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Abstract

Germline mutations of DNA double-strand break (DSB) response and repair genes that drive
tumorigenesis could be a major cause of prostate cancer (PCa) heritability. In this study, we
demonstrated the role of novel exonuclease 5 (EXO5) gene in androgen-induced double strand
breaks repair via homology-directed repair pathway and prostate tumorigenesis. Using whole-
exome sequencing of samples from 20 PCa families, with three or more siblings diagnosed with
metastatic PCa, we identified mutations in 31 genes involved in DSB response and repair. Among
them, the L151P mutation in the exonuclease 5 (EX0O5) gene was present in all affected siblings in
three PCa families. We found two other EXO5 SNPs significantly associated with risk of PCa in
cases-controls study from databases of genotype and phenotype (dbGaP), which are in linkage
disequilibrium (D’=1) with Exo5 L151P found in PCa family. The L151 residue is conserved
across diverse species and its mutation is deleterious for protein functions, as demonstrated by our
bioinformatics analyses. The L151P mutation impairs the DNA repair function of EXO5 due to
loss of nuclease activity, as well as failure of nuclear localization. CRISPR elimination of £XO5in
a PCa cell line impaired homology-directed recombination repair (HDR) and caused androgen-
induced genomic instability, as indicated by frequent occurrence of the oncogenic fusion transcript
TMPRSS2-ERG. Genetic and functional validation of the £X0O5 mutations indicated that £XO5is
a risk gene for prostate tumorigenesis, likely due to its functions in HDR.
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Introduction

Double-strand DNA breaks (DSBs) are the most deleterious type of DNA lesion in cells (1).
If they are not repaired immediately, DSBs cause large-scale genomic instability, which
increases cancer susceptibility by disrupting tumor suppressor genes or generating
oncogenic fusions (2—4). DSB repair is carried out by either of two dedicated pathways in
cells: homology-directed repair (HDR) or non-homologous end joining (NHEJ). Several
factors, including cell cycle check point and DNA repair activation genes, determine which
pathway is used for repair (5). Moreover, functional deficiency in HDR genes caused by
germline mutations, such as mutations in the ataxia telangiectasia mutated kinase (A7M)
gene, promotes NHEJ for DSB repair, leading to chromosomal translocations (6). DNA end
resection, which is carried out by exonucleases that generate single-stranded DNA for HDR,
is a key step contributing to repair pathway choice (5,7). The nucleases MRE11, DNA2, and
exonuclease 1 (EXO1) have established roles in end resection for HDR (8,9). Another
nuclease, EXD2, has recently been identified as involved in the end resection process (10).
Mutations in these nucleases can reduce HDR efficiency, leading cells to favor the NHEJ
pathway. Because repair by NHEJ does not involve a template DNA strand, it is an error-
prone process that causes mutations, translocations, and genomic instability (11).

Prostate tissue is constantly exposed to androgen-induced topoisomerase b (TOP2)-
mediated DSBs to resolve DNA catenanes during active transcription of androgen receptor
target genes (12,13). During the process, TOP2 becomes covalently bound to the 5 DNA
end of the break and forms TOP2-DNA cleavage complex intermediates (Top2cc). Given the
frequency of these events in prostate cells, inefficient or failed removal of Top2cc leads to
the generation of complex or blocked DSB ends with associated Top2cc lesions. The
protein-linked DSB ends generated by androgen signaling in prostate epithelial cells possess
additional interference for normal DSB repair (13). Although it is known that DNA ends
with bulky protein adducts are channeled exclusively to end resection processes (7), the
nucleases required for those processes have not been defined. However, recent studies have
suggested roles for ATM and MRE11 in accurately repairing TOP2 cross-linked DSBs and
preventing genomic instability (14,15).

We posit that the genomic instability resulting from disruption to DSB repair processes may
contribute to prostate tumorigenesis. Indeed, in prostate cancer, chromosomal translocation
events occur when androgen signaling, along with reduced HDR efficiency, induces
illegitimate DSB repair in the genomic regions that encode transmembrane protease serine 2
(TMPRSS2) and ETS family transcription factors (13). These fusion transcripts are found in
> 50% of PCa patients and are associated with cancer aggressiveness and PCa-specific
mortality (16).
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In this study, using whole-exome sequencing of 20 PCa families, in which three or more
siblings were diagnosed with metastatic PCa, we identified mutations in 31 key components
of the DSB response and repair pathways that were shared among three siblings in at least
one families. Among the 31 mutated genes, a leucine to proline mutation (L151P) in EXO5
gene was most frequently observed and was present in all affected siblings from three
different families. EXOS5 has been identified as a nuclear DNA damage repair gene that
possesses an iron—sulfur (FesS4) cluster and 5° and 3’ bi-directional exonuclease activity. In
response to DNA damage, EXO5 localizes to the nucleus, where it forms DNA repair foci
and repairs inter-strand cross-links (17). Our experimental data indicate that the L151P
mutation results in loss of EXO5 nuclease activity and nuclear localization ability. CRISPR-
Cas9 deletion of £X05in LNCaP PCa cell lines led to reduced HDR efficiency and greater
frequency of TMPRSS2-ERG gene fusion, which promote prostate tumorigenesis.

