiated or unirradiated control embryos were sampled at 24 hpi, fixed with
4% PFA overnight and then subjected to the TUNEL assay using the In Situ Cell Death
Detection Kit, TMR red (Roche) [36]. After three rinses in PBS, the TUNEL signals were
captured by inverted fluorescence microscope (Olympus IX73).

2.7. Transcriptome Analysis

The total RNAs were extracted from pools of 30 zebrafish embryos of WT and xpc−/−,
either untreated or treated with UV irradiation at 5 hpi using TRIzol (Invitrogen). The
mRNA library was constructed using the Illumina RNA library Prep Kit (NEB #E7775) and
sequenced by Illumina HiSeq2500 (2 × 150 paired-end configuration).

Raw data in fastq format were processed by Cutadapt (V1.9.1, phred cutoff: 20, error
rate: 0.1, adapter overlap: 1 bp, min. length: 75, proportion of N: 0.1) to be high quality
clean data. The clean data were aligned to the reference genome (NCBI) using the software
Hisat2 (v2.0.1). Gene expression was obtained using Htseq (v0.6.1). Differential expression
analysis (DEA) was performed with the DESeq2 Bioconductor package in R[R Core Team
(2022)]. The R statistical language and environment were used for principal component
analysis (PCA) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Among
those differentially expressed genes between WT and xpc−/−, 11 genes were selected for
the expression confirmation with qRT-PCR. The information on qRT-PCR primers is listed
in Supplementary Table S2.

3. Results
3.1. Zebrafish xpc Gene

The zebrafish genome contains a single copy of the xpc gene located on chromosome
8. It is predicted that xpc gene has three isoforms: transcript 201, 202 and 203. Transcript
201 is the highest expressed isoform, which contains 14 exons and encodes Xpc full length
protein with 879 amino acids (aa) [37]. Transcript 202, with an internal deletion of exon
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7, encodes a protein of 844 aa without 275 to 305 aa in Xpc full length protein. Transcript
203 only contains the first eight exons and produces a protein of 238 aa without any known
functional domains (Figure 1A and Figure S1A).
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Figure 1. Generation of zebrafish xpc−/− mutant. (A) Structural diagrams of the predicted three
xpc isoforms in zebrafish. (B,C) Diagram showing the gRNA targeting site and one-bp insertion in
the exon 8 of xpc mutant (B), which results in a premature stop codon (PTC) at 551 aa (C). Rad4,
BH1, BH2 and BH3 are four known domains in Xpc protein. (D) Genotyping of xpc mutant with
gel electrophoresis. A PCR product containing the mutation site was digested with BslI. M: DNA
molecular weight marker; +/+: xpc WT; +/–: xpc heterozygotes; −/−: homozygotes. (E) Whole-
mount in situ hybridization of the xpc gene with sense or antisense probes in WT and xpc−/− mutant
embryos at 28, 52 and 76 hpf as indicated. Scale bar: 500 µm.
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Protein alignments with other model organisms showed that the similarity of XPC
protein between zebrafish (Transcript 201) and human, rat, mouse, yeast, or drosophila
is 61.5%, 60.1%, 58.3%, 35.2%, or 32.4% respectively (Figure S1B). The phylogenetic tree
showed that zebrafish Xpc protein is evolutionally closer to mammals than to drosophila
and yeast (Figure S1C).

3.2. Generation of Zebrafish xpc−/− Mutant

To investigate the function of zebrafish xpc gene, we generated an xpc genetic mutant
with the CRISPR/Cas9 technology. For this purpose, we designed a guide RNA (gRNA) to
target the exon 8 of the xpc gene (Figure 1B) and co-injected the xpc-specific gRNA with
the Cas9 protein into one-cell stage embryos. One allele was obtained from F1 progenies.
This xpc mutant carries one-bp insertion in the exon 8, which results in a frameshift to
the open reading frame (ORF) of xpc and introduces a premature stop codon (PTC) at the
Rad4-domain. The predicted mutant protein lacks part of Rad4 domain and entire BH1,
BH2, BH3 domains, suggesting that it is a dysfunctional protein (Figure 1C). The mutant
fish was easily identified by a PCR fragment containing the mutation site. The gRNA target
site in WT type contains a BslI recognition motif [CCN(7)GG], which was inserted with
a T in the xpc mutant. Therefore, the PCR fragment from the wild type (WT) fish, but
not from the mutant fish, was digested into two smaller fragments with a BslI restriction
endonuclease (Figure 1D).

