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Abstract

RADS51-associated protein 1 (RAD51AP1) is critical for homologous recombination (HR) by
interacting with and stimulating the activities of the RAD51 and DMC1 recombinases. In human
somatic cells, knockdown of RAD51AP1 results in increased sensitivity to DNA damaging agents
and to impaired HR, but the formation of DNA damage-induced RAD51 foci is unaffected. Here,
we generated a genetic model system, based on chicken DT40 cells, to assess the phenotype of
fully inactivated RAD51AP1 in vertebrate cells. Targeted inactivation of both RAD51AP1 alleles
has no effect on either viability or doubling-time in undamaged cells, but leads to increased levels
of cytotoxicity after exposure to cisplatin or to ionizing radiation. Interestingly, ectopic expression
of GgRAD51AP1, but not of HSRAD51AP1 is able to fully complement in cell survival assays.
Notably, in RAD51AP1-deficient DT40 cells the resolution of DNA damage-induced RAD51 foci
is greatly slowed down, while their formation is not impaired. We also identify, for the first time,
an important role for RAD51AP1 in counteracting both spontaneous and DNA damage-induced
replication stress. In human and in chicken cells, RAD51AP1 is required to maintain wild type
speed of replication fork progression, and both RAD51AP1-depleted human cells and RAD51AP1-
deficient DT40 cells respond to replication stress by a slow-down of replication fork elongation
rates. However, increased firing of replication origins occurs in RAD51AP1—/— DT40 cells, likely
to ensure the timely duplication of the entire genome. Taken together, our results may explain why
RAD51AP1 commonly is overexpressed in tumor cells and tissues, and we speculate that the
disruption of RAD51AP1 function could be a promising approach in targeted tumor therapy.
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1. Introduction

Genome stability is dependent on the accurate repair of DNA double-strand breaks (DSBSs).
DSBs can arise from exogenous DNA damaging agents or, spontaneously, during DNA
replication. One major mechanism by which DSBs are repaired is by homologous
recombination DNA repair (HR). HR utilizes the sister chromatid as a template, and is
considered a comparatively faithful DNA repair pathway that can be subdivided into three
major stages: the pre-synaptic stage characterized by strand stabilization, the synaptic stage
characterized by strand invasion and branch migration, and the post-synaptic stage which
includes the formation of Holliday junctions and their resolution.

RAD51AP1 is a RAD51-associated protein that binds to both the RAD51 and DMC1
recombinases, and is critically important for wild-type levels of homologous recombination
in mitotic and meiotic cells [1-3]. Knockdown of RAD51AP1 in human cells leads to
increased levels of genomic instability and to decreased levels of homology-directed DNA
repair [3,4]. Human cells with silenced RAD51AP1 are viable, but are sensitized to the
cytotoxic effects of interstrand cross-linking agents and of ionizing radiation. However,
human cells with depleted RAD51AP1 are able to form RAD51 DNA damage foci with
normal Kinetics [3,4]. Purified human RAD51AP1 binds avidly to DNA, and prefers D-loop
structures over double-stranded DNA, and double-stranded DNA over single-stranded DNA
[3.4]. Collectively, these results have shown that in mitotic human cells RAD51AP1
functions downstream of the pre-synaptic stage of HR and through its interaction with
RAD51.

Here we generated RAD51AP1-deficient DT40 cells to assess the phenotypic consequences
of the total loss of RAD51AP1 expression. In this model system, we are able to show, for
the first time, that vertebrate cells are viable without any expression of RAD51AP1.
Confirming our results for human cells with RAD51AP1 knockdown, chicken RAD51AP1
also is not essential for the formation of DNA damage-induced RAD51 foci. However,
chicken RAD51AP1 is required for the timely resolution of RAD51 DNA damage foci, data
that are difficult to obtain in human cells, because of the transient and likely incomplete
depletion of the RAD51AP1 protein in RAD51AP1 knockdown experiments. We find that
RAD51AP1-deficient DT40 cells are sensitized to the cytotoxic effects of cisplatin and of
ionizing radiation, and that ectopic expression of GGRAD51AP1, but not of HSRAD51AP1,
fully complements in these cell survival assays. Last, we show that RAD51AP1 is critical
for overcoming replication stress in both human and in chicken cells, and we provide a
model that may help explain why the human RAD51AP1 protein frequently is expressed at
elevated levels in a variety of human cancer cells and tissues.

2. Materials and methods

2.1. Cell lines and reagents

Chicken DT40 cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf
serum, 1% chicken serum, 10 uM beta-mercaptoethanol, 1% antibiotics and 1% L-glutamine
and kept at 37 °C in a humidified incubator containing 5% CO». Selection of individual
clones derived from DT40 cells was performed in standard growth medium containing 1.7
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mg/ml G418 and 0.5 pg/ml puromycin for gene targeting constructs, and 2 mg/ml
hygromycin for lentiviral transduction to express the HSRAD51AP1 or GgRad51apl ORFs.
U20S cells were grown in Dulbecco’s modified Eagle’s Medium with 10% fetal calf serum
at 37 °C in a humidified incubator containing 10% CO,. Forward transfections with SiRNA
were carried out using Lipofectamine RNAIMAX reagent (Invitrogen), essentially as
recommended by the manufacturer. Down-regulation of RAD51AP1 was mediated by
RADS51AP1-directed siRNAs with the target sense sequences 5'-
CCTCATATCTCTAATTGCA-3 (here: AP1_1) and 5’-TGAACAATCTCCGGAAAGA-3’
(here: AP1_2) and as previously described [3-5]. For negative control siRNA, the following
target sequence was used: 5-GATTCGAACGTGTCACGTC-3, as previously described

[6].

2.2. Growth-rate measurement and cell survival assays

For measuring the cell-doubling times of DT40 wild type and mutant cells, exponentially
growing cells were cultured for 5 days and were counted twice a day using a Coulter
Counter (Beckman Coulter). Cells were diluted appropriately in pre-heated medium to
maintain cell density between 0.2 and 1.4 x 108 cells/ml and cell viability >95%. Each
growth rate determined is the average of 3 independent cultures. Cells were treated with the
indicated concentrations of cisplatin. Percent survival represents the number of colonies in
the presence of the drug compared to the number of colonies in the absence of the drug.

