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Homologous recombination DNA repair (HR) is a complex DNA damage repair pathway and an attractive target of inhibition in anti-cancer therapy. To help guide the development of efficient HR inhibitors, it is critical to identify compensatory HR sub-pathways. In this study, we describe a novel synthetic interaction between RAD51AP1 and RAD54L, two structurally unrelated proteins that function downstream of the RAD51 recombinase in HR. We show that concomitant deletion of RAD51AP1 and RAD54L further sensitizes human cancer cell lines to treatment with olaparib, a Poly (adenosine 5′-diphosphate-ribose) polymerase inhibitor, to the DNA inter-strand crosslinking agent mitomycin C, and to hydroxyurea, which induces DNA replication stress. We also show that the RAD54L paralog RAD54B compensates for RAD54L deficiency, although, surprisingly, less extensively than RAD51AP1. These results, for the first time, delineate RAD51AP1- and RAD54L-dependent sub-pathways and will guide the development of inhibitors that target HR stimulators of strand invasion.
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INTRODUCTION
Homologous recombination (HR) is an essential DNA damage repair pathway critical for genome stability and tumor suppression. HR is altered in many different tumor types and has become an attractive target for the development of new anti-cancer therapies (Li et al., 2017; Kopa et al., 2019; Trenner and Sartori, 2019). Accurate HR is restricted to S- and G2- phases of the cell cycle, and the sister chromatid is used as the template for the restoration of lost sequence information at the damaged DNA site. At the DNA break, a 3′-single-stranded (ss)DNA overhang is generated and protected by the ssDNA-binding protein RPA (Symington, 2014; Daley et al., 2015). RPA is replaced by the RAD51 recombinase, a rate-limiting step in the HR reaction that is facilitated by multiple recombination mediators (Sung, 1997a; Sung, 1997b; Dosanjh et al., 1998; Sung et al., 2003; Zhao et al., 2015; Belan et al., 2021; Roy et al., 2021). The RAD51-ssDNA nucleoprotein filament then catalyzes the capture of the DNA template and initiates the formation of a displacement loop (D-loop) with the assistance of several RAD51-associated proteins (Petukhova et al., 1998; Tanaka et al., 2000; Miyagawa et al., 2002; Modesti et al., 2007; Wiese et al., 2007; Zhao et al., 2017).
RAD51AP1 and RAD54L are two RAD51-associated proteins that co-operate with the RAD51 filament in the capture of the DNA donor molecule and in formation of the D-loop (Petukhova et al., 1998; Tanaka et al., 2000; Miyagawa et al., 2002; Modesti et al., 2007; Wiese et al., 2007; Zhao et al., 2017). RAD51AP1 may have evolved in response to the higher complexities of vertebrate genomes (Parplys et al., 2014). In contrast, RAD54L is highly conserved across eukaryotes (Clever et al., 1997; Essers et al., 1997; Golub et al., 1997; Petukhova et al., 1998; Swagemakers et al., 1998). RAD51AP1 functions in the protection of cells from genotoxic agents, in maintaining genome stability, in the HR-mediated alternative lengthening of telomeres (ALT) pathway and promotes HR when local transcription is active (Henson et al., 2006; Modesti et al., 2007; Wiese et al., 2007; Barroso-Gonzalez et al., 2019; Ouyang et al., 2021). Similarly, RAD54L maintains HR capability, cell survival after treatment with chemotherapeutic agents, and ALT activity (Swagemakers et al., 1998; Tan et al., 1999; Mason et al., 2015; Spies et al., 2016; Mason-Osann et al., 2020). Strikingly, in human cells, loss of either RAD51AP1 or RAD54L engenders only mild HR deficiency (Henson et al., 2006; Modesti et al., 2007; Wiese et al., 2007; Gottipati et al., 2010; Spies et al., 2016; Olivieri et al., 2020).
The RAD51AP1 and RAD54L proteins are unrelated structurally, but both upregulate RAD51 activity by enhancing the ability of the RAD51 filament to engage with the homologous double-stranded (ds)DNA donor (i.e., in synapsis) and in strand invasion (Petukhova et al., 1998; Petukhova et al., 1999; Solinger et al., 2001; Solinger and Heyer, 2001; Sigurdsson et al., 2002; Modesti et al., 2007; Wiese et al., 2007). In these steps of the HR reaction, RAD51AP1 may serve as an anchor between the two DNA molecules undergoing exchange (Modesti et al., 2007; Dunlop et al., 2012; Pires et al., 2021). In contrast, RAD54L belongs to the SWI2/SNF2 protein family of DNA-dependent ATPases (Flaus et al., 2006) and utilizes its ATPase activity to convert the synaptic complex into a D-loop (Sigurdsson et al., 2002; Crickard et al., 2020), and to translocate along the DNA (Van Komen et al., 2000; Ristic et al., 2001) whereby chromatin is remodeled and the turnover of RAD51 is facilitated (Alexiadis and Kadonaga, 2002; Alexeev et al., 2003; Jaskelioff et al., 2003; Li and Heyer, 2009).
The mild phenotype of RAD54L-deficient human cells has been attributed to the existence of RAD54B, a RAD54L paralog (Hiramoto et al., 1999). Human RAD54L and RAD54B share 48% identity and 63% similarity (Flaus et al., 2006; Ceballos and Heyer, 2011). Although less well understood than RAD54L, existing evidence implicates RAD54B in the core mechanisms of HR (Tanaka et al., 2000; Miyagawa et al., 2002; Flaus et al., 2006; McManus et al., 2009; Ceballos and Heyer, 2011). Compared to RAD54L, RAD54B was identified as the weaker ATPase, and these results suggest that RAD54B may fulfil a backup role for RAD54L (Tanaka et al., 2002).
In this study, we show that loss of RAD54L in human cells is compensated for by the RAD51AP1 protein. We show that simultaneous deletion of the RAD54L and RAD51AP1 genes further sensitizes human cancer cell lines to treatment with the DNA inter-strand crosslinking agent mitomycin C (MMC), to prolonged exposure to replication stalling by hydroxyurea (HU), and to Poly (adenosine 5′-diphosphate-ribose) polymerase inhibition (PARPi). We also show that the RAD54L paralog RAD54B can substitute for RAD54L activity, but, surprisingly, to a lesser degree than RAD51AP1. Based on these results, we conclude that the activities of RAD51AP1 and RAD54L can underpin two major, mechanistically distinct routes for the completion of HR in human cells.
RESULTS
Deletion of Both RAD54L and RAD51AP1 Further Sensitizes Human Cancer Cell Lines to MMC and Olaparib
To investigate the genetic interaction between RAD51AP1 and RAD54L, we generated RAD54L/RAD51AP1 double knockout (DKO) HeLa cell lines and compared the phenotypes of these DKO cells to HeLa cells deleted for either RAD51AP1 or RAD54L (Liang et al., 2019; Maranon et al., 2020). To generate RAD54L/RAD51AP1 DKO cells we targeted RAD54L by CRISPR/Cas9-nic in RAD51AP1 KO cells and selected two of several RAD54L/RAD51AP1 DKO clones for the experiments described below. We verified the loss of protein expression by Western blot analysis (Figure 1A, lanes 5–6). PCR was performed across exon 8, and amplicons were sequenced across the Cas9-nic cleavage sites in RAD54L to confirm mutagenesis (Supplementary Figure S1A; Supplementary Tables S1, S6). Immunocytochemistry was used to monitor the loss of RAD54L foci formation after γ-irradiation (Supplementary Figure S1B).