Identification of a cluster of DNA DSB repair gene variations and the EXO5 L151P variant

in PCa

Whole-exome sequencing was performed on genomic DNA from the peripheral blood of 64
individuals with PCa, representing 20 families that had three or more brothers with PCa. All
affected individuals and their families were of European ancestry. To identify deleterious
genetic variations with increased penetrance of the risk allele in PCa, we developed the
following approach to systematically filter mutations (Fig. 1A): 1) We selected variants that
produced a high to moderate impact on gene function. High-impact variations included
insertions or deletions, frame-shift changes, and splicing site variants that lead to loss of
gene function. Moderate impact variations included missense mutations. 2) Among those
variants, we selected those that are less frequently present in the normal population (i.e., no
PCa) and that had a minor allele frequency < 2%, based on 1000 Genomes Project data. 3)
We selected variants that were shared by all affected siblings within at least one PCa family.
4) We then used the DAVID online bioinformatics resource (18) and DNA repair genes
databases (19-21) to select DNA repair pathway genes. 5) Mutations were validated using
Sanger sequencing (Supplementary Table 1). 6) We predicted the pathogenicity of the
mutations using six online available bioinformatics tools: Sorting Intolerant From Tolerant
(SIFT) (22), Polymorphism Phenotyping v2 (PolyPhen-2) (23), a likelihood ratio test (LRT)
(24), MutationTaster (25), MutationAssessor (26), and Combined Annotation Dependent
Depletion (CADD) (27).

We thus identified 31 rare mutations in key components of the DSB response and repair
pathways that were shared among three siblings at least in one of the 20 families (Fig. 1B
and Supplementary Table 2). Among the 31 mutated DNA repair genes, we considered 21 to
be potentially deleterious because they were predicted to be deleterious using three or more
in silico analyses. The genes harboring potentially deleterious mutations were categorized
into the following eight functional groups: DNA damage response, nucleases and helicases
involved in DNA end resection, Fanconi anemia (FA) pathway, DNA synthesis, nucleotide
excision repair (NER), mismatch repair (MMR), HDR, and NHEJ (Fig. 1C). Among these
mutations, the most frequent was a leucine to proline mutation (L151P) in the £XO5 gene,
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which was present in all affected siblings of three different families (Fig. 2A). All six
bioinformatics tools used predicted the £X0O5 L151P mutation to be deleterious (Fig. 2B).
Hence, we further explored the functions of the £X0O5 gene and the L151P mutation in
prostate tumorigenesis.

To further explore the possibility of £XO5 mutations in conferring PCa susceptibility, we
analyzed data from PCa case-control studies submitted to the Database of Genotypes and
Phenotypes (dbGaP). In this study 505219 genome-wide SNPs were genotyped in a total of
2507 total samples (1591 PCa patients and 916 healthy controls). Association analysis using
PLINK tools (28) showed that two out of three £X05 SNPs studied in this population were
significantly associated with risk of PCa (rs12068587: P= 2.43x10714, odds ratio = 1.57;
rs11208299: P= 4.30x10713, odds ratio = 1.53) (Table 1). These two £XO5 SNPs are in
linkage disequilibrium (D’=1) with the L151P mutation, according to our analysis of
genomic data from a European population (Supplementary Fig. 1). Additionally, a truncating
somatic mutation in the £X05 gene (1150Tfs*32) was also reported in prostate
adenocarcinoma in a previous study (29,30). However, to date, the role of EXOS5 in the
repair of DSBs generated during hormone-induced cancer initiation is not clear.

The L151P mutation results in complete loss of the nuclease activity of EXO5

A homology-based model of the 3D structure of the EXO5 N-terminus was downloaded
from the SWISS-MODEL Repository (31), and a C-terminal model (including the FesS4
cluster, two catalytic Mg** atoms, and the single-stranded DNA) was built from structural
alignment using mouse DNA2 (Protein Data Bank ID: 5EAN) as a template (Fig. 2C, D).
The homology model of EXO5 correctly reproduced the protein structure, with four
conserved cysteines (C92/C343/C346/C352) that chelate with the Fe,S, cluster. Moreover,
we were able to demonstrate that four additional residues (H121/D182/E196/K198)
coordinate the two catalytic Mg** atoms. All these residues are conserved across various
species (Supplementary Fig. 2). As displayed in Figure 2D, L151 is the central residue of
helix a4 (amino acids 145-157), which interacts with helix a3 (amino acids 112-131) via
hydrophobic interactions between 1150/L151/1154 and 1120/A123. The L151 residue is also
conserved across species. The a4 helix is important for protecting the catalytic metals by
shielding the a3 helix, which includes the H121 chelation residue. When L151 is replaced
by a proline, thus losing the bulky hydrophobic side-chain of leucine, the a3/a4 helical
bundle is destabilized and separated. Thus, the substitution destabilizes the interaction
between H121 and the catalytic metals, potentially resulting in loss of nuclease activity. The
separation of the a.3/a.4 helical bundle due to the L151P mutation may also affect the
translocation of EXOS5 through the nuclear membrane.