2.3. Plasmids and lentiviral DNA

For the ectopic expression of the FLAG-tagged human and chicken RAD51AP1 ORFs,
lentiviral vectors were constructed based on the Gateway System (Invitrogen), but modified
by Dr. E. Campeau [7]. FLAG-HSRAD51AP1 was generated by sub-cloning a Sall to Xhol
fragment containing the DNA sequence for the FLAG peptide 5’ to and in frame with the
human RAD51AP1 ORF amplified from pOK24 [8] into pENTRZ1A (Invitrogen). To obtain
pLenti CMV DEST #2 [7] encoding human FLAG-RAD51AP1, pLenti CMV DEST #2 was
used and a standard LR recombination reaction was carried out, as described [7]. Similarly,
FLAG-GgRAD51AP1 was generated by sub-cloning a Sall to EcoRI fragment containing the
DNA sequence for the FLAG peptide 5’ to and in frame with the chicken RAD51AP1 ORF
amplified from chicken EST cDNA clone 3GAL 54E24 into pENTRZ1A (Invitrogen), and
the same strategy, as described above, was used to obtain pLenti CMV DEST #2 encoding
chicken FLAG-RAD51AP1. Lentiviruses were produced in 293FT cells as described [7],
aliquoted and stored at —80 °C. DT40 cells were transduced in the presence of 6 ug/ml
polybrene in 6-well tissue culture plates at about 500,000 cells/ml growth medium without
antibiotics. Two days after transduction, cells were spun out to replace the cell culture
medium with fresh medium containing hygromycin. Cell cultures were expanded and single
clones isolated that showed similar levels of expression for both HSRAD51AP1 and
GgRAD51AP1, as determined by Western blot analysis.

2.4. Gene disruption constructs for generating the RAD51AP1 knockout in DT40 cells

For cloning of the chicken RAD51AP1 deletion construct, a BamHI-adapted forward and a
BamHI-adapted reverse primers were used to amplify the puromycin and neomycin genes
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with factin promoters from pLoxPuro and pLoxNeo vectors (kindly obtained by Jean-Marie
Buerstedde), respectively. To generate the 3.2 kb 5" homology flank of the RAD51AP1
deletion construct a Kpnl-adapted forward and a Sall-adapted reverse primer based on NCBI
reference sequence: XM 417234.3 were used for amplification using DT40 genomic DNA
as a template. To generate the 4.0 kb 3’ homology flank a Notl-adapted forward and a Sacl-
adapted reverse primer were used for DNA amplification. The homology arms were
assembled into pBlueScript SK* and the neomycin or puromycin resistance cassettes were
cloned in as BamHI-digested fragments.

Total RNA was isolated from DT40 wild type cells and derivatives using the SV Total RNA
Isolation System (Promega) according to the manufacturer’s instructions. For the generation
of cDNA, a standard reverse transcription protocol was carried out using ImProm-I1 Reverse
Transcriptase and oligo(dT)15primer (Promega). The following primers were used: forward
1 (F1; in exon 2) 5-GGCGCGGATGGTGAGGAG-3’; reverse 3 (R3; in exon 7) 5/-
GGAGTCTTCTTTTCTTTTCTAGTCTGCC; reverse 4 (R4; in exon 8) 5/-
GGACATCATCTTTTGTGTCTGC-3. B-Actin primers were used as control, as described
previously [9].

2.6. Southern blotting and hybridization

Six pg of genomic DNA from DT40 wild type cells and derivatives was digested with Pvull,
ethanol precipitated, re-suspended in TE buffer, and separated on a 0.8% agarose gel in 1 x
TAE, at 35 V overnight. The DNA was transferred to a HybondXL membrane (Amersham)
using a vacuum blotter, with 10 min hydrolysis in 0.125 N HCI and 1 h denaturation in
denaturation buffer (0.5 M NaOH, 1.5 M NaCl). To neutralize, the membrane was rinsed in
2 x SSC for 30 min and stored wet until further use. Hybridizations were carried out at 60
°Cin5 x SSC, 5 x Denhardt’s and 0.5% SDS with 100 pug/ml sheared salmon sperm DNA.
As a hybridization probe, a 32P-labeled 1.5 kb fragment with 100% homology to the 3’-end
of the 5’-flank of the gene targeting vector was generated by standard random priming
(Aligent Technologies) using 5 pl of a-32PdCTP (3000 Ci/mmol) and 1 pl Klenow enzyme
(5 U/ul). The reaction was carried out at 37 °C for 60 min, stopped by the addition of 2 pl
0.5 M EDTA and purified over a G-25 column (GE Health-care Life Sciences). After
hybridization, membranes were washed twice for 30 min in 2 x SSC with 0.1%SDS, once
for 30 min in 1 x SSC with 0.1%SDS, and once for 50 min in 1 x SSC with 0.1%SDS at 60
°C. Phosphor screens were exposed for 48 h.

2.7. Mutagens and X-irradiation

X-ray experiments were performed using a 6.3 mA 160 kVp X-ray machine at dose rates of
0.5 Gy/min to 1 Gy/min. All exposures were carried out in 15 ml conicals at room
temperature. Exponentially growing cells were exposed to the indicated concentrations of
cisplatin in regular growth medium at 37 °C for 1 h.
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2.8. Cell fractionation and indirect immunofluorescence

Fractionated extracts from DT40 cells overexpressing chicken or human FLAG-RAD51AP1
were prepared essentially as described in [10], and according to Dignam et al. [11]. Indirect
immunofluorescence for RAD51 was carried out essentially as described previously [3],
except that a Shandon Cytospin 4 (ThermoFisher Scientific) was used to prepare samples.
Briefly, pre-wet cytospin filters (2%BSA in PBS) were used to spin 150,000 cells in 100 pl
(1%BSA in PBS) onto cytospin slides to generate samples prior to fixation, permeabilization
and immunocytohistochemistry.