[image: Figure 1]FIGURE 1 | Deficiency of both RAD51AP1 and RAD54L exacerbates MMC cytotoxicity and cell cycle progression, and sensitivity to olaparib. (A) Western blots of nuclear extracts of HeLa cells and derivatives. RAD51AP1 KO cells (here: AP1 KO), two independently isolated RAD54L KO cell lines (here: R54L KO-1, R54L KO-2), and two independently isolated RAD54L/RAD51AP1 DKO cell lines (here: R54L/AP1 DKO-1; R54L/AP1 DKO-2). Loading controls: PARP1, histone H3. (B) Results from clonogenic cell survival assays after MMC. Data points are the means from two to five independent experiments ±SD. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; two-way ANOVA followed by Tukey’s multiple comparisons test. (C) Results from clonogenic cell survival assays of MMC-treated A549 cells with RAD51AP1 and/or RAD54L knockdown. Data points are the means from three technical replicates for A549 cells transfected with RAD54L siRNA (here: si-R54L) or RAD51AP1 siRNA (si-AP1), and from two independent experiments ±SD for A549 cells transfected with negative control siRNA (si-Ctrl) or RAD54L and RAD51AP1 siRNA (si-R54L/-AP1). ***, p < 0.001; ****, p < 0.0001; two-way ANOVA followed by Tukey’s multiple comparisons test. (D) Average percentage of cells in G1, S and G2/M cell cycle phases without (here: NT (no treatment)), and 24 and 72 h after release from MMC. Bars are the means from at least three independent experiments ±SD. *, p < 0.05; ****, p < 0.0001; ns, non-significant; one-way ANOVA followed by Dunnett’s multiple comparisons test. (E) Results from olaparib clonogenic cell survival assays of HeLa, AP1 KO, R54L KO-1, R54L KO-2, and R54L/AP1 DKO-1 and DKO-2 cells. Data points are the means from three independent experiments ±SD. (F) Results from olaparib clonogenic cell survival assays of Hs578T, AP1 KO, R54L, and R54L/AP1 DKO cells. Data points are the means from three independent experiments ±SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, non-significant; two-way ANOVA followed by Tukey’s multiple comparisons test.
We determined the growth rates of all HeLa cell derivatives (i.e., single KO and DKO cells) and detected no significant differences in population doubling times (Supplementary Figure S1C). In fractionated protein extracts from unperturbed cells, we noted higher levels of RAD54L protein in RAD51AP1 KO cells (Supplementary Figure S1D, lanes 2 and 8) and higher levels of RAD51AP1 protein in RAD54L KO cells (Supplementary Figure S1D, lanes 9–10).
Next, we tested the sensitivity to MMC of single KO and DKO cells in clonogenic cell survival assays. In accord with published results by us and others (Liang et al., 2019; Maranon et al., 2020; Olivieri et al., 2020), we show that RAD51AP1 and RAD54L single KO cells are moderately sensitized to the cytotoxic effects of MMC (Figure 1B). Deletion of both RAD51AP1 and RAD54L, however, further sensitized HeLa cells to MMC (Figure 1B; Supplementary Table S2), in support of a non-epistatic relation between RAD51AP1 and RAD54L. To exclude that this effect was specific to HeLa cells, we depleted RAD51AP1 and/or RAD54L in A549 lung cancer cells (Supplementary Figure S1E). A549 cells depleted for either RAD51AP1 or RAD54L showed similarly increased sensitivities to MMC, while loss of both RAD51AP1 and RAD54L synergistically sensitized A549 cells to MMC (Figure 1C; Supplementary Table S2). Collectively, these results reveal compensation between RAD51AP1 and RAD54L for the protection of human cancer cell lines from MMC-induced DNA damage.
We used U2OS-DRGFP cells (Nakanishi et al., 2005; Xia et al., 2006) to assess the effects of RAD51AP1 and/or RAD54L depletion on gene conversion. Depletion of both RAD51AP1 and RAD54L downregulated the levels of gene conversion at DRGFP ∼10-fold (p < 0.001; Supplementary Figures S1F,G), while single knockdown of either RAD51AP1 or RAD54L impaired gene conversion ∼2-fold, as previously shown (Wiese et al., 2007; Spies et al., 2016).
Next, we assessed cell cycle progression upon MMC exposure of single and RAD54L/RAD51AP1 DKO cells and compared the results to HeLa cells. In the absence of MMC, all cell lines progressed similarly through the cell cycle (Figure 1D, left panel, and Supplementary Figure S1H). Twenty-four hours after release from MMC, all cell lines remained arrested in cell cycle progression (Figure 1D, middle panel, and Supplementary Figure S1H). At 72 h post release from MMC, HeLa cells, RAD51AP1 KO, and RAD54L KO cells regained the capacity to proceed through mitosis and enter the following cell cycle. Both RAD54L/RAD51AP1 DKO cell lines, however, remained arrested in G2/M phase (p < 0.0001; Figure 1D, right panel, and Supplementary Figure S1H), likely due to their higher fraction of unresolved or mis-repaired DNA damage.
HR deficiency selectively confers sensitivity to PARPi (Bryant et al., 2005; Farmer et al., 2005). Hence, we asked if single KO and RAD54L/RAD51AP1 DKO cells were sensitive to treatment with the PARPi olaparib. Compared to HeLa cells, RAD51AP1 KO cells showed increased sensitivity to olaparib (p < 0.001; Figure 1E), as expected from earlier studies (Liang et al., 2019; Olivieri et al., 2020). The two RAD54L KO cell lines were more sensitive (p < 0.05 and p < 0.01 for KO-1 and KO-2 compared to RAD51AP1 KO cells, respectively), and combined loss of both RAD51AP1 and RAD54L synergistically sensitized HeLa cells to olaparib (p < 0.05 for RAD54L/RAD51AP1 DKO-1 and DKO-2 compared to the RAD54L KO cells; Supplementary Table S2). To exclude that this effect was specific to HeLa cells, we generated RAD54L/RAD51AP1 single KO and DKO cells in the Hs578T breast cancer cell line [(Hackett et al., 1977); Supplementary Figure S1I; Supplementary Table S1] and tested these cells in olaparib cell survival assays. As in HeLa cells, RAD54L single KO Hs578T cells showed significantly increased sensitivity to olaparib (p < 0.001), and combined loss of both RAD51AP1 and RAD54L synergistically sensitized Hs578T cells to olaparib exposure (p < 0.05 for RAD54L/RAD51AP1 DKO cells compared to RAD54L KO cells; Figure 1F; Supplementary Table S2). These results demonstrate compensatory activities between RAD51AP1 and RAD54L in protecting human cancer cell lines from olaparib-induced DNA damage.
RAD54L Deficiency Is Rescued by Ectopic RAD54L
Ectopic expression of HA-tagged RAD54L in RAD54L/RAD51AP1 DKO HeLa cells reverted their response to MMC to the level of RAD51AP1 KO cells (Figures 2A,D). As expected, cell cycle progression after MMC of RAD54L/RAD51AP1 DKO cells with ectopic RAD54L became similar to that of RAD51AP1 KO cells (Figure 2B; Supplementary Figure S1H). Moreover, RAD54L/RAD51AP1 double KO cells with ectopic RAD54L formed RAD54L foci after γ-irradiation (Supplementary Figure S1B). Ectopic expression of RAD54L also rescued the sensitivity to MMC of single RAD54L KO cells (Supplementary Figures S2A,B) and RAD54L foci formation after γ-irradiation (Supplementary Figure S1B). These results show that the phenotypes associated with RAD54L deficiency in RAD54L/RAD51AP1 DKO and RAD54L single KO cells stem from the loss of RAD54L. However, ectopic expression of high amounts of RAD54L in RAD51AP1 KO cells (Figure 2D, lanes 3–4) did not rescue their sensitivity to MMC (Figure 2C), demonstrating that defined attributes of the RAD51AP1 protein cannot be compensated for by RAD54L.
[image: Figure 2]FIGURE 2 | Ectopic expression of RAD54L rescues RAD54L deficiency in RAD54L/RAD51AP1 double KO cells, but does not alter the response of RAD51AP1 KO cells to MMC. (A) Results from MMC clonogenic cell survival assays of R54L/AP1 DKO-1 with (here: +R54L) and without ectopic RAD54L and of AP1 KO and HeLa cells for comparison purposes. Data points are the means from two independent experiments ±SD. ns, non-significant; two-way ANOVA followed by Tukey’s multiple comparisons test. (B) Average percentage R54L/AP1 DKO-1 cells with (here: +R54L) and without ectopic RAD54L and of AP1 KO cells (same data as in Figure 1D) in G1, S and G2/M cell cycle phases without MMC (NT), and 24 and 72 h after release from MMC. Bars represent the means from two independent experiments ±SD. ****, p < 0.0001; ns, non-significant; one-way ANOVA followed by Dunnett’s multiple comparisons test. (C) Results from MMC clonogenic cell survival assays of AP1 KO cells and two independently isolated AP1 KO clones expressing different amounts of ectopic RAD54L (D). Data points are the means from two independent experiments ±SD for AP1 KO + R54L #1 cells and from three technical replicates for AP1 KO + R54L #2 cells. ns, non-significant; two-way ANOVA followed by Tukey’s multiple comparisons test. (D) Western blots of whole cell protein extracts to show stably expressed ectopic RAD54L-HA (here: +R54L) in AP1 KO cells (lanes 3 and 4) and in R54L/AP1 DKO cells (lane 6). Loading control: β-Actin.