We thus tested the impact of the L151P mutation of EXOS5 on its nuclease activity. We
expressed FLAG-tagged wild-type and L151P EXO5 in HEK293T cells and purified the
proteins using anti-FLAG antibodies attached to M2-magnetic beads (Supplementary Fig.
3). We assessed the /n vitro ability of the wild-type and mutant proteins to excise single-
stranded DNA using a 5’ 32P-labeled 80-nucleotide fork-like double-stranded DNA
substrate, similar to the substrate used in previous studies (17). As expected, the wild-type
EXO5 catalyzed excision of single-stranded DNA from the labeled substrate, whereas the
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L151P mutation abolished this nuclease activity (Fig. 2E, G). To assess the /in vitro DNA end
resection activity of EXO5, we designed another DNA substrate in which the endonuclease
activity of MRN creates a nick upstream of a double-stranded DNA break and a helicase
displaces the DNA so that it is accessible to exonucleases. This step is necessary and
required for long-distance DNA end resection during HDR. Using this substrate, similar to
previous results, we found that wild-type EXO5 could catalyze cleavage of single-stranded
DNA from the substrate, whereas the L151P mutant lacked such activity (Fig. 2F, H).

The L151P mutation impairs EXOS5 nuclear localization

The localization of EXO5 to DNA repair foci in the nucleus is an essential step during DNA
damage repair (17). Here, we tested if the £XO5 L151P mutation affects its nuclear
localization and DNA repair functions. Using the online NetNES 1.1 Server tool, the full-
length amino acid sequence of EXO5, and an artificial neural network (ANN) value cut-off
of 0.5, we searched for nuclear localization or export signals (NLS/NES) in EXO5 (Fig. 3A)
(32). This analysis identified two motifs as leucine-rich NESs: the sequence ILLLIPTLQ
(amino acids 150-158) and the sequence LSLTLSDLPVIDI (amino acids 277-290). The
NES exports the protein out of the nucleus; however, wild-type EXOS5 localizes to the
nucleus for its function, indicating that the NES in EXOS5 is inactive or hidden inside the
protein structure.

To test if the L151P mutation affects the NES and the localization of EXO5 to the nucleus,
we generated plasmids containing wild-type or mutant £XO5 gene cloned downstream of
the GFPgene. We then transfected LNCaP cells with these plasmids, and examined the
localization of wild-type and L151P GFP-EXO5. Consistent with a previous study (17), we
found that the EXO5 protein localized mostly to the nucleus but was also present in the
cytosol. However, the L151P substitution abrogated its localization to the nucleus, as
indicated by the presence of GFP fluorescence only in the cytosol (Fig. 3B). The mutation
likely exposes the NES, which exports the protein out of the nucleus. These results were
confirmed by Western blot analyses of purified cytosolic and nuclear fractions from the
transfected LNCaP cells, using anti-GFP antibodies to detect GFP-fused EXOS5 (Fig. 3C).
The results of the Western blot analyses indicate that more than 98% of the protein was
exported to the cytosol.

Loss of EXOS5 gene impairs androgen-induced DSB repair and induces genomic instability

Androgen receptor signaling promotes DSBs in androgen-sensitive PCa cell lines (12,13).
We tested whether loss of EXOS5 function in the androgen-sensitive LNCaP cell line
contributes to androgen-induced DSBs and genomic instability. To do this, we generated an
EXOS5 knockout LNCaP cell line using the CRISPR-Cas9 system (Supplementary Table 2)
(33). Disruption of the £X05 coding region was confirmed by sequencing the target region
(Supplementary Fig. 4) and assessing protein expression (Fig. 4A). We tested the sensitivity
of both the parental and nuclease-defective LNCaP cells to treatment with the androgen
hormone dihydrotestosterone (DHT), which increases the expression of prostate specific
antigen (PSA) (Supplementary Fig. 5). We found that DHT (100 nM, 2 h) promotes DSBs in
LNCaP cells, as detected using yH2AX foci as a read-out for the DNA damage response.
There were significantly more yH2AX-positive nuclei among nuclease-defective LNCaP
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cells than among parental LNCaP cells after DHT treatment (Fig. 4B, C). We then explored
the effect of the £X0O5 mutation on DNA damage repair by overexpressing the wild-type
and mutant EXOS5 protein in the £X05 knockout cell line (Fig. 4A). £XO5 knockout cells
that overexpressed wild-type EXO5 had similar numbers of yH2AX-positive nuclei
compared to parental LNCaP cells after DHT treatment, suggesting similar amounts of DNA
damage in the two lines. However, £EXO5 knockout cells that overexpressed L151P mutant
EXO5 were not rescued from DNA damage and had greater numbers of yH2AX-positive
nuclei compared to the parental LNCaP cells after DHT treatment (Fig. 4B, C). Further,
time-course assays for yH2AX levels in an immunoblotting (Fig. 4D, E) and foci numbers
in immunofluorescence experiments (Supplementary Fig. 6), showed increase of yH2AX in
the parental LNCaP cells after DHT treatment (2h) and gradually decreased over 24 h of
recovery. In contrast, levels of yH2AX remained high in £XO5 knockout cells, even after 24
h of recovery. Overexpression of only wild-type EXO5, not L151P EXO5, in LNCaP-
EXOS5KO cells gradually decreases yH2AX levels after DHT treatment over 24 h of
recovery. These results suggest that EXO5 is involved in the DNA damage response to
androgen-induced DSBs in PCa cells and specifically, that the loss of EXO5 function leads
to accumulation of DNA damage due to unrepaired DSBs and contributes to genomic
instability.