2.9. DNA fiber assay

Exponentially growing cells were pulse-labeled with 25 uM CIdU (Sigma) and 250 uM IdU
(Sigma) for the times specified. Where indicated, the cells were exposed to 2 mM
hydroxyurea (HU) as indicated. Labeled cells were harvested and DNA fiber spreads were
prepared from 0.5 x 10° cells/ml as described previously [12]. Slides were incubated in 2.5
M HCI for 90 min and then washed several times in PBS, followed by incubation in
blocking buffer (2% BSA, 0.1% Tween in PBS) for 1 h. Acid-treated fiber spreads were
stained with monoclonal rat anti-BrdU antibody (Oxford Biotechnologies, 1:1000) to detect
CldU, followed by monoclonal mouse anti-BrdU antibody (Becton Dickinson, 1:15,000) to
detect IdU. Secondary antibodies were goat anti-rat AlexaFluor555 and goat anti-mouse
AlexaFluor488 (both Invitrogen, 1:500). Primary antibodies were diluted in blocking buffer,
incubated for 1.5 h with rat anti-BrdU antibody and over-night with mouse anti-BrdU
antibody followed by extensive washes in PBS. Secondary antibodies were applied for 1.5 h,
and slides were mounted in Immuno-Fluor mounting medium (MP Biomedicals). Fiber
tracts were examined using an AxioVert 200 M fluorescence microscope (Zeiss). Pictures
were taken from randomly selected fields with untangled fibers and analyzed using ImageJ
software package. For structure analyses, the frequencies of the different classes of fiber
tracks were classified as follows: red-green (elongating fork), red (stalled or terminated
forks), green-red-red-green (first pulse origin) and green (second pulse origin). For fork
speed analyses, the lengths of CldU and I1dU tracks were measured and micrometer values
were converted into kilobases. A conversion factor for the length of a labeled track of 1 pm
= 2.59 kb was used [13]. A minimum of 100 individual fibers was analyzed for each
experiment and the means of at least 3 independent experiments are presented.

2.10. Western blot analysis and antibodies

Western blot analysis was carried out according to our standard procedures [14]. The
following primary antibodies were used: monoclonal mouse anti-FLAG (Sigma, M2;
1:3000), monoclonal mouse anti-a-Tubulin (Calbiochem, CP06; 1:3000), polyclonal rabbit
anti-QM (Santa Cruz Biotechnology, C-17; 1:3000) and monoclonal rabbit anti-
phosphoSer345-CHK1 (Cell Signaling, 133D3; 1:750). Our own polyclonal rabbit anti-
human RAD51AP1 antibody was used, that has been described previously [15]. HRP-
conjugated goat anti-rabbit or goat anti-mouse 1gG (Jackson ImmunoResearch Laboratories,
West Grove, PA; 1:10,000), IRDYE®680-conjugated anti-mouse 1gG or IRDYEB800-
conjugated anti-rabbit 1gG (LiCor; 1:7500) were used as secondary antibodies.
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2.11. BrdU incorporation

Cells were incubated at 37 °C in regular growth medium with 10 mg/ml BrdU on a shaking
platform for 30 min. Cells were collected by centrifugation and fixed in 70% ethanol at —20
°C. Cells were spun down for 5 min and cell pellets (5 x 10° cells) were re-suspended in 1
ml 2 N HCI1/0.5% Triton X-100 solution and incubated for 60 min on a vortex. Cells were
spun down and flash-incubated in 2 ml borax solution before centrifugation. Cells were re-
suspended in 0.5 ml 0.5% Tween-20/1% BSA in PBS and 10 pl of anti-BrdU-FITC antibody
(BD 347583) was added directly to the cells and incubated for 60 min at room temperature.
The supernatant was removed and cells were incubated in 1 ml PBS containing 20 ug/ml
RNase and 30 pg/ml propidium iodide for at least 30 min before FACS analysis using a BD
FACSCalibur flow cytometer with 488 nm excitation and 630 nm long pass filter.

2.12. Statistical analysis

The statistical analysis was performed using Prism (GraphPad Software Inc.) on the data
from at least three independent experiments. Statistical significance was assessed by two-
tailed unpaired Student’s t-test. P < 0.05 was considered significant.

3. Results

3.1. Orthologs of RAD51AP1 are present in some invertebrates

Previously, we suggested that RAD51AP1 likely was a vertebrate-specific gene, but had not
excluded the possibility that invertebrates may possess unidentified functional equivalents to
RAD51AP1 [3]. Meanwhile, however, sequence information for many more invertebrate
genomes has become available. This led us to conduct further homology searches for
orthologs of human RAD51AP1 to identify potential invertebrate models. Interestingly, we
find that, although limited to metazoans, orthologs of human RAD51AP1 are present in
some invertebrates, such as in the purple sea urchin (Strongylocentrotus purpuratus;
Genbank XP 003729232) (Fig. 1A). RAD51AP1 also is present in the Pacific oyster
(Crassostrea gigas; Genbank EKC29041.1), and in the adhering hairy plate (Trichoplax
adhaerens; Genbank XP 002117334.1), the simplest animal known, lacking any
recognizable organs ([16]; http://genome.jgi-psf.org/) (Supplemental Fig. 1A and B). In
addition, RAD51AP1 orthologs are present in the Florida lancelet (Branchiostoma floridae),
in the starlet sea anemone (Nematostella vectensis), in the polychaete worm (Capitella
teleta), in the acorn worm (Balanoglossus claviegerus), and in molluscs like the California
sea hare (Aplysia californica) and in the owl limpet (Lottia gigantea) (Supplemental Fig.
1C). However, RAD51AP1 orthologs do not appear to be present in any simple model
organisms commonly used in the laboratory, such as Drosophila melanogaste,
Caenorhabditis elegans or yeast.