Deletion of Both RAD51AP1 and RAD54L Sensitizes HeLa Cells to Replication Stress
We treated all HeLa cell derivatives with 4 mM HU for 5 h, which blocks DNA synthesis and stalls replication fork movement (Liu et al., 2020). To understand the fate of stalled replication forks in single KO and DKO cells, we monitored the recovery of cells from stalled replication using the single-molecule DNA fiber assay. We pulse-labeled cells with the thymidine analog 5-Chloro-2′-deoxyuridine (CldU) first, then replenished cells with HU-containing medium prior to pulse-labeling with 5-Iodo-2′-deoxyuridine (IdU) (Figure 3A). We determined the ability of all cell lines to restart DNA replication by measuring the lengths of IdU tracts of CldU-labeled DNA fibers (Figure 3B; Supplementary Figure S3B; Supplementary Table S3). RAD51AP1 KO cells showed no significant defect in fork restart compared to HeLa cells. In contrast, RAD54L KO cells restarted forks significantly faster than HeLa cells (p < 0.0001), possibly related to the role of RAD54L in catalyzing fork regression (Bugreev et al., 2011). Interestingly, in comparison to both HeLa and single KO cells, RAD54L/RAD51AP1 DKO cells were significantly impaired in fork restart (p < 0.0001; Figure 3B; Supplementary Table S3). Collectively, these results show that the efficient restart from stalled DNA replication relies on RAD54L in RAD51AP1 KO HeLa cells. The results also suggest that the RAD54L protein suppresses accelerated fork restart after HU, an attribute not shared by RAD51AP1.
[image: Figure 3]FIGURE 3 | Concomitant loss of RAD51AP1 and RAD54L results in increased replication stress and genome instability. (A) Schematic of the experimental protocol for the DNA fiber assay. (B) Median IdU tract length (green) after HU in HeLa, AP1 KO, R54L KO-1, and R54L/AP1 DKO-1 cells. Data points are from 100 to 150 fibers of three independent experiments each, with medians in red. (C) Median IdU tract length (green) under unperturbed conditions (NT). Data points are from 100 to 150 fibers of three independent experiments each, with medians in red. (D) Median CldU tract length (red) after HU in HeLa, AP1 KO, R54L KO-1, and R54L/AP1 DKO-1 cells. Data points are from 100 to 150 fibers of three independent experiments each, with medians in red. (E) Median CdU tract length (green) under unperturbed conditions (NT). Data points are from 100 to 150 fibers of three independent experiments each, with medians in red. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, non-significant; Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (F) Schematic of the experimental protocol to induce chromosomal aberrations. (G) Representative micrographs of chromosomal aberrations after HU; radial (black arrow head), chromatid break (red arrow head) and chromatid gaps (blue arrow heads). (H) Aberrations per metaphase after HU in HeLa, AP1 KO, R54L KO-1, and R54L/AP1 DKO-1 cells. Data points are from 100 metaphases of two independent experiments each. Means (grey lines) ± SD (red lines) are shown. **, p < 0.01; ****, p < 0.0001; ns, non-significant; one-way ANOVA followed by Tukey’s multiple comparisons test.
In unperturbed cells, DNA replication progressed slower in RAD54L/RAD51AP1 DKO cells than in HeLa cells or the single KOs, suggesting that endogenous obstacles to fork progression may impede replication in the absence of both RAD54L and RAD51AP1 (p < 0.0001; Figure 3C; Supplementary Table S3).
In response to replication stress, replication forks reverse into four-way junctions through annealing of the nascent DNA strands (Zellweger et al., 2015). Fork reversal is mediated by RAD51 and several DNA motor proteins and serves to bypass obstacles encountered by the replisome (Mijic et al., 2017; Thakar and Moldovan, 2021; Thangavel et al., 2015; Zellweger et al., 2015). Reversed forks must be protected from nucleolytic attack to prevent fork attrition (Lemacon et al., 2017; Petermann et al., 2010; Schlacher et al., 2011; Taglialatela et al., 2017; Thangavel et al., 2015). To assess if RAD54L and/or RAD51AP1 function in the protection of replication forks from unprogrammed nuclease degradation, CldU tracts in cells exposed to HU were measured and compared to the CldU tract lengths in untreated cells. CldU tracts after HU were shorter than those in unperturbed cells for all cell lines tested (Figures 3D,E; Supplementary Table S3). Overall, however, CldU tracts in HU-treated RAD51AP1 KO, RAD54L KO, and RAD54/RAD51AP1 DKO cells were not shorter than those in HU-treated HeLa cells (Figure 3D; Supplementary Figure S3B; Supplementary Table S3). These results suggest that RAD54L and RAD51AP1 largely function independently of the protection mechanism of reversed forks in overcoming replication stress in HeLa cells. We infer that replication forks in HeLa and KO cells are degraded as part of the normal cellular physiology in response to prolonged fork stalling by HU (Thangavel et al., 2015), and that the recruitment of proteins involved in the protection of nascent DNA at replication forks likely proceeds normally in RAD54L/RAD51AP1 single KO and DKO cells.
Concomitant Loss of RAD51AP1 and RAD54L Exacerbates Genome Instability
Next, we tested the consequences of HU-induced replication stress to cells with impaired replication restart. To this end, we determined chromatid gaps and breaks, and complex chromosome aberrations (i.e., radials) in HeLa, single KO and RAD54L/RAD51AP1 DKO cells after treatment with HU (Figures 3F–H). Exposure to HU led to 0.56 ± 0.73 mean aberrations per metaphase in HeLa cells and to a significant increase in mean aberrations per metaphase in both RAD51AP1 (0.91 ± 1.02; p < 0.01) and RAD54L single KO cells (1.03 ± 1.07; p < 0.0001; Figure 3H). As expected, in RAD54L/RAD51AP1 DKO cells, the mean number of aberrations per metaphase was further increased compared to the single KOs (1.53 ± 1.30; p < 0.0001). These results show that replication stress leads to genome instability most prominently in RAD54L/RAD51AP1 DKO cells, which also show the most pronounced defect in fork restart.
RAD54B Compensates for RAD54L in the Presence of RAD51AP1
In human cells, the role of RAD54B in HR is not well understood. In mice, however, the contribution of RAD54B to HR was discovered in the absence of RAD54L (Wesoly et al., 2006). To investigate the impact of RAD54B on the protection of human cells from MMC-induced DNA damage, we depleted RAD54B in HeLa, single KO, and RAD54L/RAD51AP1 DKO cells (Supplementary Figure S4A) and performed MMC cell survival assays. Depletion of RAD54B in HeLa and RAD51AP1 KO cells had no effect on their sensitivity to MMC (Figure 4A). Similarly, depletion of RAD54B in RAD54L/RAD51AP1 DKO cells did not increase MMC cytotoxicity. In contrast, depletion of RAD54B in RAD54L KO cells further sensitized RAD54L KO cells to MMC (p = 0.044; Figure 4A; Supplementary Table S2). These results show that the activity of RAD54B is critical for the protection of human cells from MMC cytotoxicity in the absence of RAD54L. In HeLa, RAD51AP1 KO, and RAD54L/RAD51AP1 DKO cells, however, RAD54B appears to play no detectable role in the protection of cells from MMC-induced DNA damage.