Similar to the xpc knockout mice, under non-stress conditions, the xpc−/− homozygous
zebrafish develop relatively normally (without obvious phenotypes) and are fertile. To
examine the spatial and temporal expression pattern of xpc during embryogenesis, we
used antisense and sense probes of xpc to perform WISH assay. The positive signal was
observed only from antisense probes, but not from sense probes, suggesting it was a true
xpc expression signal. WISH showed that xpc expressed ubiquitously in whole embryos
from 28 h post fertilization (hpf) to 76 hpf (Figure 1E). The signal intensity in xpc−/− mutant
embryos decreased, compared to that in WT embryos. The results indicated that the level
of the xpc mutant mRNA was lower than that of the WT mRNA.

3.3. Zebrafish xpc−/− Mutant Embryos Are More Sensitive to UV Irradiation

Studies from humans and mice have already shown that dysfunction of XPC results in
increased photosensitivity and risk in skin associated diseases caused by UV irradiation.
Therefore, we treated 28 hpf WT and xpc−/− embryos with UV irradiation at different doses
of 75 J/m2 or 180 J/m2. As expected, the high dose of UV irradiation (180 J/m2) led to
more severe abnormal development (such as edema, curve body and death) of both WT
and mutant embryos at 72 h post treatment (hpt) than the low dose (75 J/m2) (Figure 2A).
The percentage of abnormal embryos in xpc−/− mutants treated with 75 J/m2 or 180 J/m2

was 67.33% and 95.46% respectively, which was significantly higher than that in WT with
corresponding treatments (34.67% for 75 J/m2 and 71.75% for 180 J/m2) (Figure 2B).

To investigate whether the increased abnormal development in the UV-treated xpc−/−

embryos was related to the loss of the NER pathway, we performed comet assays to detect
the accumulation of DNA damage in the WT and xpc−/− embryos treated or untreated with
180 J/m2 at 0 hpt and 24 hpt (Figure 3A). The results showed that the proportions of tail
DNA contents were significantly increased in either UV-treated WT (42.11%) or UV-treated
xpc−/− embryos (44.80%) at 0 hpt, compared to those in corresponding untreated controls
(8.36% and 8.96% respectively) (Figure 3B). There was no significant difference in the
proportions of tail DNA contents between untreated WT and untreated xpc−/− embryos,
or between treated WT and treated xpc−/− embryos at 0 hpt. The results suggested that
UV irradiation caused similar levels of DNA damages in both WT and xpc−/− embryos. At
24 hpt, the proportion of tail DNA contents in either treated WT or treated xpc−/− embryos
was significantly decreased, compared to that in corresponding treated embryos at 0 hpt,
suggesting that the DNA damage was being repaired. However, the proportion of tail DNA
contents was significantly higher in UV-treated xpc−/− embryos (36.78%) than in UV-treated
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WT embryos (23.97%) (Figure 3B). The results demonstrated that the increased DNA damage
accumulation in UV-treated xpc−/− embryos was due to loss-of-function of NER.
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Figure 2. UV irradiation causes more severe phenotypes in zebrafish xpc−/− mutant embryos.
(A) Representative images of WT and xpc−/− embryos 100 h after UV irradiation. The 28 hpf WT
and xpc−/− embryos were treated with UV irradiation at the dosage of either 0 (Control), 75 J/m2 or
180 J/m2. (B) Average percentage of abnormal embryos counted from image (A). There were at least
50 embryos in each treatment. Each experiment was repeated three times. Bars in graphs represent
mean ± standard deviation. Two-tailed t-test was applied for each individual comparison (* p < 0.05,
*** p < 0.001, n.s: no significance). Scale bar: 2 mm.

Next, we performed a TUNEL assay to analyze whether the increased DNA damage
led to apoptotic activity (Figure 4A). The results showed that there was no obvious dif-
ference in the intensity of TUNEL signals between untreated WT (33,934/embryo) and
untreated xpc−/− embryos (43,841/embryo). However, at 24 hpt, the intensity of TUNEL
signals was significantly higher in UV-treated xpc−/− embryos (5,691,695/embryo) than in
UV-treated WT (1,194,601/embryo) (Figure 4B).