Under androgen stress, inhibition of TOP2, an enzyme that catalyzes transient DSB
formation to resolve topological DNA constraints, can produce prolonged DSBs (12). We
explored the role of EXOS5 in inducing DNA damage upon combined treatment with the
androgen hormone DHT and the TOP2 inhibitor VP-16. The combined treatment of LNCaP
parental cells with DHT (100 nM, 2 h) and VP-16 (10uM, 30 min) induced DNA damage
that was significantly greater than that observed upon treatment with DHT or VVP-16 alone
(Fig. 4F, G). EXO5knockout LNCaP cells treated with DHT and VP-16 had significantly
more -yH2AX-positive nuclei, as compared to parental LNCaP cells that received the same
treatment (Fig. 4F, G). Overexpression of wild-type EXO5 in nuclease-deficient cells
reduced DNA damage after treatment with DHT and/or VVP-16 to levels similar to those of
parental cells after the same treatments. To further confirm the role of EXO5 in DHT and/or
VP-16 induced DNA damage repair, we used another androgen sensitive cell line, LAPC4,
and generated EXOS5 knockout using CRISPR-Cas9 technique (Supplementary Fig. 7A). We
observed similar results that LAPC4-EXO5KO cells treated with DHT and/or VVP-16 had
significantly more yH2AX-positive nuclei, as compared to parental LAPC4 cells that
received the same treatment (Supplementary Fig. 7B, C). These results showed that
androgen signaling promotes TOP2-mediated DSBs and that loss of EXOS5 function
significantly reduces the cellular capacity to repair bulky protein-bound DSBs.

EXO5 plays an important role in HDR

We explored the role of EXO5 in HDR by using cellular 1-Scel/GFP reporter-based HDR
(DR-GFP) and NHEJ (EJ5-GFP) assays (34). The DR-GFP and EJ5-GFP reporters were
stably integrated into LNCaP cells as described previously (6). The DR-GFP reporter
comprises an open reading frame of GFP that is disrupted by an I-Scel restriction site
(SceGFP) and a downstream homology template (iGFP). The I-Scel endonuclease induces
DSBs in the upstream SceGFP cassette, which is followed by HDR that uses the downstream
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iGFP to prime nascent DNA synthesis and restore the GFP cassette (Fig. 5A). The EJ5-GFP
reporter comprises an open reading frame of GFP that is disrupted by a puromycin
resistance gene (Fig. 5D). The puromycin resistance gene is flanked by two I-Scel restriction
sites. I-Scel endonuclease digestion leads to removal of the puromycin resistance gene, and
the two ends of the GFP gene are joined through NHEJ. We also knocked out the £XO5 and
EXOI1 genes using the CRISPR-Cas9 system in the stable LNCaP-HDR and LNCaP-NHEJ]
cell lines (Supplementary Fig. 4 and 8). Using these reporter assays, we observed that
knockout of the £X05 gene in LNCaP-HDR cells significantly reduced their HDR
efficiency compared to that of the parental cell line, as indicated by fewer GFP-positive cells
according to flow cytometry analysis (Fig. 5B, C and Supplementary Fig. 9A). Reduction of
HDR efficiency in LNCaP-HDR-EXO5KO cells was rescued by overexpressing wildtype
EXO5 but not the mutant EXO5. We saw similar results in £X0OZ knockout cells
(Supplementary Fig. 9A), which is consistent with previous results showing that £X01
knockout reduces HDR efficiency (35,36). However, knockout of the £X0O5 gene in the
LNCaP-NHEJ cell line, similar to knockout of £XO1 (37), did not significantly change
NHEJ repair efficiency compared to that of the parental LNCaP-NHEJ cell line (Fig. 5E, F,
and Supplementary Fig. 9B). Reduction in HDR efficiency of EXO5-deficient LNCaP-HDR
cells was rescued by overexpressing wildtype £X0O5 but not the mutant EXO5.

Loss of EXOS5 function reduces DNA end resection for HDR

DNA end resection, which is a key step for the choice between HDR and NHEJ repair
pathways, generates single-stranded DNA for strand invasion and homology-mediated DSB
repair (5,7). In order to study the role of £XO5in end resection, we performed a flow
cytometry-based assay, involving the detection of chromatin-bound single-stranded DNA
binding protein RPA (38). EXO5-deficient LNCaP cells treated with the topoisomerase |
inhibitor Camptothecin (CPT, 1 uM, 1 h) and TOP2 inhibitor VP-16 (100 puM, 1 h) exhibited
significantly less chromatin-bound RPA than similarly treated LNCaP parental cells (Fig. 6
A, B). Reduction of chromatin-bound RPA in £XO5-deficient LNCaP cells was rescued by
overexpressing wildtype £XO5. Further, we explored the role of £X0O5in DNA end
resection upon combined treatment with DHT and VVP-16. The combined treatment of
LNCaP parental cells resulted in slightly increase in chromatin-bound RPA level than
treatment with VVP-16 alone (Fig. 6C). £X05 knockout LNCaP cells treated with DHT
and/or VP-16 had significantly less chromatin-bound RPA compared to parental LNCaP
cells that received the same treatments. Reduction of chromatin-bound RPA in EXO5
deficient LNCaP cells was rescued by overexpressing wildtype £X05. These results showed
that EXO5 is involved in DNA end resection necessary for the repair of androgen-induced
TOP2-mediated DSBs and that the loss of £X05 function likely impairs the HDR pathway.