3.2. Generation of RAD51AP1-deficient chicken DT40 B cell lines

Gene-specific knockdown of RAD51AP1 in human cells impairs their resistance to DNA
damaging agents and increases their levels of genomic instability, as shown by us and by
others [3,4,17]. However, the phenotypic consequences of the total loss of RAD51AP1
expression have remained elusive. In order to establish a genetic model system to study
RAD51AP1-deficient cells, we disrupted the RAD51AP1 locus in the chicken DT40 B cell
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line. The chicken RAD51AP1 gene is located on chromosome 1, comprised of 9 exons (Fig.
1B), and its sequence information was obtained from the Gallus gallus-4.0 genome
assembly (NCBI reference sequence: XM 417234.3). The start codon for chicken
RAD51AP1 lies within exon 2, and the RAD51-interacting domain of chicken RAD51AP1,
a peptide sequence that is virtually identical in amino acid sequence to the RAD51-
interacting domain of human RAD51AP1, lies within exon 9 (Fig. 1B). This information
was used to design a gene disruption construct, which deletes the 3" half of exon 6 and the
entire exon 7. Both alleles were disrupted by sequential transfection, and the gene disruption
was confirmed by Southern blot analysis (Fig. 1C and D) and end-point RT-PCR (Fig. 1E).
Currently, there is no antibody available that detects chicken RAD51AP1. The two
RAD51AP1 heterozygous cell lines (obtained by two independent transfections), with the
RADS51AP1 disruption of only one allele, are referred to as AP1 Het-1 and AP1 Het-2. The
two independently isolated RAD51AP1 knockout cell lines (isolated from AP1 Het-1 and
AP1 Het-2) have the RAD51AP1 disruptions of both alleles and are referred to as AP1 KO-1
and AP1 KO-2, respectively.

3.3. Targeted inactivation of RAD51AP1 in DT40 cells impairs the resolution of DNA
damage-induced RAD51 foci

Even though siRNA knockdown of RAD51AP1 in human cells impairs homology-mediated
DNA repair, functional loss of RAD51AP1 does not impair the formation of DNA damage-
induced RAD51 foci, as we and others have shown [3,4,18]. However, these earlier studies
were carried out under conditions of transient RAD51AP1 protein depletion, which made it
difficult to assess the long-term consequences of RAD51AP1 loss on the resolution of
RAD51 DNA damage foci. Here, we assessed both the formation and the resolution of
RAD51 foci in DT40 wild type and in two independently isolated DT40 RAD51AP1
knockout cell lines (AP1 KO-1 and AP1 KO-2) by immunocytohistochemistry. For
comparison purposes, we also assessed the previously described DT40 cell line that is a
knockout for XRCC3 [19], a protein described to function in early stages of HR and required
for wild type levels of RAD51 foci formation [19]. We find that the formation of RAD51
foci at 2-12 h post exposure to 8 Gy X-rays occurs at wild type levels in both AP1 KO-1
and AP1 KO-2 cells (Fig. 1F). These results show that chicken RAD51AP1 is not required
for RAD51 foci formation in response to DNA damage. This is different than what we
observed for the XRCC3 knockout DT40 cell line (Fig. 1F), which we find to be greatly
impaired in RAD51 foci formation, as previously reported [19]. At 24 h and 48 h post
exposure, however, the levels of RAD51 foci after exposure to 8 Gy X-rays remained much
higher in AP1-KO1 and AP1 KO-2 cells than in wild type DT40 cells (Fig. 1F;
Supplemental Fig. 1C), suggesting that RAD51AP1 is critical for the completion of HR in
DTA40 cells exposed to X-rays.

3.4. Ectopic expression of chicken RAD51AP1 but not of human RAD51AP1 rescues the
increased cellular sensitivity of RAD51AP1 knockout DT40 cells to DNA damaging agents

Next, we expressed FLAG-tagged versions of chicken RAD51AP1 or human RAD51AP1 in
AP1 KO-1 cells. As depicted in Fig. 2A, both proteins share regions of homology, with 46%
identical and 20% conserved residues based on the sequence of the smaller chicken

RAD51AP1 protein. We produced lentivirus with the FLAG-tagged cDNAs for transduction
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and selected stably transduced clonal isolates that expressed similar levels of the ectopic
proteins, as determined by Western blot analysis (Fig. 2B).

To examine the role of RAD51AP1 in cell viability, we determined the doubling times of all
DT40 derivatives, including AP1 KO-1 cells stably expressing FLAG-tagged chicken or
FLAG-tagged human RAD51AP1. We found that all DT40 cell lines proliferated with
similar kinetics, and that AP1 KO-1 and AP1 KO-2 cells were not significantly different
form DT40 wild type cells (Fig. 2C). Compared to wild type DT40 cells, AP1 KO-1 cells
show increased cellular sensitivity to the cytotoxic effects of both cisplatin and X-ray
exposure that, however, was somewhat less pronounced than the cytotoxicity observed for
XRCC3-deficient DT40 (Fig. 2D and E). Interestingly, only ectopically expressed chicken,
but not ectopically expressed human RAD51AP1 was able to complement the cellular
sensitivity of AP1 KO-1 cells to cisplatin and to X-rays (Fig. 2D and E).

3.5. RAD51AP1 is required for the efficient recovery from spontaneously occurring
replication stress

HR is essential to ensure faithful and complete DNA replication (for review see [20]).
However, the effects of the functional loss of RAD51AP1 on DNA replication had not been
determined. Here, we used our new RAD51AP1-deficient genetic model system in DT40
cells to assess the specific effects of RAD51AP1 loss on replication speed and origin firing
using the DNA fiber technique. To do so, we labeled exponentially growing DT40 cells in
two consecutive rounds for 30 min each with CldU first and then with 1dU. Quantitative
analysis of individual replication fibers revealed a two-fold and statistically significant
decrease in elongation rates of DNA replication for the AP1 KO-1 and AP1 KO-2 cell lines
compared to DT40 wild type cells (Fig. 3A, Supplemental Fig. 2A). Similarly, knockdown
of human RAD51AP1 in U20S cells by one of the 2 different sSiRNAs led to significantly
decreased elongation rates of DNA replication compared to U20S cells treated with
negative control siRNA (Fig. 3C and D; Supplemental Fig. 2B). These results support the
notion that both chicken and human RAD51AP1 are critically important for maintaining
normal rates of DNA replication. However, in this assay neither heterozygous RAD51AP1
DT40 cells (i.e. AP1 Het-1) nor XRCC3-deficient DT4O0 cells are different from wild type
DT40 cells (Fig. 3A). Importantly, ectopic expression of chicken RAD51AP1 but not of
human RAD51AP1 fully reverted elongation rates back to wild type levels in AP1 KO-1
cells (Fig. 3A; Supplemental Fig. 2A), suggesting that human RAD51AP1 is unable to
properly repair spontaneous replication-associated DNA damage in chicken AP1 KO-1 cells.