Taken together, the data demonstrated that the knockout of xpc sensitized zebrafish
embryos to UV irradiation.
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Figure 3. Loss-of-function of Xpc leads to more DNA damage accumulation in UV-irradiated zebrafish
embryos. (A) Representative images of comet assay in WT and xpc−/− embryos, 0 h and 24 h after
UV irradiation. The 28 hpf WT and xpc−/− embryos were treated with UV irradiation at the dosage
of either 0 (Control) or 180 J/m2. (B) Average percentage of tail DNA in each cell counted from image
A. At least 50 cells were randomly selected in each microscopic field. Three microscopic fields were
randomly taken in each treatment. Bars in graphs represent mean ± standard deviation. Two-tailed t-test
was applied for each individual comparison (**** p < 0.0001, n.s: no significance). Scale bar: 100 µm.
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Figure 4. Knockout of xpc results in more apoptotic activity in UV-irradiated zebrafish embryos.
(A) Representative images of TUNEL assay in WT and xpc−/− embryos 24 h after UV irradiation.
The 28 hpf WT and xpc−/− embryos were treated with UV irradiation at the dosage of either
0 (Control) or 75 J/m2. The area in the white rectangle was magnified in the right panel.
(B) Average percentage TUNEL signal intensity in each embryo counted from image A. TUNEL
signal intensity in each embryo was analyzed by imageJ software (TUNEL signal integrated density
= TUNEL signal area*mean gray value). At least 15 embryos were randomly selected from each
treatment. The experiment was repeated three times. Bars in graphs represent mean ± standard
deviation. Two-tailed t-test was applied for each individual comparison (*** p < 0.001, **** p < 0.0001,
n.s: no significance). Scale bar: 100 µm.

3.4. Transcriptomic Analysis Reveals That the Expression of p53 Signaling Pathway and Apoptotic
Genes Is over Upregulated in xpc−/− Mutant Embryos upon UV Irradiaton

To explore if xpc plays a role in the regulation of transcription beyond its DNA damage
repair function, we performed RNA-seq to analyze transcriptomes in untreated xpc−/−

and WT embryos, as well as 180 J/m2 UV treated xpc−/− and WT embryos at 5 hpt.
Each treatment had three independent replicates and the total RNA was extracted from
30 embryos in each replicate. Cleans reads from each of all twelve samples exceeded
5 GB, and the data filtering based on the Clean Q30 Bases Rate program showed that the
Q30 for each of all twelve samples was more than 93%, demonstrating that the RNA-seq
data obtained were of high quality. On average, 42,570,586 clean sequences (∼87% of total
clean reads) matched a cDNA counterpart in the zebrafish genome (Danio rerio.GRCz11).
The expression levels of zebrafish genes in each sample were calculated based on the
method of fragments per kilobase millon mapped fragments (FPKM). Principal component
analysis (PCA) was used to reduce the dimensionality of the dataset to visualize the global
effect of UV irradiation and xpc mutation on the transcriptome. The four treatments were
nicely separated in a 2D plot with different colors: red (xpc−/−_CK), green (WT_UV), blue
(WT_CK) and orange(xpc−/−_UV) (Figure 5A). Clustering analysis using the hierarchical
cluster also showed that the RNA-seq data were highly consistent among the three untreated
WT, the three untreated mutant, the three UV-treated WT and the three UV-treated mutant
samples (Figure 5B).



Fishes 2023, 8, 191 9 of 14

Fishes 2023, 8, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 5. Transcriptome analysis of WT and xpc−/− zebrafish embryos in response to UV irradiation. 
(A) Principal component analysis (PCA). Raw expression data from three independent replicates 
including untreated WT (WT_CK), UV-treated WT (WT_UV), untreated xpc−/− (xpc−/−_CK) and UV-
treated xpc−/− mutant embryos (xpc−/−_UV), were subjected to principal component analysis (PCA). 
(B) Hierarchical clustering analysis of the RNA-seq data from WT_CK, WT_UV, xpc−/−_CK and 
xpc−/−_UV embryos, with three biological repeats. (C) Volcano plots showing the DEGs of WT_UV 
versus xpc−/−_UV. (D) Significantly enriched KEGG pathways for upregulated DEGs in xpc−/−_UV 
embryos compared with in WT_UV embryos. 

3.5. A Total of 379 Differentially Expressed Genes in xpc−/− Mutant were Identified Not to 
Respond to UV Irradiation  
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(log2 ≥ 1, p < 0.05) and 262 downregulated genes (log2 ≤ –1, p < 0.05) were differentially 
expressed in untreated xpc−/− mutant embryos (Figure 6A). The cross comparison between 
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Figure 5. Transcriptome analysis of WT and xpc−/− zebrafish embryos in response to UV irradiation.
(A) Principal component analysis (PCA). Raw expression data from three independent replicates
including untreated WT (WT_CK), UV-treated WT (WT_UV), untreated xpc−/− (xpc−/−_CK) and
UV-treated xpc−/− mutant embryos (xpc−/−_UV), were subjected to principal component analysis
(PCA). (B) Hierarchical clustering analysis of the RNA-seq data from WT_CK, WT_UV, xpc−/−_CK
and xpc−/−_UV embryos, with three biological repeats. (C) Volcano plots showing the DEGs of
WT_UV versus xpc−/−_UV. (D) Significantly enriched KEGG pathways for upregulated DEGs in
xpc−/−_UV embryos compared with in WT_UV embryos.