[image: Figure 4]FIGURE 4 | Concomitant loss of RAD54L and RAD54B exacerbates MMC cytotoxicity and replication stress less severeley than concomitant loss of RAD54L and RAD51AP1. (A) Results from clonogenic cell survival assays after MMC of cells transfected with negative control (si-Ctrl) or RAD54B siRNA (si-R54B): HeLa, AP1 KO, R54L KO-1, R54L/AP1 DKO-1 cells. Data points are the means from two independent experiments ±SD. *, p < 0.05; ns, non-significant; two-way ANOVA followed by Tukey’s multiple comparisons test. (B) Results from clonogenic cell survival assays after MMC treatment of HeLa, R54L KO-2, R54L/54B DKO-1 and KO-2, and R54L/AP1 DKO-1 and DKO-2 cells. Data points are the means from two independent experiments ±SD. *, p < 0.05; **, p < 0.01; two-way ANOVA followed by Tukey’s multiple comparisons test. (C) Western blots to show that endogenous RAD54B co-precipitates in anti-eGFP protein complexes of R54L/AP1 DKO cells ectopically expressing eGFP-RAD51AP1 (here: peGFP-AP1) in the absence of MMC (NT; lane 5) and 20 h after a 2-h incubation in 0.5 μM MMC (lane 6). RAD51: positive control for interaction, as previously shown in different cell types (Kovalenko et al., 1997; Wiese et al., 2007). Lane 4: Neither RAD54B nor RAD51 co-precipitate in anti-eGFP protein complexes generated from R54L/AP1 DKO cells transfected with control plasmid (peGFP-C1). (D) Western blots to show direct interaction between purified FLAG-tagged RAD51AP1 protein (here: AP1-FLAG) and purified RAD54B precipitated by anti-FLAG M2 affinity resin (lane 5). (E) Schematic of the protocol for the DNA fiber assay. (F) Median IdU tract length under unperturbed conditions (NT) in HeLa, R54L/AP1 KO-1, and R54L/R54B DKO-1 and DKO-2 cells. Data points are from 150 to 200 fibers of three experiments for HeLa, R54L/AP1 DKO-1 and R54L/R54B DKO-1 cells and from one experiment for R54L/R54B DKO-2 cells, with medians in red. (G) Median IdU tract length after HU in HeLa, R54L/AP1 KO-1, and R54L/R54B DKO-1 and DKO-2 cells. Data points are from 150 to 200 fibers of three experiments for HeLa, R54L/AP1 DKO-1 and R54L/R54B DKO-1 cells and from one experiment for R54L/R54B DKO-2 cells, with medians in red. ****, p < 0.0001; Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
To exclude the possibility that the mild increase in MMC sensitivity of RAD54L KO cells depleted for RAD54B was the result of incomplete RAD54B knockdown, we generated RAD54L/RAD54B DKO HeLa cells (Supplementary Figure S4B; Supplementary Table S1) and compared their response to MMC to that of the RAD54L/RAD51AP1 DKOs. As observed after RAD54B knockdown, two independently isolated RAD54L/RAD54B DKO cells lines were significantly more resistant to MMC than RAD54L/RAD51AP1 DKO cells (p = 0.037 and p = 0.007 for RAD54/RAD54B KO-1 and KO-2, respectively; Figure 4B). These results show that in the absence of RAD54L, human cells more heavily rely on RAD51AP1 than on RAD54B to resist MMC cytotoxicity.
RAD54B Co-Precipitates in RAD51AP1 Complexes
Since knockdown of RAD54B did not further increase the sensitivity to MMC of RAD51AP1 single KO and RAD54L/RAD51AP1 DKO cells, we hypothesized that this—in part—could be the result of RAD54B and RAD51AP1 acting in unity during the protection of cells from MMC-induced cytotoxicity. As such, we asked if RAD51AP1 may function in conjunction with RAD54B in human cells, and if a complex between these two proteins could be identified. Using the purified proteins, we previously showed that RAD51AP1 and RAD54L physically interact, and that both proteins compete in binding to RAD51 (Maranon et al., 2020). Based on these results, we first tested if endogenous RAD54L would co-precipitate in anti-RAD51AP1 complexes of RAD51AP1 KO cells stably expressing FLAG-tagged RAD51AP1. Our results show that RAD54L co-precipitates with FLAG-RAD51AP1 under unperturbed conditions (Supplementary Figure S4C, lane 4).
Next, we tested the association between RAD51AP1 and RAD54B in human cells. As RAD54B activity is more prevalent in the absence of RAD54L (Figures 4A,B), we used RAD54L/RAD51AP1 DKO cells with transiently expressed eGFP-tagged RAD51AP1. Both RAD51 and RAD54B were present in anti-eGFP precipitates from RAD54L/RAD51AP1 DKO cells expressing eGFP-RAD51AP1 (Supplementary Figure S4D, lane 7); in contrast, RAD54B was absent in anti-eGFP precipitates from RAD54L/RAD54B DKO cells expressing eGFP-RAD51AP1 (Supplementary Figure S4D, lane 8). We then prepared protein lysates from RAD54L/RAD51AP1 DKO cells transiently expressing eGFP-RAD51AP1 under unperturbed conditions (NT), and at 4 and 20 h after release from a 2-h treatment with 0.5 µM MMC. RAD54B was present in anti-eGFP complexes from both untreated and MMC-treated cells (Figure 4C, lanes 5–6, and Supplementary Figure S4E, lanes 7–8). These results show that endogenous RAD54B can associate with ectopically expressed RAD51AP1 in RAD54L/RAD51AP1 DKO cells in the absence and in the presence of MMC-induced DNA damage.
To determine if RAD54B and RAD51AP1 physically interact, we performed a FLAG pull-down assay with the purified proteins (Supplementary Figure S4F). RAD54B co-precipitated with RAD51AP1-FLAG on anti-FLAG beads (Figure 4D, lane 5), indicating that RAD54B directly interacts with RAD51AP1.
Deletion of Both RAD54L and RAD54B Sensitizes HeLa Cells to Replication Stress
To understand the consequences of concomitant RAD54L and RAD54B loss on replication fork dynamics, we used the DNA fiber assay, as described above (for schematic of the protocol see Figure 4E). As shown in Figure 3C and herein determined independently, replication progressed significantly more slowly in RAD54L/RAD51AP1 DKO cells than in HeLa cells under unperturbed conditions (p < 0.0001; Figure 4F; Supplementary Figure S3B; Supplementary Table S3). Fork progression in unperturbed RAD54L/RAD54B DKO-1 and DKO-2 cells was faster than in RAD54L/RAD51AP1 DKO cells (Figure 4F; Supplementary Table S3). After HU, fork restart was significantly slower in RAD54L/RAD51AP1 DKO cells than in RAD54L/RAD54B DKO cells (p < 0.0001; Figure 4G; Supplementary Table S3). These results show that, in response to stalled DNA replication in the absence of RAD54L, the activities of both RAD51AP1 and RAD54B are important to efficiently restart replication forks. However, concomitant loss of RAD54L and RAD51AP1 is more detrimental to the recovery from stalled replication than concomitant loss of RAD54L and RAD54B.
As observed earlier (Figure 3D), CldU tracts after HU in HeLa and RAD54L/RAD51AP1 DKO cells were shorter than in unperturbed cells (Supplementary Figures S4G,H; Supplementary Table S3). In the RAD54L/RAD54B DKOs, however, CldU tract lengths were not affected by treatment of cells with HU (p = 0.635 (Mann-Whitney test); Supplementary Figures S4G,H; Supplementary Table S3), suggesting that, in response to prolonged fork stalling by HU, RAD54L/RAD54B DKO HeLa cells are less sensitive to fork degradation.
Deletion of RAD54B in RAD54L KO Cells Further Sensitizes HeLa Cells to Olaparib
Next, we compared the cytotoxicity of olaparib to RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells. Surprisingly, treatment with olaparib decreased the survival of both RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells to similar extent (p < 0.0001 compared to HeLa cells; Figure 5A). We also generated a RAD51AP1/RAD54B DKO cell line (Supplementary Figure S5A; Supplementary Table S3) and tested these cells for their sensitivity to olaparib. We found that RAD51AP1 single KO cells and RAD51AP1/RAD54B DKO cells exhibit identical sensitivities to olaparib (Supplementary Figure S5B). Collectively, these results suggest that RAD51AP1 and RAD54B largely function within the same HR sub-pathway upon treatment of cells with olaparib. This sub-pathway compensates RAD54L deficiency.