Upon further analysis, we noticed closely spaced replication origins in AP1 KO-1 and AP1
KO-2 cells that were not present in DT40 wild type cells (Supplemental Fig. 3, upper
panels). These observations led us to hypothesize that excessive origin firing may occur in
RAD51AP1-deficient DT40 cells, as previously observed for deficiencies in other critical
proteins of the HR pathway [21,22]. Indeed, when compared to wild type cells, the
combined fraction of first and second pulse replication origins was significantly increased in
AP1 KO-1 and AP1 KO-2 cells (Fig. 3B). Furthermore, compared to wild type cells,
XRCC3-deficient DT40 cells also showed significantly increased levels of replication
origins (Fig. 3B). Ectopic expression of human RAD51AP1 in AP1 KO-1 cells failed to
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complement and did not lead to reduced origin firing (Fig. 3B). However, compared to AP1
KO-1 cells, ectopic expression of chicken RAD51AP1 in AP1 KO-1 cells lead to reduced
origin firing (Fig. 3B), further supporting the notion that ectopically expressed FLAG-
tagged chicken RAD51AP1 is functional in AP1 KO-1 cells.

3.6. RAD51AP1 is required for efficient recovery from DNA replication stress induced by
hydroxyurea

Next, we assessed the role of RAD51AP1 under conditions of stalled DNA replication. To
do so, we labeled exponentially growing cells with CldU for 10 min first, incubated the cells
20 min with 2 mM HU in the presence of CldU, after which we replaced the medium with
IdU-containing medium and incubated for 30 min before lysis. To assess the role of
RADS51AP1 in repairing replication forks perturbed by exposure to HU, we determined the
fraction of terminated/stalled forks in all DT40 derivatives and compared their levels with
and without HU treatment. To determine the fraction of terminated/stalled forks, we
measured the relative amounts of DNA fibers that were labeled in red only. Under
spontaneous conditions (i.e. without HU treatment), the relative fraction of only red-labeled
fibers is approximately the same in DT40 wild type, XRCC3-deficient and RAD51AP1
heterozygous DT40 cells (Fig. 4A, Table 1). Upon treatment with HU, these three cell lines,
albeit to different extents, responded with increased levels of only red-labeled fibers,
indicative of increased levels of fork stalling due to short-term HU exposure. Whereas a 20
min HU treatment of wild type DT40 cells only very moderately increased their levels of
only red-labeled fibers (Fig. 4A, Table 1 and Supplemental Fig. 3), HU treatment elicited an
approximately 1.5-fold increase in fork stalling in both XRCC3-deficient and RAD51AP1
heterozygous DT40 cells (Fig. 4A, Table 1). These results show that HR defective XRCC3-
deficent DT40 cells are impaired in their ability to recover from stalled replication forks due
to HU treatment. The somewhat surprising results for DT40 cells heterozygous for
RAD51AP1 (i.e. AP1 Het-1) may point to a possible haploinsufficiency effect for
RAD51AP1 detected by this assay.

Under unperturbed conditions and compared to wild type cells, RAD51AP1-deficient AP1
KO-1 cells and AP1 KO-2 cells both showed significantly reduced fractions of only red-
labeled fibers, as cells with slow elongation rates typically also show less terminating events
(Fig. 4A, Table 1 and Supplemental Fig. 3). Furthermore, HU treatment of AP1 KO-1 or
AP1 KO-2 cells increased the levels of only red-labeled fibers 2- to 3-fold (Fig. 4A, Table
1). Notably, ectopically expressed chicken RAD51AP1 (here: + GgAP1) fully rescues the
inability of AP1 KO-1 cells to terminate/stall replication forks after spontaneous DNA
damage (Fig. 4A, Table 1). Furthermore, AP1 KO-1 cells expressing chicken RAD51AP1
also are fully proficient in dealing with the HU-induced replication stress under the
conditions tested here, as HU treatment did not lead to enhanced replication fork stalling in
these cells (Fig. 4A, Table 1).

Although not significantly different from wild type cells, under unperturbed conditions AP1
KO-1 cells with ectopic human RAD51AP1 (here: + HsAP1) show a trend toward a smaller
fraction of terminated/stalled replication forks (Fig. 4A, Table 1). After HU treatment, a
small increase in replication fork stalling is observed for AP1 KO-1 cells with human
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RAD51AP1 (Fig. 4A, Table 1), further suggesting that, unlike AP1 KO-1 cells with ectopic
chicken RAD51AP1, AP1 KO-1 cells with ectopic human RAD51AP1 are not fully able to
overcome HU-induced replication stress under the conditions tested here. Taken together,
these results show that RAD51AP1-deficient DT40 cells encounter increased levels of
replication stress after short-term exposure to HU compared to DT40 wild type cells.

Cells that encounter increased levels of DNA replication stress typically activate the S-phase
checkpoint via checkpoint kinase 1 (CHK1). Therefore, we tested for the levels of activated
CHKZ1 in DT40 wild type cells and all derivatives by monitoring pCHK1(Ser345) signal
intensities after HU treatment by Western blot analysis. One representative Western blot is
shown in Fig. 4B, and the quantitative analysis from 3 independent experiments is shown in
Fig. 4C. Treatment with 2 mM HU for 3 h elicited clear differences in the pCHK1(Ser345)
signal intensities in all DT40 cell lines tested. In three independent experiments, AP1 KO-1
and AP1 KO-2 cells showed slightly impaired activation of CHK1 (as measured by
pCHK1(Ser345) signals) compared to wild type cells. The combined analysis also shows,
that ectopic expression of human RAD51AP1 in AP1 KO-1 cells had no major effect on the
levels of activated pCHK1(Ser345) (Fig. 4C), in support of our findings that human
RAD51AP1 cannot complement for the loss of chicken RAD51AP1 in chicken cells.
However, compared to AP1 KO-1 cells, ectopic expression of chicken RAD51AP1 in AP1
KO-1 cells led to enhanced levels of pPCHK1(Ser345) protein (Fig. 4C). These results
suggest that, after HU treatment, RAD51AP1 activity may directly or indirectly be involved
in facilitating intra-S phase checkpoint signaling. These results further suggest that chicken
FLAG-RAD51AP1 may be expressed at somewhat higher levels in AP1 KO-1 cells than
endogenous chicken RAD51AP1 in DT40 wild type cells.