A cross comparison of gene expression using the EdgeR method (V2.28.1) identified
that 1423 genes were upregulated (log2 ≥ 1, p < 0.05) and 269 genes were downregulated
(log2 ≤ –1, p < 0.05) in WT embryos upon UV irradiation (Figure S2A), whereas 239 genes
were downregulated (log2 ≤ –1, p < 0.05) and 776 genes were upregulated (log2 ≥ 1,
p < 0.05) in xpc−/− embryos upon UV irradiation (Figure S2B). Among the differentially
expressed genes (DEGs) upon the UV irradiation, 573 genes were conserved between WT
and xpc−/− (Figure S2C). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis on
the DEGs revealed that only two items (p53 signaling pathway and cell cycle) were enriched
in the upregulated genes of treated WT embryos, which also appeared in the upregulated
genes of treated xpc−/− embryos (Figure S2D,E). In addition to these two items, other nine
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signaling pathways (including apoptosis, protein processing in endoplasmic reticulum,
MAPK signaling pathway, cellular senescence, herpes simplex virus 1 infection, FoxO
signaling pathway, endocytosis and spliceosome) were also identified in the upregulated
genes of treated xpc−/− embryos (Figure S2E).

To further analyze the differences between treated WT and treated xpc−/− mutant
embryos, we compared transcriptomes between UV-treated WT and UV-treated xpc−/−

embryos. A total of 456 genes were upregulated and 282 genes were downregulated in
treated xpc−/− embryos (Figure 5C). KEGG analyses showed that the top item among
the upregulated genes was metabolic pathways. Not surprisingly, apoptosis, cellular
senescence and p53 signaling pathway were all enriched in upregulated genes (Figure 5D).
The results suggested that DNA damage response upon UV irradiation triggered the p53
signaling pathway in both WT and xpc−/− embryos. Due to loss-of-function of NER, more
DNA damage accumulated in treated xpc−/− embryos, which led to higher apoptosis,
cellular senescence and other processes such as metabolic pathways, etc.

To explore if UV irradiation and knockout of xpc influenced the expression of genes in
NER pathway, we searched 44 genes involved in NER pathway. Expectedly, the expression
of xpc decreased about five times in either untreated or treated xpc−/− mutant embryos,
compared to that in corresponding WT embryos (Figure S3A,B). The decrease in xpc
expression in xpc−/− mutant embryos was confirmed by qRT-PCR (Figure S3C). These
results were consistent with the observation in WISH experiment (Figure 1E). The results
suggested that xpc mutant mRNA with a PTC was degraded by NMD pathway. To our
surprise, only three genes (cetn2, rbx1 and ddb1) in WT and two genes (rbx1 and pcna) in
xpc−/− mutant were upregulated (log2 ≥ 0.58), p < 0.05) by UV irradiation (Figure S3B).
There was no significant difference in NER gene expression between treated WT and treated
xpc−/− mutant. In normal conditions, only one gene (pold3, an accessory subunit of the
replicative Pol δ polymerase) (log2 ≤™0.58, p < 0.05) was significantly downregulated in
xpc−/− mutant. The results indicated that UV irradiation and knockout of xpc had little
effect on the expression of genes in NER pathway.

3.5. A Total of 379 Differentially Expressed Genes in xpc−/− Mutant were Identified Not to
Respond to UV Irradiation

Compared to untreated WT embryos, 972 genes including 710 upregulated genes
(log2 ≥ 1, p < 0.05) and 262 downregulated genes (log2 ≤ –1, p < 0.05) were differentially
expressed in untreated xpc−/− mutant embryos (Figure 6A). The cross comparison between
these DEGs in untreated xpc−/− mutants and DEGs in treated xpc−/− mutants, or DEGs in
treated WT embryos, revealed that among these 972 DEGs, the expression of 379 genes was
not in response to UV irradiation in either WT or mutant embryos (Figure 6B, Table S1). To
evaluate the RNA-seq data, we randomly selected 11 genes including one upregulated and
10 downregulated genes to perform qRT-PCR. The differential expression of these 11 genes
was confirmed by qRT-PCR (Figure S4). The analysis indicates that the functions of Xpc
also exceed the DNA damage response.