[image: Figure 5]FIGURE 5 | Loss of RAD54L and RAD51AP1 or of RAD54L and RAD54B enhances cellular sensitivity to olaparib to similar extent. (A) Results from olaparib clonogenic cell survival assays of HeLa, R54L/R54B DKO-1 and DKO-2, and R54L/AP1 DKO-2 cells. Data points are the means from two independent experiments ±SD. ****, p < 0.0001; ns, non-significant; two-way ANOVA followed by Tukey’s multiple comparisons test. (B) Western blots to show that endogenous RAD54L co-precipitates in anti-eGFP protein complexes of AP1 KO cells ectopically expressing eGFP-RAD51AP1 (here: peGFP-AP1) in the absence (lane 6) and after a 1-day incubation in 10 μM olaparib (lane 7). RAD51: positive control for interaction, as previously shown in different cell types (Kovalenko et al., 1997; Wiese et al., 2007). Lane 5: negative control (cells transfected with peGFP-C1 vector). (C) Western blots to show that endogenous RAD54B co-precipitates in anti-eGFP protein complexes of R54L/AP1 DKO cells ectopically expressing eGFP-RAD51AP1 (here: peGFP-AP1) in the absence (lane 6) and after a 1-day incubation in 10 μM olaparib (lane 7). (D) Schematic of the experimental protocol for the DNA fiber assay in unperturbed cells and after olaparib. (E,F) Median tract length (CldU + IdU) of DNA fibers in HeLa, AP1 KO, R54L KO-1, R54L/AP1 DKO-2 and R54L/R54B DKO-1 without (NT) and with olaparib treatment. Data points are from 130 to 230 fibers of three independent experiments each, with medians in red. ****, p < 0.0001; ns, non-significant; Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
Under unperturbed conditions and after a 1-day incubation of cells in 10 µM olaparib, endogenous RAD54L co-precipitated with transiently expressed eGFP-RAD51AP1 in RAD51AP1 KO cells (Figure 5B, lanes 6 and 7, respectively). Similarly, endogenous RAD54B co-precipitated with transiently expressed eGFP-RAD51AP1 in RAD54L/RAD51AP1 DKO cells under unperturbed conditions and upon treatment of cells with olaparib (Figure 5C, lanes 6 and 7, respectively). These results show that RAD54L or RAD54B can be part of a larger protein complex involving RAD51AP1 and RAD51, and that for both RAD54L and RAD54B complex formation with RAD51AP1 is enhanced upon treatment of cells with olaparib.
We analyzed the dynamics of replication fork progression by DNA fiber assay after a 1-day incubation of cells in 10 µM olaparib (Figure 5D). Compared to untreated cells, fiber tracts were longer in HeLa cells after olaparib (Figures 5E,F; Supplementary Figure S5D; Supplementary Table S3), consistent with the results from an earlier study (Maya-Mendoza et al., 2018). After olaparib, in RAD51AP1 and RAD54L single KO and in RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells, fiber tracts were significantly longer than in HeLa cells (p < 0.0001; Figure 5F; Supplementary Table S3), indicative of the further increased defects of the KO cell lines in restraining fork progression. Compared to the lengths of fiber tracts obtained under unperturbed conditions (Figure 5E), median fiber tracts were 16% longer in HeLa cells, 45% longer in RAD51AP1 KO cells, 29% longer in RAD54L KO cells and 69% and 44% longer in RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells, respectively. Collectively, these results show that HR-proficient HeLa cells restrain accelerated fork elongation more effectively than any of the KO cell lines. Moreover, while a 1-day exposure to olaparib is associated with increased levels of DSBs in all cell lines investigated, COMET assays revealed significantly more DSBs in RAD54L/RAD51AP1 and RAD54/RAD54B DKO cells than in HeLa cells and the single KOs (p < 0.0001; Supplementary Figure S5G; Supplementary Table S4). These results suggest that fork stability is particularly compromised when fork movement is accelerated in RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells, and that the stress to replication forks, as determined by COMET assay, is similar in both DKOs.
DISCUSSION
In this study, we have shown that the HR function of RAD54L can largely be compensated for by the RAD51AP1 protein. Surprisingly, in the context of stalled and collapsed DNA replication (after HU or MMC), the compensatory activity of RAD51AP1 is greater than that of the RAD54L paralog RAD54B (Figure 6A). After treatment of cells with olaparib, however, RAD51AP1 and RAD54B are equally important in substituting for RAD54L (Figure 6B).
[image: Figure 6]FIGURE 6 | Model depicting the predominant negative genetic interactions between RAD54L and RAD51AP1 and between RAD54L and RAD54B. (A) Upon treatment of cells with MMC or HU, RAD54L loss is compensated for more extensively by RAD51AP1 than by RAD54B. (B) Upon treatment of cells with olaparib, RAD51AP1 and RAD54B compensate for the loss of RAD54L to similar extent.
Given that RAD54B and RAD51AP1 physically interact (this study), evidence of physical interaction and functional cooperation between RAD54B and RAD51 (Sarai et al., 2006; Wesoly et al., 2006), and of an indirect association between human RAD54B and RAD51 in the context of chromatin and in cells (Tanaka et al., 2000; Zhang et al., 2007), it is possible that in select stages of the HR reaction, within a certain context of the genome, or in response to specific types of DNA damage, RAD51AP1 functions cooperatively with RAD54B, possibly bridging RAD54B to RAD51. As RAD54L KO cells with RAD54B knockdown show increased sensitivity to MMC but RAD54B-depleted RAD54L/RAD51AP1 double KO cells do not, this may be further evidence of RAD54B functioning in conjuncture with RAD51AP1. Nonetheless, RAD54L/RAD51AP1 double KO cells are significantly more sensitive to MMC than RAD54L/RAD54B double KO cells, which argues that RAD51AP1 has additional function(s) aside from working with RAD54B in repairing MMC-induced DNA damage. This could be together with another and yet to be identified translocase, or within transcriptionally active, decondensed regions of the genome in which RAD51AP1 was shown to promote HR (Ouyang et al., 2021).
In contrast, an only epistatic relation between RAD51AP1 and RAD54B appears to exist in upon treatment of cells with olaparib, suggesting that both proteins function within the same pathway in response to replication stress induced by faster fork progression (Maya-Mendoza et al., 2018). Olaparib leads to the formation of replication associated ssDNA gaps (Maya-Mendoza et al., 2018; Thakar and Moldovan, 2021). Gap suppression mechanisms and HR-mediated post-replicative repair serve to restrict and eliminate ssDNA replication gaps (Hashimoto et al., 2010; Piberger et al., 2020; Cong et al., 2021; Panzarino et al., 2021). Concomitant loss of RAD54L and either RAD51AP1 or RAD54B may exacerbate ssDNA gap formation and thereby inhibit nascent DNA strand annealing (Cong et al., 2021), resulting in the similar degree of Olaparib cytotoxicity in RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells (Figure 6B).
RAD51AP1 expression is increased in different breast cancer subtypes and other cancers and inversely associated with overall survival (Song et al., 2004; Henson et al., 2006; Martin et al., 2007; Martinez et al., 2007; Obama et al., 2008; Pathania et al., 2016; Chudasama et al., 2018; Li et al., 2018; Bridges et al., 2020; Zhao et al., 2020; Zhuang et al., 2020). Moreover, Rad51ap1 deficiency abrogates tumor growth and metastasis in a breast cancer mouse model (Bridges et al., 2020), suggesting that the RAD51AP1 protein may be a promising target of inhibition in anti-cancer therapy. Given our results showing extensive compensation between RAD51AP1 and RAD54L, we surmise that the simultaneous inactivation of both RAD51AP1 and RAD54L could be a viable strategy to treat cancer in the context of induced DNA damage. Targeting RAD51AP1 together with RAD54L may be particularly effective against tumors with overactive HR (Raderschall et al., 2002; Xu et al., 2005; Klein, 2008; Marsden et al., 2016), cancerous cells maintaining their telomeres by the ALT pathway (Barroso-Gonzalez et al., 2019; Mason-Osann et al., 2020; Recagni et al., 2020), and BRCA1/2-mutant tumors that have regained HR proficiency and are resistant to PARPi (Han et al., 2020; Kim et al., 2021).
MATERIALS AND METHODS
Cell Culture, Transfection and siRNAs
HeLa and A549 cells were obtained from ATCC and were maintained as recommended. HeLa cells in which either RAD51AP1 or RAD54L is deleted were maintained as described previously (Liang et al., 2019; Maranon et al., 2020). Hs578T cells were a gift from Dr. Joe Gray (OHSU) and maintained as described (Colston et al., 1998). The siRNAs used were described previously (Parplys et al., 2015; Maranon et al., 2020) and obtained from Qiagen (Supplementary Table S7). SiRNA forward transfections with Lipofectamine RNAiMAX (Invitrogen) were performed on two consecutive days. The concentration of siRNAs in transfections was 20 nM each. Cells were treated with drugs at 96 h after the first transfection.