CHK1 activation serves to suppress CDK activity to impair firing of dormant replication
origins. Notably, increased origin activation has been described for cells with nonfunctional
CHK1 [23-25]. Therefore, we assessed the levels of second pulse origins (i.e. green fibers
only) following HU exposure in DT40 wild type cells and all derivatives. In line with our
quantitative western blot analyses for activated CHK1, we find that second pulse origins are
greatly diminished in DT40 wild type cells after HU treatment (Fig. 4D), supporting the
notion that in DT40 wild type cells the S-phase checkpoint is functional. XRCC3-deficient
and RAD51AP1-deficient DT40 cells are less proficient in suppressing firing of second pulse
replication origins (Fig. 4D), suggesting that XRCC3 and wild type levels of RAD51AP1
are required to confer a fully functional S-phase checkpoint arrest. Compared to AP1 KO-1
cells, there is a trend toward an increased suppression of second pulse replication origins for
the ectopic expression of both human and chicken RAD51AP1 in AP1 KO-1 cells. We
speculate that fully functional RAD51AP1 contributes to the protection of genome integrity
by transducing DNA damage signals in addition to engaging in the HR machinery. While
both these functions appear to be fully transmitted by chicken RAD51AP1 in AP1 KO-1
cells (Figs. 2D and E, 3B and 4D), human RAD51AP1 in AP1 KO-1 retains some ability to
transduce DNA damage signals for checkpoint arrest (Fig. 4D), but clearly is not fully
functional both in DNA damage signal transduction (Fig. 3B) and in HR (Fig. 2D and E) in
chicken cells.
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4. Discussion

RAD51AP1 is a critical protein for DNA repair by homologous recombination (HR), and
functions downstream of the assembly of DNA damage-induced RAD51 foci, as a late-
acting accessory factor of the RAD51 recombinase [3,4]. Human cells with RAD51AP1
knockdown are moderately sensitized (~1.5- to 2.5-fold (D values; dose modification
factor at 10% survival)) to the cytotoxic effects of inter-strand crosslinking agents and of
ionizing radiation, and show enhanced levels of genome instability and DNA DSB repair
defects [3,4,17,18]. Given the important biochemical role for RAD51AP1 in stimulating D-
loop formation [3,4,15], the comparatively moderate phenotype determined for sensitivity to
DNA damaging agents of human cells with RAD51AP1 knockdown had been somewhat
surprising. In this regard, it was reasonable to assume that the low level RAD51AP1 protein
remaining in cells after RAD51AP1 knockdown may contribute to masking more severe
phenotypic effects. Unfortunately, human cells with inactivating mutations in RAD51AP1 or
fully abrogated expression of RAD51AP1 protein have not yet been isolated.

Here, we generated a genetic model system to assess the phenotype of fully inactivated
RAD51AP1 in vertebrate cells. We also expanded our previous studies aimed at detecting
homologs of the RAD51AP1 gene across the animal kingdom in the hopes of identifying
additional models in non-vertebrate cells, if they existed. We now find that RAD51AP1 is
not exclusively vertebrate-specific, unlike we and others had suggested previously [3,4], at a
time when overall fewer invertebrate genomes had been fully sequenced. However,
RAD51AP1 appears to be limited to metazoan species and is not present in protozoans. As
stated previously, RAD51AP1 appears to not be present in simple model organisms such as
yeast [4], D. melanogaster and C. elegans, although RAD54, the second, late functioning
accessory factor of RAD51, is. Therefore, the DT40 system currently is the best model
system for characterizing RAD51AP1 deficiency at the cellular level.

We find that RAD51AP1 is not essential for viability in chicken DT40 cells. However, we
show that RAD51AP1 absolutely is essential for the timely resolution of DNA damage-
induced RAD51 foci in vertebrate cells. The impaired resolution of RAD51 foci in the
absence of RAD51AP1 very much is in support of our previous biochemical studies in
which we reported that RAD51AP1 stimulated D-loop formation and RAD51 recombinase
activity in vitro [3,5,15]. In biochemical assays, we and others have shown that in the
absence of RAD51AP1 the activity of RAD51 is comparatively low [3,5,15], leading to
diminished levels of HR repair downstream of RAD51 filament formation.

Similar to human cells with RAD51AP1 knockdown [3,4,17], RAD51AP1 knockout DT40
cells are moderately sensitized to the cytotoxic effects of both inter-strand crosslinking
agents and ionizing radiation (~1.5-fold (D1g values)). Importantly, species-specific
differences exist between the human and chicken RAD51AP1 proteins. These findings are
somewhat reminiscent for what has been reported on the species-specific interactions
between RAD51 and RAD54 [26], and also on the species-specific stimulation of RAD54
ATPase activity by RAD51 [27]. Although we performed co-immunoprecipitation
experiments to assess possible differences in complex formation between chicken RAD51
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and ectopic human or chicken RAD51AP1, we did not observe any differences in these
interactions (data not shown).

A role for RAD51AP1 in DNA replication and replication restart, which have been shown to
rely on the HR pathway [22,28-30], had not been investigated. We show here that, in both
human and chicken cells, RAD51AP1 modulates the progression of DNA replication forks.
Under conditions of unperturbed DNA replication, we find that elongation speeds of
individual replication forks are greatly reduced when RAD51AP1 is absent or depleted.
Likely, the discrepancy between slower DNA replication rates of individual origins, but
similar S-phase times (Supplemental Fig. 4), relates to the increased origin usage in
RAD51AP1-deficient cells (discussed below). Ectopically expressed chicken RAD51AP1 is
fully capable of reverting the elongation rates of AP1 KO-1 cells to wild type levels,
supporting the notion that the observed phenotype for diminished speeds of DNA replication
in AP1 KO-1 cells is solely due to RAD51AP1-deficiency. It is also interesting to note that
XRCC3-deficiency does not lead to impaired rates of DNA replication, confirming
observations by others [12,25]. In this context, it is worth mentioning that a recent study
described a role for human RADS52 in replication-associated HR, which may substitute for
XRCC3 [31].