KEGG analysis of 379 DEGs showed that a number of signal pathways were en-
riched in the DEGs including TGF-β signaling (one gene upregulated and two genes
downregulated), MAPK signaling (three genes downregulated), glycerolipid metabolism
(four genes downregulated), tight junction (six genes downregulated and four genes up-
regulated), cGMP-PKG signaling (four genes downregulated and one gene upregulated),
PPAR signaling (three genes downregulated), phagosome (four genes downregulated and
one gene upregulated) and lysosome (three genes downregulated and one gene upregu-
lated) (Figure 6C). By searching public databases, we found that among 379 DEGs, 86 genes
(including 57 upregulated and 29 downregulated genes) are differentially expressed in
cancer tissues (Table S1). The results suggested that in addition to its function in DNA
damage repair, Xpc may also play a role in regulating the expression of some genes to
contribute to tumorigenesis.
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and WT_UV versus xpc−/−_UV. (C) KEGG pathway analysis of 379 DEGs in xpc−/−_CK compared
with WT_CK, which did not respond to UV irradiation.
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4. Discussion

It is well known that XPC plays an essential role in the recognition of bulky DNA
lesions and subsequent activation of GG-NER [38]. Loss-of-function of XPC leads to devel-
opment of UV-induced dermatologic malignancies and modifications of cancer response to
chemotherapies including cisplatin [39]. There are also several lines of evidence to show
that XPC defects are correlated not only with development of skin cancer but also with
development of internal cancers such as lung, bladder, urinary, digestive organs, thyroid,
breast, head, neck and leukemia [13]. Furthermore, recent studies have demonstrated that
XPC plays a non-canonical role in other DNA repair mechanisms and tumor suppressor
transcriptional regulations [39]. However, whether different functions of XPC play different
roles in the development of internal cancers remain elusive.

Zebrafish provide several key advantages as a model system for studying human
diseases. These include external fertilization, optical transparency, genome editing and easy
high-throughput drug screens in live animals. Here, to further explore Xpc functions, we
generated a zebrafish xpc loss-of-function mutant. Similar to the mouse model, no obvious
phenotypes were observed in xpc−/− mutant under normal conditions. However, when
exposed to UV irradiation, mutant embryos developed more severe abnormal phenotypes
than the wild type embryos. Comet assay showed that irradiated xpc−/− mutant embryos
accumulated significantly more unrepaired DNA damage than irradiated WT embryos at
24 hpt. TUNEL assay exhibited that significantly more apoptotic cells were observed in
irradiated xpc−/− mutant embryos than in irradiated WT embryos. Furthermore, transcrip-
tome analyses revealed that the p53 signal pathway and apoptosis were over upregulated
in UV-irradiated mutant embryos, compared to the unirradiated WT embryos. The results
demonstrate that the function of Xpc in NER is conserved in zebrafish. Loss-of-function
of Xpc leads to accumulation of unrepaired DNA lesions, which activates the p53 signal
pathway to trigger apoptotic activity in mutant embryos.

A total of 379 genes were identified to differentially express in xpc−/−mutant compared
to those in WT embryos under normal conditions, and these genes did not respond to
UV irradiation in either WT or xpc−/− mutant embryos. These DEGS were enriched in
TGF-β signaling, MAPK signaling, glycerolipid metabolism, tight junction, cGMP-PKG
signaling, PPAR signaling, phagosome and lysosome. The data indicate that Xpc may have
a role in regulating these signaling pathways. However, whether these functions of Xpc
other than DNA damage repair contribute to the development of internal cancers needs
further investigation.

5. Conclusions

In summary, our results not only demonstrate that zebrafish Xpc has evolutionally
conserved function in NER repair, but also show that Xpc has functions beyond DNA dam-
age response. The zebrafish xpc−/− mutant will provide a platform to further investigate
whether the function of Xpc beyond DNA repair is related to different internal cancers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8040191/s1, Figure S1: Alignment of mRNA sequences of
three xpc transcripts and amino acid sequence of six Xpc protein paralogues. Figure S2: Transcriptome
analysis in UV treated WT and UV treated xpc−/− embryos compared to corresponding untreated
controls. Figure S3: The influence of UV irradiation and xpc knockout on the expression of genes
involved in NER pathway. Figure S4: The qPCR validation of RNA-Seq data. Supplement Table S1: List
of primers used for qPCR validation. Supplement Table S2: List of the 379 DEGs in WT vs. xpc−/−
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