Generation of RAD54L/RAD51AP1 and RAD54L/RAD54B DKO HeLa Cells
RAD51AP1 knockout (KO) and RAD54L KO HeLa cells, that we described previously (Liang et al., 2019; Maranon et al., 2020), were used to generate RAD54L/RAD51AP1 and RAD54L/RAD54B DKO cells. Briefly, a combination of two RAD54L or RAD54B CRISPR/Cas9-nic (D10A) KO plasmids each containing one of two different sgRNAs (i.e., sgRNA (54)-A and sgRNA (54)-B; sgRNA (54B)-A and sgRNA (54B)-B; Supplementary Table S5) was purchased from Santa Cruz Biotechnology (sc-401750-NIC for RAD54L; sc-403794-NIC-2 for RAD54B) and used to transfect single KO cells as described (Maranon et al., 2020). Disruption of RAD54L and RAD54B was validated by sequence analysis after genomic DNA was isolated from a selection of edited and non-edited clonal isolates using DNeasy Blood & Tissue Kit (Qiagen). RAD54L and RAD54B genomic DNA sequences were amplified by PCR using primer pairs flanking the sgRNA target sites (Supplementary Table S6). PCR products were gel purified, cloned into pCR4-TOPO (Invitrogen) and transformed into TOP10 competent E. coli. Plasmid DNA was prepared using ZR Plasmid Miniprep-Classic Kit (Zymo Research) and submitted for sequencing. For each KO cell line, 15–20 individually cloned amplicons were analyzed by Sanger sequencing (Supplementary Table S1).
Generation of RAD51AP1 and RAD54L Single KO and DKO Hs578T Cells
The RAD54L CRISPR/Cas9-nic (D10A) KO plasmids described above (Supplementary Table S5) were used to generate Hs578T RAD54L KO cells. Hs578T cells and RAD54L KO cells then were transfected with a cocktail of three different CRISPR/Cas-9 knockout plasmids (Santa Cruz Biotechnology; sc-408187) each encoding Cas9 nuclease and one of three different RAD51AP1-specific gRNAs targeting exons 2, 3 or 5/6 (Supplementary Table S5). Clonal isolates were expanded and disruption of RAD54L and RAD51AP1 was validated by sequence analysis, as described above. For each KO cell line, 15–20 individually cloned amplicons were analyzed by Sanger sequencing (Supplementary Table S1).
Generation of RAD54L-Expressing RAD51AP1 and/or RAD54L KO HeLa Cells
The plasmid containing the C-terminally HA-tagged full-length human RAD54L cDNA has been described (Maranon et al., 2020). A KpnI to NotI digest was performed to clone RAD54L-HA into pENTR1A (Invitrogen), followed by transfer into pLentiCMV/TO DEST#2 (Campeau et al., 2009) using Gateway LR Clonase II (Invitrogen) for the production of lentiviral particles in HEK293FT cells (Invitrogen), as described (Campeau et al., 2009). Lentivirus was used to transduce RAD51AP1 KO, RAD54L KO, and RAD54L/RAD51AP1 DKO cells in 6 μg/ml polybrene, as described (Campeau et al., 2009).
Clonogenic Cell Survival Assays and Western Blot Analysis
Clonogenic cell survival assays after mitomycin C (MMC; Sigma) were performed, as described (Maranon et al., 2020). To assess cellular sensitivity to olaparib (AZD2281; Selleck Chemicals), cells were chronically exposed to 0.5–4 μM olaparib in regular growth medium for 12–14 days, as described (Spies et al., 2016). Cells were fixed and stained with crystal violet to determine the fraction of cells surviving.
Western blot analyses were performed according to our standard protocols (Wiese et al., 2006). The following primary antibodies were used: α-RAD51AP1 (Dray et al., 2010; 1:6,000), α-RAD54L (F-11; sc-374598; Santa Cruz Biotechnology; 1:1,000); α-RAD51 (Ab-1; EMD Millipore; 1:3,000), α-PARP1 (ab6079; Abcam; 1:2,000), α-β-Actin (ab8226; Abcam; 1:1,000), α-Tubulin (DM1A; Santa Cruz Biotechnology; 1:3,000), α-HA.11 (MMS-101R; BioLegend; 1:1,000), α-Histone H3 (ab1791; Abcam; 1:10,000) and α-RAD54B (Wesoly et al., 2006; 1:1,000). HRP-conjugated goat anti-rabbit or goat anti-mouse IgG (Jackson ImmunoResearch; 1:10,000) were used as secondaries. Western blot signals were acquired using a Chemidoc XRS+ gel imaging system and ImageLab software version 5.2.1 (BioRad).
Cell Cycle Analysis and Flow Cytometry
Cell cycle analysis and flow cytometry were performed as described (Maranon et al., 2020), except that exponentially growing cells were treated with 0.5 μM MMC for 2 h, washed twice with warm PBS and incubated in fresh growth medium for the times indicated prior to pulse-labeling with 10 μM EdU.
Metaphase Spreads
For the assessment of chromosomal aberrations, 2 × 105 cells were seeded in 6-well tissue culture plates and incubated at 37°C for 24 h before exposure to 4 mM hydroxyurea (HU; Sigma) in regular growth medium for 5 h, as described (Schlacher et al., 2011). After HU treatment, cells were washed in warm PBS and incubated in medium containing 0.1 μg/ml colcemid (SERVA) for 24 h. Cells were detached and allowed to swell in 0.075 M KCl at 37°C for 30 min and fixed in methanol:acetic acid (3:1), as described (Parplys et al., 2015). Cells were dropped onto wet slides, air dried and stained in 3% Giemsa in Sorensen buffer (0.2 M Na2HPO4/NaH2PO4, pH 7.3) at room temperature for 10 min. Images were acquired using Zeiss Axio-Imager.Z2 microscope equipped with Zen Blue software (Carl Zeiss Microscopy) using a 63× oil objective. One hundred metaphases were assessed per sample.
DNA Fiber Assay
DNA replication progression was assessed by the single-molecule DNA fiber assay and essentially as described previously (Schlacher et al., 2011; Parplys et al., 2015; Taglialatela et al., 2017). Briefly, exponentially growing cells were pulse-labelled in regular growth medium containing 25 μM CldU for 20 min, followed by a 5-hour incubation in regular growth medium with 4 mM HU, after which the cells were pulse-labelled in regular growth medium containing 250 μM IdU for 20 min. Cells were detached from the cell culture dish by scraping in ice-cold PBS, adjusted to 4 × 105 cell/ml and processed for fiber spreading as described (Parplys et al., 2015). In a modified version of this assay, cells were exposed for 24 h in 10 μM olaparib, followed by two consecutive rounds of 20 min each in CldU first and then in IdU (Maya-Mendoza et al., 2018). Images were acquired using Zeiss Axio-Imager.Z2 microscope equipped with Zen Blue software (Carl Zeiss Microscopy) using a 63× oil objective. Per sample and condition 200 fiber tracts were measured using ImageJ software (https://imagej.net).
Co-Immunoprecipitations
The peGFP-RAD51AP1 expression vector is based on peGFP-C1 (Clontech) and has been described previously (Modesti et al., 2007). RAD51AP1 single or RAD54L/RAD51AP1 double KO cells were transfected with peGFP-C1 or peGFP-RAD51AP1 and Lipofectamine2000 (Invitrogen). Twenty-four hours after transfection, cells were subjected to a medium change, treated with 0.5 µM MMC for 2 h or 10 µM olaparib for 24 h. Cells were washed twice with warm PBS, fresh medium was added, and cells were incubated for the times indicated. Cells were lysed in chilled lysis buffer containing 50 mM Tris-HCl, pH 7.5, 300 mM NaCl, and 0.5% NP-40, supplemented with EDTA-free protease inhibitor cocktail (Roche) and HALT phosphatase inhibitors (Thermo Fisher Scientific). For 1.5 × 106 cells, 25 μl of GFP-Trap® dynabeads (ChromoTek) were used to trap the ectopic proteins. Protein lysates were diluted to 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40, and 0.1 unit DNase I (Gold Biotechnology) per µg protein, and mixed with the equilibrated beads at 4°C for 1 h with gentle rotation. The GFP-Trap® dynabeads were washed three times with 500 µl binding buffer, bound protein complexes were eluted in 40 µl 2× LDS buffer (Thermo Fisher Scientific) and fractionated on 7% NuPAGE Tris-Acetate gels (Thermo Fisher Scientific) and for Western blot analysis.
Purification of Recombinant Proteins and FLAG Pull-Downs
Expression of (His)6-RAD51AP1-FLAG in E. coli and its purification were carried out as described previously (Maranon et al., 2020). RAD54B was expressed in High Five insect cells transduced with a RAD54B baculovirus and purified as described (Sehorn et al., 2004).