Loss of the EXO5 gene promotes TMPRSS2-ERG gene fusion frequency

A previous study showed that androgen signaling also promotes non-random translocation
events between TMPRSSZ2and ETS transcription factor family genes in PCa (13). Indeed,
the TMPRSS2-ERG gene fusion is the most common gene rearrangement that occurs in PCa
(39). Therefore, we assessed the role of the £XO5 gene in DHT-induced de novo
TMPRSS2-ERG gene fusion in EXO5-deficient LNCaP cells (Fig. 7A). To detect fusion
transcripts, we used a previously developed, highly sensitive RT-PCR assay using primers
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specific to exon 1 of TMPRSS2Zand exon 6 of ERG. VCaP cells, which have a single copy
of the genomic TMPRSS2-ERG gene fusion, were used as a positive control in this assay.
DHT stimulation (100 nM, 24 h) of parental LNCaP cells led to an approximately 3-fold
increase in the level of the gene fusion product, as detected by RT-PCR (Fig. 7B, C).
However, combined treatment of cells with mild dose of IR (1Gy) and DHT does not show
difference in gene fusion frequency compared to DHT treatment alone. Although LNCaP
cells do not typically exhibit the gene fusion events, a low background level of the fusion
product was observed because the cell lines were maintained in fully supplemented,
androgen-containing media. This was consistent with similar phenomena that were observed
in a previous study (12). DHT treatment of £X05 knockout cells led to a greater increase in
gene fusion levels, approximately 4.5-fold that observed in untreated parental LNCaP cells.
The fusion product was verified by Sanger sequencing (Supplementary Fig. 10). Because
previous work has shown that the combined inhibition of the £XOZ gene and DHT
treatment increases the frequency of TMPRSS2-ERG gene fusion events (13), we used
EXO1 knockout LNCaP cells as positive controls in this experiment. We also assessed the
effects of the £XO5 L151P mutation on gene translocation by overexpressing wild-type and
L151P mutant EXOS5 proteins in £X05 knockout cells. £X05 knockout cells that
overexpressed wild-type £X0O5 showed a similar gene fusion frequency as parental cells
after DHT treatment, indicating that wild-type £XO5 rescued the cells from increased gene
rearrangement events. However, overexpression of the L151P £XO5 did not rescue the cells,
which instead showed gene fusion frequencies that were similar to those of the £XO5
knockout cells (Fig. 7D, E). Further, we also observed that knockout of £XO5in PCa
LNCaP cells increases cell proliferation rate and cellular migration (Supplementary Fig. 11).
However, overexpression of wildtype Exo5 in Exo5-deficient cells rescue these phenotype.

Discussion

The heritable risk of PCa has been estimated at up to 60%, suggesting a major contribution
from genetic risk factors, although the genetic basis underlying this risk remains poorly
understood (29,40-43). Identifying the highly penetrant genetic factors that influence PCa
risk could provide information to build regimens for cancer prevention, early diagnosis, and
treatment. Recent GWAS have implicated ~100 loci as potentially contributing to PCa risk
(44-50). The germline mutations of DNA repair genes, specifically those in DNA DSB
repair pathway that drive prostate tumorigenesis, have been reported to be a major cause of
PCa heritability (41,51). Family-based studies are also powerful approaches that may help to
identify PCa susceptibility genes, under assumption that the shared PCa phenotype will be
associated with a shared genotype. However, to date, few studies have been conducted using
gene sequencing of families with high prevalence of particular types of cancer due to the
limited source of genetic materials from the families (42,43,52).

In the current study, we used genetic data from 20 families with three or more brothers
bearing metastatic PCa to identify genes that may play a role in familial susceptibility to
PCa. We identified 31 rare mutations that were shared among PCa-affected individuals in
one or more families. Among the 31 mutated germline genes, six (ATM, BRCAZ, BRIP1,
MSH6, MUTYH, and RAD51C) had been previously identified in PCa patients through
case-control studies (41) and/or familial PCa samples (51). Many of the genes identified fall
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into functional categories related to the DSB response and repair pathways, including DNA
end resection nucleases, FA pathway components, and translesion polymerases. Deficiencies
in these gene functions could confer increased sensitivity to androgen hormone- and
topoisomerase-mediated DSBs in prostate cells, contributing to a predisposition to PCa.
However, further studies are required to validate the functions of each of these mutations.