The fraction of terminated replication forks, under conditions of spontaneous DNA
replication, is much lower in RAD51AP1-deficient cells compared to wild type cells, as cells
with slow elongation rates also typically show less terminating events [20,21]. RAD51AP1-
deficient cells increase their usage of replication origins to ensure timely DNA replication,
in line with previous reports that show that globally reduced replication fork speeds can
elicit an increase in replication origin firing [32—34]. Taken together, these results show that
RAD51AP1 is critical for maintaining DNA replication under unperturbed conditions. Even
without exogenous DNA damage treatments, loss of RAD51AP1 function is expected to
endanger genome integrity, resulting in chromosomal abnormalities, which has been
observed by us in human cells [3].

Treatment with HU leads to a depletion of the dNTP-pools and to replication fork stalling.
This effect can be more pronounced for cells with HR deficiencies [22,35], and this is the
case for RAD51AP1-deficient cells, as we show here. While expression of ectopic chicken
RAD51AP1 in AP1 KO-1 cells confers full resistance to HU exposure, this is not the case
for human RAD51AP1 in chicken AP1 KO-1 cells. Since, after short-term HU treatment,
any large-scale increase in new origin firing is prevented by the CHK1-mediated S-phase
checkpoint [36], these results suggested that RAD51AP1-deficiency may lead to an aberrant
CHK1-mediated DNA damage response. Indeed, we find mildly diminished activation of
CHK1 and diminished suppression of second pulse dormant replication origins in AP1 KO-1
and AP1 KO-2 cells, and reversion to activated CHK1 by ectopically expressed chicken
RAD51AP1. Human RAD51AP1 in AP1 KO-1 cells does not reverse CHKZ1 activation back
to wild type levels, but confers some suppression on origin firing, suggesting that for
mediating the DNA damage response the human protein is not totally dead in chicken cells.

Many cancer therapeutic agents lead to increased DNA replication stress. In addition,
replication stress has emerged as a significant source of genome instability during early
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stages of carcinogenesis [37]. To improve both diagnosis of disease and targeted therapy, it
is important to better understand the proteins involved in the replication stress response.
RAD51AP1 clearly is one such candidate for which, for the first time, we have shown an
important role in protecting against replication stress here. In this regard it is interesting to
note that several primary human tumor types display elevated expression of RAD51AP1/
RAD51AP1. For example, RAD51AP1 transcript and protein are elevated in the majority of
cholangiocarcinomas [18], and a number of studies report on the up-regulation of
RAD51AP1 in hepatocellular carcinoma [38], in acute myeloid leukemia [39], in aggressive
mantle cell lymphoma [17], and in ovarian cancer [40]. RAD51AP1 also is part of the
‘cervical cancer proliferation cluster’ composed of 163 highly correlated transcripts [41],
and is up-regulated in breast cancer cell lines [42]. We suggest that elevated RAD51AP1
may be critical during early steps of neoplasia during which, as a consequence of increased
cell proliferation, replication stress occurs at higher than normal levels (see Fig. 4E).
Overcoming this barrier to cell survival through elevated RAD51AP1 may allow for further
genomic changes to occur that can drive the progression of precancerous lesions to cancer.
Therefore, inhibiting RAD51AP1 during the initial stages of neoplasia may provide a useful
approach in targeted therapy. However, dependent on genetic profile, RAD51AP1 may be
down-regulated or may remain elevated in cancer tissues (see Fig. 4E). For example,
RAD51AP1 showed significant association with BRCAL status when the expression
differences between BRCA1 and non-BRCA1 sporadic breast tumor was assessed [43].

Taken together, we describe a novel function for RAD51AP1 associated with maintaining
DNA replication fork progression. We show that RAD51AP1-deficient DT40 and
RAD51AP1-depleted human cells are impaired in fork velocities, and that RAD51AP1-
deficient DT40 cells have problems overcoming stalled forks. We also provide some
evidence that points to a role for RAD51AP1 in mediating CHK1 phosphorylation and
speculate that fully functional RAD51AP1 may contribute to the protection of genome
integrity by transducing DNA damage signals in addition to engaging in the HR machinery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
RAD51AP1 is not limited to vertebrates, and a RAD51AP1 knockout in DT40 cells results in

impaired resolution of RAD51 foci. (A) The presence of RAD51AP1 is not limited to
vertebrates, although it does appear to be limited to multicellular animals (i.e. metazoans). A
number of invertebrates do encode a RAD51AP1 ortholog, including the purple sea urchin
(Strongylocentrotus purpuratus; Genbank XP 003729232.1). Shown is the ClustalW
multiple sequence alignment of human and sea urchin RAD51AP1. Identical residues are
shown in black and highly conserved residues are shown in gray (Note: The alignments of
two additional invertebrates with human RAD51AP1 are in Supplementary Fig. S1). (B)
Structure of the Gallus gallus (i.e. chicken) RAD51AP1 locus. Exons are in blocks; exons
and introns are drawn to scale. (C) Diagram of GgRAD51AP1 knockout approach. The
region deleted (3’ half of exon 6 and the entire exon 7, flanking the Pvull site at 6418 bp)
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was substituted by either a neomycin or a puromycin cassette transcribed from the chicken
f3-actin promoter. The 5 and 3’ flanking regions used in the knockout constructs are also
indicated, as are a hybridization probe and the Pvull restriction sites used for Southern blot
analysis (see Section 2 and (D)). (D) Southern blot analysis using this hybridization probe
and Pvull-cleaved genomic DNA isolated from wild type DT40 cells, two independently
isolated GgRAD51AP1 heterozygotes (AP1 Het-1 and AP1 Het-2) and two homozygous
knockouts (AP1 KO-1 and AP1 KO-2). (E) Semi-quantitative end-point RT-PCR
independently confirming the RAD51AP1 heterozygotes and knockouts. (F) Time course of
RAD51 foci formation in various DT40 derivatives after treatment with 8 Gy X-rays. Sham-
irradiated control samples were treated identically except for the irradiation exposure and
cells were fixed with together with the 8 Gy — 4 h time point. Data are the means from 3
independent experiments + 1SEM.
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Fig. 2.