FLAG pull-downs were performed essentially as described (Maranon et al., 2020). Briefly, anti-FLAG M2 affinity resin was equilibrated in binding buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 0.1% Triton X-100, and 100 μg/ml BSA). (His)6-RAD51AP1-FLAG (100 nM) or no protein were incubated with the equilibrated resin at 4°C for 1 h. Unbound protein was removed by centrifugation at 3,000 rpm for 3 min RAD54B (100 nM) was added to the washed resin in 100 µl binding buffer and incubated at 4°C for 1 h with gentle agitation in the presence of DNase I (1 U/µg protein). Supernatant was removed and RAD54B (100 nM) was added in a final volume of 100 µl and further incubated for 1 h at 4°C. The resin was washed three times in 200 µl binding buffer each, and bound protein was eluted in binding buffer containing 150 ng/μl 3× FLAG peptide (Sigma). Eluted protein was fractionated by 10% SDS-PAGE, transferred onto a PVDF membrane and detected by Western blot analysis.
Statistics and Reproducibility
GraphPad Prism 9 software was used to perform statistical analyses on data obtained from two to five independent experiments, as indicated. To assess statistical significance two-way or one-way ANOVA tests were performed. p ≤ 0.05 was considered significant.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
CW and PSu conceptualized the study. PSe, NS, MU, JK, YK, and CW performed the formal analyses. PSe, NS, MU, JK, and YK performed the investigations. The original draft was written by CW, PSe, NS, PSu, and YK. The revised draft was written by CW. The funding was secured by CW and PSu. PSe, NS, MU, JK, and YK did the methodology. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by a CSU CVMBS College Research Grant and by National Institutes of Health Grants R01 ES021454, R56 ES021454, and R03 ES029206 (to CW) and R01 ES007061 and R35 CA241801 (to PSu). PSu is the recipient of a CPRIT REI Award (RR180029) and holder of the Robert A. Welch Distinguished Chair in Chemistry (AQ-0012).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors wish to thank the CSU Flow Cytometry and Cell Sorting Facility for their help in method optimization and sample analyses.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.866601/full#supplementary-material
REFERENCES
 Alexeev, A., Mazin, A., and Kowalczykowski, S. C. (2003). Rad54 Protein Possesses Chromatin-Remodeling Activity Stimulated by the Rad51-ssDNA Nucleoprotein Filament. Nat. Struct. Mol. Biol. 10, 182–186. doi:10.1038/nsb901
 Alexiadis, V., and Kadonaga, J. T. (2002). Strand Pairing by Rad54 and Rad51 Is Enhanced by Chromatin. Genes Dev. 16, 2767–2771. doi:10.1101/gad.1032102
 Barroso-González, J., García-Expósito, L., Hoang, S. M., Lynskey, M. L., Roncaioli, J. L., Ghosh, A., et al. (2019). RAD51AP1 Is an Essential Mediator of Alternative Lengthening of Telomeres. Mol. Cell 76, 217. doi:10.1016/j.molcel.2019.08.009
 Belan, O., Barroso, C., Kaczmarczyk, A., Anand, R., Federico, S., O’Reilly, N., et al. (2021). Single-molecule Analysis Reveals Cooperative Stimulation of Rad51 Filament Nucleation and Growth by Mediator Proteins. Mol. Cell 81, 1058–1073. doi:10.1016/j.molcel.2020.12.020
 Bridges, A. E., Ramachandran, S., Pathania, R., Parwal, U., Lester, A., Rajpurohit, P., et al. (2020). RAD51AP1 Deficiency Reduces Tumor Growth by Targeting Stem Cell Self-Renewal. Cancer Res. 80, 3855–3866. doi:10.1158/0008-5472.CAN-19-3713
 Bryant, H. E., Schultz, N., Thomas, H. D., Parker, K. M., Flower, D., Lopez, E., et al. (2005). Specific Killing of BRCA2-Deficient Tumours with Inhibitors of poly(ADP-Ribose) Polymerase. Nature 434, 913–917. doi:10.1038/nature03443
 Bugreev, D. V., Rossi, M. J., and Mazin, A. V. (2011). Cooperation of RAD51 and RAD54 in Regression of a Model Replication Fork. Nucleic Acids Res. 39, 2153–2164. doi:10.1093/nar/gkq1139
 Campeau, E., Ruhl, V. E., Rodier, F., Smith, C. L., Rahmberg, B. L., Fuss, J. O., et al. (2009). A Versatile Viral System for Expression and Depletion of Proteins in Mammalian Cells. PLoS One 4, e6529. doi:10.1371/journal.pone.0006529
 Ceballos, S. J., and Heyer, W.-D. (2011). Functions of the Snf2/Swi2 Family Rad54 Motor Protein in Homologous Recombination. Biochimica Biophysica Acta (BBA) - Gene Regul. Mech. 1809, 509–523. doi:10.1016/j.bbagrm.2011.06.006
 Chudasama, D., Bo, V., Hall, M., Anikin, V., Jeyaneethi, J., Gregory, J., et al. (2018). Identification of Cancer Biomarkers of Prognostic Value Using Specific Gene Regulatory Networks (GRN): a Novel Role of RAD51AP1 for Ovarian and Lung Cancers. Carcinogenesis 39, 407–417. doi:10.1093/carcin/bgx122
 Clever, B., Interthal, H., Schmuckli-Maurer, J., King, J., Sigrist, M., and Heyer, W.-D. (1997). Recombinational Repair in Yeast: Functional Interactions between Rad51 and Rad54 Proteins. EMBO J. 16, 2535–2544. doi:10.1093/emboj/16.9.2535
 Colston, K., Perks, C., Xie, S., and Holly, J. (1998). Growth Inhibition of Both MCF-7 and Hs578T Human Breast Cancer Cell Lines by Vitamin D Analogues Is Associated with Increased Expression of Insulin-like Growth Factor Binding Protein-3. J. Mol. Endocrinol. 20, 157–162. doi:10.1677/jme.0.0200157
 Cong, K., Peng, M., Kousholt, A. N., Lee, W. T. C., Lee, S., Nayak, S., et al. (2021). Replication Gaps Are a Key Determinant of PARP Inhibitor Synthetic Lethality with BRCA Deficiency. Mol. Cell 81, 3128–3144. doi:10.1016/j.molcel.2021.07.015
 Crickard, J. B., Moevus, C. J., Kwon, Y., Sung, P., and Greene, E. C. (2020). Rad54 Drives ATP Hydrolysis-dependent DNA Sequence Alignment during Homologous Recombination. Cell 181, 1380–1394. doi:10.1016/j.cell.2020.04.056
 Daley, J. M., Niu, H., Miller, A. S., and Sung, P. (2015). Biochemical Mechanism of DSB End Resection and its Regulation. DNA repair 32, 66–74. doi:10.1016/j.dnarep.2015.04.015
 Dosanjh, M., Collins, D. W., Fan, W., Lennon, G. G., Albala, J. S., Shen, Z., et al. (1998). Isolation and Characterization of RAD51C, a New Human Member of the RAD51 Family of Related Genes. Nucleic Acids Res. 26, 1179–1184. doi:10.1093/nar/26.5.1179
 Dray, E., Etchin, J., Wiese, C., Saro, D., Williams, G. J., Hammel, M., et al. (2010). Enhancement of RAD51 Recombinase Activity by the Tumor Suppressor PALB2. Nat. Struct. Mol. Biol. 17, 1255–1259. doi:10.1038/nsmb.1916
 Dunlop, M. H., Dray, E., Zhao, W., San Filippo, J., Tsai, M.-S., Leung, S. G., et al. (2012). Mechanistic Insights into RAD51-Associated Protein 1 (RAD51AP1) Action in Homologous DNA Repair. J. Biol. Chem. 287, 12343–12347. doi:10.1074/jbc.c112.352161