The L151P £XO5 mutation was the most frequently observed mutation and was shared by
all affected siblings in three PCa families. Interestingly, the leucine residue is conserved
among EXO5 orthologs from several species, and its proline substitution was predicted by
all six bioinformatics tools to be potentially deleterious to £XO5 function. The minor allele
frequency of the £X0O5L151P mutation is less than 2% in the global population (based on
1000 Genomes Project data), however, in European populations, it increases to 6%,
indicating increased risk. Because the L151P mutation is the less frequently occurring
variant and was excluded from existing PCa case-control GWAS datasets, we could not
compare its frequency in PCa patients vs. controls. Nevertheless, an association analysis on
a set of GWAS data showed that other SNPs in the £X05 gene, which are in linkage
disequilibrium with the L151P mutation, are significantly associated with PCa risk. Multiple
somatic mutations in £X0O5 have also been previously reported in PCa and other cancers
(29,30). Although these collective lines of evidence indicate that £X0O5 mutations might
contribute to PCa risk, the role of EXO5 and its variants in cancer have not been
investigated.

EXO5 L151P mutation likely provides steric hindrance in proper protein conformation and
may expose the NES or completely misfolded protein structure. Our findings established
that £XO5 L151P mutation abolishes its nuclease activity and impairs its localization to the
nucleus. Because both of these functions are essential for repairing damaged DNA, we
proposed that loss of either may contribute to genomic instability. In our study, all affected
individuals in the PCa families with the L151P £XO5 mutation were heterozygous for the
mutation. Somatic loss of one wild-type allele is a frequent genetic event, also known as loss
of heterozygosity that may contribute to cancer development. Indeed, loss of heterozygosity
and haploinsufficiency often occur in many inherited cancer syndromes (53-55).

In cancers such as PCa, as well as ovarian and breast cancers, disregulated hormone
signaling could act as a risk factor that contributes to cancer development. For example, in
PCa, androgen hormone (DHT) signaling can induce DSBs, possibly due to an increased
rate of collision between the androgen receptor, bound to its target gene, and the replication
fork. In addition, recruitment of the DNA-cleaving complex including TOP2 and the AID/
LINE-1 repeat-encoded ORF2 endonuclease by the androgen receptors to target genes
results in DSB formation (12,13). Androgen response elements (ARES) are present in the
promoter and enhancer regions of androgen receptor target genes, and similar AREs are
present throughout the genome; therefore, androgen receptor signaling may also contribute
to DSB formation throughout the genome (56). We found that loss of the £X0O5 gene in PCa
cells leads to increased accumulation of DNA damage after DHT treatment, which is likely
due to the accumulation of unrepaired DSBs. Combined treatment of both parental LNCaP
and LAPC4 cells with DHT and the TOP2 inhibitor VP-16 showed that androgen signaling
promotes TOP2-mediated DSBs and that loss of EXO5 significantly enhances DNA damage.
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These results are consistent with a previous study (17) that showed greater genomic
instability in EXO5-depleted cells compared to control cells upon treatment with inter-strand
cross-link-inducing agents.

Using an /n vitro biochemical assay and cellular end resection and GFP-based reporter
assay, we elucidated the possible role of EXQO5 in endonucleolytic end resection required for
HDR. Furthermore, perhaps due to loss of HDR in £X0O5 knockout LNCaP cells, we also
observed an increase in gene rearrangements between 7MPRSS2and ERG loci in response
to DHT treatment. These gene rearrangement events gave rise to an oncogenic fusion
transcript (7TMPRSS2-ERG) that is found in PCa patients and has been associated with
cancer aggressiveness and PCa-specific mortality (16). Further, increase in cell proliferation
rate and cellular migration observed in Exo5 knockout LNCaP cells are likely due to
oncogenic fusion transcript like 7TMPRSS2-ERG, which is consistent to previous studies
(57). We posit that the PCa tissues in patients carrying mutated £X0O5 likely exhibit
increased frequencies of these types of gene fusions. However, we could not estimate their
frequency in our study due to a lack of PCa tissue availability. Based on our data, as well as
the current literature (5,10,17), we hypothesized that EXO5 functions as an end resection
nuclease that is particularly suitable for resolving the cross-linked DSBs that are induced by
androgens in prostate cells. In androgen-induced DSBs, the DNA ends remain ligated within
a cross-linked complex that hinders the normal end resection machinery. Therefore, at the
start of end resection for DSBs with blocked ends, an incision endonuclease (MRE11)
creates a nick upstream of the DSB. The DNA strands on both sides of the DSB are then
displaced by 5’ and 3’ helicases and are bidirectionally excised by 5’-3’ EXOS5 exonuclease
and 3’-5’ EXD2 exonuclease to generate long resected ends (10). This model is supported
by the results of our /n vitro biochemical assay, which demonstrate that EXOS5 is able to
catalyze the excision of single-stranded DNA in a structure similar to that generated during
end resection. The generation of long resected ends by nucleases is essential for HDR, and
defects in this process likely lead to the breaks that are repaired through NHEJ, which
increases genomic rearrangements and instability. Collectively, our study showed that EXO5
is likely involved in end resection and that loss of EXO5 function reduces the efficiency of
HDR and increases genomic instability and the frequency of 7TMPRSS2-ERG gene fusion in
PCa cells.