DT40 RAD51AP1 knockout cells exhibit enhanced sensitivity to DNA damaging agents,
which is suppressed by ectopic expression of FLAG-tagged GgRAD51AP1, but not of
FLAG-tagged HSRAD51AP1. (A) Sequence homology alignment between human and
chicken RAD51AP1 using ClustalW analysis. Identical residues are shown in black and
highly conserved residues are shown in gray. (B) Western blot analysis to show the levels of
ectopically and stably expressed FLAG-tagged HSRAD51AP1 and GgRAD51AP1 in AP1
KO-1 cells. The signal for a-Tubulin is used as a loading control. (C) Cell doubling times of
DT40 wild type cells and derivatives. Data are the means from at least three independent
experiments + 1 SEM. (D) and (E) Results from clonogenic cell survival assays to determine
sensitivity of AP1 KO-1 cells and complemented AP1 KO-1 cells to cisplatin and X-rays,
respectively. XRCC3 knockout DT40 cells were tested for comparison purposes. Data are
the means from three independent experiments + 1 SEM.
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Fig. 3.

RAD51AP1 is required to maintain the progression of DNA replication forks and to
suppress dormant origin firing. (A) RAD51AP1-deficient DT40 cells show greatly reduced
DNA elongation rates under unperturbed conditions. Ectopic expression of GgRAD51AP1
(here: + GgAP1L), but not of HSRAD51AP1 (here: + HsAP1) reverts elongation rates back to
wild type levels. In box plots, boxes encompass the 25th—27th percentile, with error bars
defining the minima and maxima. The black horizontal bars within the boxes indicate the
means. (B) RAD51AP1-deficient DT40 cells show enhanced levels of first and second pulse
replication origins under unperturbed conditions. Ectopic expression of GgRAD51AP1
(here: + GgAP1), but not of HSRAD51AP1 (here: + HSAP1) reverts origin firing close to the
levels of wild type cells. (C) RAD51AP1-depleted U20S cells show greatly reduced DNA
elongation rates under unperturbed conditions. Knockdown of RAD51AP1 was obtained by
transfection with one of the two different siRNAs targeting RAD51AP1. NCS: non-depleting
control siRNA. In box plots, boxes encompass the 25th—27th percentile, with error bars
defining the minima and maxima. The black horizontal bars within the boxes indicate the
means. (D) Representative Western blots obtained for the experiments shown in (C).

DNA Repair (Amst). Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Parplys et al.

+/-

+ +
X3 AP1 AP1 Hs Gg
WT KO Het-1 KO-1 AP1 AP1

AP1
KO-2

- m— v e w—

[W — — — — — —

Page 21

PCHK1 (Ser345)

o-Tubulin

20 min

CldU "y IdU
— 30 min | 30 min
X 60
12
K4
S
s -4
= 50 :l[
2
=
©
S 404
°
e
3 304
3
5 204
c
©
°
2 10
©
£
e -+ -+ -+

1
KO Het1 KO-1 Hs Gg Ko-2
AP1 AP1

+/-
20 min

D cudu“yy IdU
30 min | 30 min
s
vso_
2
2 5
@ 204 2 N %y
3 a N .
@ 3 N ~
i U 7
AN N V)
wr KO Het1 KO-1 Hs Gg KO-2
AP1  AP1
Fig. 4.

(9]

Relative levels of pPCHK1 (Ser345)

WT X3 AP1  AP1 + + AP1
KO Het1 KO-1 Hs Gg  KO-2
AP1  AP1

RAD51AP1

m ermal s

1 oncogene activation

| . . early neo})lafh’c changes
DNA replication stress +
DNA DSBs

RADSIARPL
'

genomic instability +
additional mutations

9% oo
PORES
’fjloioiﬁ'i

RAD51AP1

RAD51AP1 is required to overcome HU-induced replication stress in DT40 cells. (A)
Fraction of terminated and stalled replication forks (i.e. only red forks) with and without HU
exposure, as depicted. (B) Representative Western blot to visualize the pCHK1(Ser345) for
the analysis shown in (C). The signal for a-Tubulin serves as a loading control. (C)
Quantification of pCHK1(Ser345) signals; data are the means of three independent
experiments £ 1 SEM. (D) More second pulse replication origins are activated in HR-
compromised RAD51AP1-deficient DT40 cells than in DT40 wild type cells. The fraction of
second pulse origins (%) with and without HU exposure was assessed, as described in
Material and methods. AP1 KO-1, AP1 KO-2 and X3 KO cells show increased firing of
second pulse dormant replication origins compared to wild type cells. (E) Schematic to
explain why elevated levels of RAD51AP1 protein may provide a selective advantage at
early stages of neoplastic change during which time replication stress and, consequently,
DNA double-strand breaks occur at higher than normal levels.
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Table 1

Percentage of stalled/terminated replication forks without and with HU treatment.

Genotype1©  Red-labeled fibers (%) unperturbed  Genotype2®  Red-labeled fibers (%) unperturbed  p**
DT40
WT 315+32 X3 KO 33.1+23 n.s.
WT 31.5+£32 AP1 Het-1 322134 n.s.
WT 31.5+£32 AP1 KO-1 149+2.0 0.0044
WT 31.5+32 AP1 KO-2 20.1+3.8 0.05
WT 31.5+£32 + HsAP1 215145 n.s.
WT 31.5+32 + GgAP1 41.3+10.3 ns.
AP1KO-1 149+20 + HsAP1 215+45 ns.
AP1KO-1 149+20 + GgAP1 41.3+10.3 0.0466
AP1KO-1 149+20 AP1 Het-1 322+34 0.0047
Genotype1*  Red-labeled fibers (%) unperturbed  Genotype2®  Red-labeled fibers (%) +20min2mM HU  p**
DT40
WT 31.5+£32 WT 39.4+22 n.s.
X3 KO 33.1+23 X3 KO 46.8+4.1 0.0265
APl Het-1 322+3.4 AP1 Het-1 48.7+4.1 0.0270
AP1KO-1 149+20 AP1 KO-1 37.1+£4.0 0.0025
AP1KO-2 20.1+3.8 AP1 KO-2 425+0.8 0.0049
+ HsAP1 21.5+45 + HsAPL 305128 ns.
+GgAP1  41.3+10.3 + GgAP1 40.1+86 n.s.

*
Genotype 1 in comparison to genotype 2 to determine P-values. Data values are the mean + 1 SEM.

Fk

All P-values were calculated by two-tailed Student’s t-test.
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