Materials and Methods

The materials and methods section is only included in the on line Supplementary Materials
and Methods due to the space limit (Supplementary Materials and Methods; Supplementary
Table 3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

DNA damage response and repair gene mutations shared among members of PCa families
and their predicted risk effects. (A) Flow chart showing the various criteria used to narrow
down the mutations of interest and identify rare mutations likely to be pathogenic. (B) List
of 31 DNA repair genes that are mutated in all PCa patients in one or more families (among

17 of the 20 PCa families studied). The black dot (®) indicates an insertion-deletion

mutation. The divided circles (#) indicate missense mutations. Red sectors indicate that the
mutations were predicted to have deleterious effects on gene function according to /n silico
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analyses using one of six programs: 1. SIFT; 2. PolyPhen-2; 3. LRT; 4. MutationTaster;
5.MutationAssessor; 6. CADD. For details see the Materials and Methods section. (C)
Functional categorization of the genes mutated in PCa families into eight major groups.
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Figure2.

Predicted structure and function of EXO5 and EXO5-L151P. (A) Validation of EXO5L151P
variation (c.452 T>C; arrow) using the Sanger sequencing method. (B) Deleterious effects of
the £XO5 L151P mutation on gene function, as predicted by /n silico analysis using six
different bio-informatics tools. M: Moderate. A mutation with a CADD score greater 20 (top
1% of relative deleterious variants) is considered deleterious. (C) Schematic of the EXO5
protein, showing the L151P mutation in the nuclease domain. Four conserved cysteine
residues (C92, C343, C363, and C352) for Fe,S, cluster binding and four residues (H121,
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D182, E196, and K198) require to stabilize a-helixes 3 and 4 (a3 and a.4) for the nuclease
function of EXO5. (D) The EXO5 homology model. The two catalytic metal Mgs are fixed
by H121, D182, E196. The FeyS, cluster is chelated by four cysteine residues (C92, C343,
C346, C352). Hydrophobic interaction residues (1120/A123 and L151/1150/1154) stabilize
the interaction between the two a-helixes (a3 and a4, respectively). (E) Nuclease activity
profiles of wild-type and L151P EXO5 using a 5’ 32P-labeled (*) fork-head DNA substrate
(80 bp). A reaction mixture containing 0.5 pmol of DNA substrate was incubated at 37°C for
0, 5, 10, 20, 40, 60, or 80 min and resolved on a 7 M urea-15% denaturing polyacrylamide
gel. Bands of excised DNA were visualized using autoradiography. (F) Nuclease activity
profiles of wild-type and L151P EXO5 using a 5’ 32P-labeled (*) single-flap DNA substrate
(60 bp). A reaction mixture containing 0.5 pmol of DNA substrate was incubated at 37°C for
0, 5, 10, 20, 40, 60, or 80 min and resolved on a 7 M urea-15% denaturing polyacrylamide
gel. Bands were visualized using autoradiography. (G) The quantification of mean excision
frequency = standard deviation of the DNA substrate in Figure 2E from three independent
experiments. (H) The quantification of mean excision frequency + standard deviation of the
DNA substrate of Figure 2F from three independent experiments.
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Figure 3.

The £XO5 L151P mutation disrupts the NES and localization of EXO5 to the nucleus. (A)
NES scores for the full-length amino acid sequence of EXO5, as determined using the
NetNES 1.1 Server tool. The tool uses neural networks (NN) and hidden Markov models
(HMM) in a prediction algorithm. A threshold value of 0.5 was selected for NES prediction.
Predicted NES motifs were ILLLIPTLQ (Motif 1, amino acids 150-158) and
LSLTLSDLPVIDI (Motif 2, amino acids 277-289). (B) Immunofluorescence images of
LNCaP cells transiently transfected with GFP-fused wild-type (WT) and L151P EXO5.
Cells were counterstained with DAPI to visualize nuclei. (C) Western blot analysis of GFP-
fused wild-type (WT) and L151P EXO5 expression using anti-GFP antibodies in cytosolic
(C) and nuclear (N) fractions of LNCaP cells transiently transfected as described in Figure
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3B. GAPDH and Histone H3 are shown as loading controls for the cytosolic and nuclear
fractions, respectively.
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Figure 4.
Knockout of EXO5 promotes DHT-induced DNA damage in androgen-sensitive PCa cells.

(A) Western blot analysis of endogenous EXO5 and overexpressed FLAG-tagged wild-type
(WT) and mutant (MT) EXO5 in an LNCaP £XO5 knockout (KO) cell line. (B)
Immunofluorescence images of DHT-treated (100 nM, 2 h) parental LNCaP and LNCaP-
EXO5KO cells, overexpressing WT or MT EXO5, stained for yH2AX. (C) The
guantification of yH2AX-positive nuclei (5 or more foci present in the nucleus) per field in
cells transfected and treated as described in Figure 4B. Data shown are mean + standard
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deviation of three fields per experiments from 3 independent experiments. */< 0.05. (D)
Time-course assay of yH2AX expression using western blot analysis of cell lysate from
LNCaP and LNCaP-EXO5-KO cells, overexpressing WT or MT EXOS5, untreated and after
DHT treatment (100 nM, 2 h) or recovery (incubation in media without DHT) for the
indicated times. (E) The quantification of mean band intensity + standard deviation,
indicating phospho-yH2AX expression, in three independent experiments, as represented in
Figure 4D. *P< 0.05. Black solid line: LNCaP cells, Red solid line: LNCaP-EXO5KO cells.
Black dash line: LNCaP-EXO5KO-wt cells, Red dash line: LNCaP-EXO5KO-mut cells. (F)
Immunofluorescence images of parental LNCaP, EXO5-KO, and WT EXO5-overexpressing
EXO5-KO cells after treatment with DHT (100 nM, 2 h) and/or the TOP2 inhibitor VP-16
(10uM, 30 min), stained for yH2AX. (G) The quantification of yH2AX-positive nuclei (10
or more foci present in nucleus) per field in LNCaP, EXO5-KO, and WT EXO5-
overexpressing EXO5-KO cells treated as described in Figure 4F. Data shown are mean +
standard deviation of three fields per experiments from 3 independent experiments. *P <
0.05.
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EXOS5 is required for HDR of DSBs. (A) I-Scel-based GFP reporter cassette for the DR-
GFP HDR assay. (B) Representative flow cytometry profile of untransfected and I-Scel-
transfected LNCaP cells containing HDR GFP reporter cassettes (LNCaP-HDR). Cells
showing green fluorescence greater than autofluorescence were gated to determine the
percentage of GFP* cells. Knockout of the £X05 gene in LNCaP-HDR cells (LNCaP-HDR-
EXO5KO) significantly reduced HDR efficiency, and overexpression of wild-type (WT)
EXO5 restored HDR efficiency. (C) The quantification of mean + standard deviation of GFP
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* cells in at least three independent transfections, as represented in Figure 5B. *P < 0.05. (D)
I-Scel-based GFP reporter cassette for the EJ5-GFP NHEJ repair assay. (E) Representative
flow cytometry profile of untransfected and I-Scel-transfected cells containing NHEJ GFP
reporter cassettes (LNCaP-NHEJ). Cells showing green fluorescence greater than
autofluorescence were gated to determine the percentage of GFP* cells. Knockout of the
EXO5 gene in LNCaP-NHEJ cells (LNCaP-HDR-EXO5KO) did not reduce NHEJ repair
efficiency. (F) The quantification of mean + standard deviation of GFP* cells in at least three
independent transfections, as represented in Figure 5E. Statistical comparisons between
groups were performed using two-tailed, unpaired t-tests. *~ < 0.05.
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Figure 6.
Knockout of the EXO5 gene and treatment with the TOP2 inhibitor VVP-16 causes a

reduction in end resection, as detected by damage-induced chromatin-bound RPA. (A)
Representative flow cytometry plots and the percentage of LNCaP parental, £X0O5 knockout
(KO), and wild-type (WT) EXO5-overexpressing £X05 KO cells showing chromatin-bound
phosphor-RPA staining left untreated or after treatment with topoisomerase | inhibitor CPT
(1 pM) or VP-16 (100 uM) for 1 h. (B) The quantification of the mean percentages of cells =
standard deviation showing chromatin-bound phosphor-RPA staining in three independent
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treatment experiments, as represented in Figure 6A. *£< 0.05. (C) Cells were androgen
deprived for 48 h and treated with DHT (100 uM, 2 h) followed by treatment with/without
VP-16 (100 pM, 1 h). Shown are the mean percentages + standard deviation of cells showing
chromatin-bound phosphor-RPA staining in at least three independent treatment
experiments. *P < 0.05.
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Figure7.
Knockout of the £XO5 gene enhances the frequency of TMPRSS2-ERG gene fusion in

LNCaP cells after DHT treatment. (A) Schematic of 7TMPRSS2-ERG gene fusion
transcripts. Fusion involving exon 1 of TMPRSS2 and exon 4 of ERG is shown. (B) Semi-
guantitative RT-PCR amplification of the TMPRSS2-ERG fusion transcript in VCaP cells
(fusion transcript-positive control) and IR- and/or DHT-treated LNCaP cells. RT-PCR used
primers specific to exon 1 of 7TMPRSS2and exon 6 of ERG. Knockout of £EXO1 or EXO5
genes in LNCaP cells significantly enhanced gene fusion frequency. (C) The quantification
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of mean band intensity + standard deviation of the TMPRSS2-ERG fusion transcript in three
independent experiments, as represented in Figure 7B. * £<0.05. (D) LNCaP-EXO5KO
cells were transfected with vectors to overexpress wild-type EXO5 (FLAG-EXO5-wt) and
L151P mutant EXO5 (flag-EXO5-mut). Gene fusion transcripts were quantified using semi-
quantitative RT-PCR, as described in Figure 7B. (E) The quantification of band intensity of
the TMPRSS2-ERG fusion transcript for the experiment shown in Figure 7D
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EXO5 SNP frequency in a PCa case-control analysis of data from the Database of Genotypes and Phenotypes.

SNP chr | gasepair® | Alldlel | aF case® | AF_contral® | Alldle2 | pyaiue® | or(9s% ciy®
13795347 | 1 | 40974156 | G 0.2388 0.2407 A 0.8808 | 0.98(0.86-1.13)
rs12068587 | 1 | 40074799 | A 0.4912 0.3799 G 243E-14 | 1.57(1.40-1.77)
rs11208299 | 1 | 40980731 | C 0.5009 0.3949 A 4.30E-13 | 1.53(1.36-1.73)

aHuman genome assembly GRCh37.p13/hg19

b . .
Allele frequency in PCa patients

cAIIeIe frequency in healthy controls

dChi-square P-value

61Odds ratio with 95% confidence interval
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