 Essers, J., Hendriks, R. W., Swagemakers, S. M. A., Troelstra, C., de Wit, J., Bootsma, D., et al. (1997). Disruption of Mouse RAD54 Reduces Ionizing Radiation Resistance and Homologous Recombination. Cell 89, 195–204. doi:10.1016/s0092-8674(00)80199-3
 Farmer, H., McCabe, N., Lord, C. J., Tutt, A. N. J., Johnson, D. A., Richardson, T. B., et al. (2005). Targeting the DNA Repair Defect in BRCA Mutant Cells as a Therapeutic Strategy. Nature 434, 917–921. doi:10.1038/nature03445
 Flaus, A., Martin, D. M., Barton, G. J., and Owen-Hughes, T. (2006). Identification of Multiple Distinct Snf2 Subfamilies with Conserved Structural Motifs. Nucleic Acids Res. 34, 2887–2905. doi:10.1093/nar/gkl295
 Golub, E., Kovalenko, O. V., Gupta, R. C., Ward, D. C., and Radding, C. M. (1997). Interaction of Human Recombination Proteins Rad51 and Rad54. Nucleic Acids Res. 25, 4106–4110. doi:10.1093/nar/25.20.4106
 Gottipati, P., Vischioni, B., Schultz, N., Solomons, J., Bryant, H. E., Djureinovic, T., et al. (2010). Poly(ADP-ribose) Polymerase Is Hyperactivated in Homologous Recombination-Defective Cells. Cancer Res. 70, 5389–5398. doi:10.1158/0008-5472.can-09-4716
 Hackett, A. J., Smith, H. S., Springer, E. L., Owens, R. B., Nelson-Rees, W. A., Riggs, J. L., et al. (1977). Two Syngeneic Cell Lines from Human Breast Tissue: The Aneuploid Mammary Epithelial (Hs578T) and the Diploid Myoepithelial (Hs578Bst) Cell Lines 2. J. Natl. Cancer Inst. 58, 1795–1806. doi:10.1093/jnci/58.6.1795
 Han, Y., Yu, X., Li, S., Tian, Y., and Liu, C. (2020). New Perspectives for Resistance to PARP Inhibitors in Triple-Negative Breast Cancer. Front. Oncol. 10, 578095. doi:10.3389/fonc.2020.578095
 Hashimoto, Y., Ray Chaudhuri, A., Lopes, M., and Costanzo, V. (2010). Rad51 Protects Nascent DNA from Mre11-dependent Degradation and Promotes Continuous DNA Synthesis. Nat. Struct. Mol. Biol. 17, 1305–1311. doi:10.1038/nsmb.1927
 Henson, S. E., Tsai, S.-C., Malone, C. S., Soghomonian, S. V., Ouyang, Y., Wall, R., et al. (2006). Pir51, a Rad51-Interacting Protein with High Expression in Aggressive Lymphoma, Controls Mitomycin C Sensitivity and Prevents Chromosomal Breaks. Mutat. Research/Fundamental Mol. Mech. Mutagen. 601, 113–124. doi:10.1016/j.mrfmmm.2006.06.016
 Hiramoto, T., Nakanishi, T., Sumiyoshi, T., Fukuda, T., Matsuura, S., Tauchi, H., et al. (1999). Mutations of a Novel Human RAD54 Homologue, RAD54B, in Primary Cancer. Oncogene 18, 3422–3426. doi:10.1038/sj.onc.1202691
 Jaskelioff, M., Van Komen, S., Krebs, J. E., Sung, P., and Peterson, C. L. (2003). Rad54p Is a Chromatin Remodeling Enzyme Required for Heteroduplex DNA Joint Formation with Chromatin. J. Biol. Chem. 278, 9212–9218. doi:10.1074/jbc.m211545200
 Kim, D. S., Camacho, C. V., and Kraus, W. L. (2021). Alternate Therapeutic Pathways for PARP Inhibitors and Potential Mechanisms of Resistance. Exp. Mol. Med. 53, 42–51. doi:10.1038/s12276-021-00557-3
 Klein, H. L. (2008). The Consequences of Rad51 Overexpression for Normal and Tumor Cells. DNA repair 7, 686–693. doi:10.1016/j.dnarep.2007.12.008
 Kopa, P., Macieja, A., Galita, G., Witczak, Z. J., and Poplawski, T. (2019). DNA Double Strand Breaks Repair Inhibitors: Relevance as Potential New Anticancer Therapeutics. Cmc 26, 1483–1493. doi:10.2174/0929867325666180214113154
 Kovalenko, O., Golub, E. I., Bray-Ward, P., Ward, D. C., and Radding, C. M. (1997). A Novel Nucleic Acid-Binding Protein that Interacts with Human Rad51 Recombinase. Nucleic Acids Res. 25, 4946–4953. doi:10.1093/nar/25.24.4946
 Lemaçon, D., Jackson, J., Quinet, A., Brickner, J. R., Li, S., Yazinski, S., et al. (2017). MRE11 and EXO1 Nucleases Degrade Reversed Forks and Elicit MUS81-dependent Fork Rescue in BRCA2-Deficient Cells. Nat. Commun. 8, 860. doi:10.1038/s41467-017-01180-5
 Li, L., Karanika, S., Yang, G., Wang, J., Park, S., Broom, B. M., et al. (2017). Androgen Receptor Inhibitor-Induced "BRCAness" and PARP Inhibition Are Synthetically Lethal for Castration-Resistant Prostate Cancer. Sci. Signal 10, eaam7479. doi:10.1126/scisignal.aam7479
 Li, S., Xuan, Y., Gao, B., Sun, X., Miao, S., Lu, T., et al. (2018). Identification of an Eight-Gene Prognostic Signature for Lung Adenocarcinoma. Cmar Vol. 10, 3383–3392. doi:10.2147/cmar.s173941
 Li, X., and Heyer, W.-D. (2009). RAD54 Controls Access to the Invading 3′-OH End after RAD51-Mediated DNA Strand Invasion in Homologous Recombination in Saccharomyces cerevisiae. Nucleic Acids Res. 37, 638–646. doi:10.1093/nar/gkn980
 Liang, F., Miller, A. S., Longerich, S., Tang, C., Maranon, D., Williamson, E. A., et al. (2019). DNA Requirement in FANCD2 Deubiquitination by USP1-UAF1-Rad51ap1 in the Fanconi Anemia DNA Damage Response. Nat. Commun. 10, 2849. doi:10.1038/s41467-019-10408-5
 Liu, W., Krishnamoorthy, A., Zhao, R., and Cortez, D. (2020). Two Replication Fork Remodeling Pathways Generate Nuclease Substrates for Distinct Fork Protection Factors. Sci. Adv. 6, eabc3598. doi:10.1126/sciadv.abc3598
 Maranon, D. G., Sharma, N., Huang, Y., Selemenakis, P., Wang, M., Altina, N., et al. (2020). NUCKS1 Promotes RAD54 Activity in Homologous Recombination DNA Repair. J. Cell Biol. 219, e201911049. doi:10.1083/jcb.201911049
 Marsden, C. G., Jensen, R. B., Zagelbaum, J., Rothenberg, E., Morrical, S. W., Wallace, S. S., et al. (2016). The Tumor-Associated Variant RAD51 G151D Induces a Hyper-Recombination Phenotype. PLoS Genet. 12, e1006208. doi:10.1371/journal.pgen.1006208
 Martin, R. W., Orelli, B. J., Yamazoe, M., Minn, A. J., Takeda, S., and Bishop, D. K. (2007). RAD51 Up-Regulation Bypasses BRCA1 Function and Is a Common Feature of BRCA1-Deficient Breast Tumors. Cancer Res. 67, 9658–9665. doi:10.1158/0008-5472.can-07-0290
 Martinez, I., Wang, J., Hobson, K. F., Ferris, R. L., and Khan, S. A. (2007). Identification of Differentially Expressed Genes in HPV-Positive and HPV-Negative Oropharyngeal Squamous Cell Carcinomas. Eur. J. Cancer 43, 415–432. doi:10.1016/j.ejca.2006.09.001
 Mason, J. M., Dusad, K., Wright, W. D., Grubb, J., Budke, B., Heyer, W.-D., et al. (2015). RAD54 Family Translocases Counter Genotoxic Effects of RAD51 in Human Tumor Cells. Nucleic Acids Res. 43, 3180–3196. doi:10.1093/nar/gkv175
 Mason-Osann, E., Terranova, K., Lupo, N., Lock, Y. J., Carson, L. M., and Flynn, R. L. (2020). RAD54 Promotes Alternative Lengthening of Telomeres by Mediating Branch Migration. EMBO Rep. 21, e49495. doi:10.15252/embr.201949495
 Maya-Mendoza, A., Moudry, P., Merchut-Maya, J. M., Lee, M., Strauss, R., and Bartek, J. (2018). High Speed of Fork Progression Induces DNA Replication Stress and Genomic Instability. Nature 559, 279–284. doi:10.1038/s41586-018-0261-5
 McManus, K. J., Barrett, I. J., Nouhi, Y., and Hieter, P. (2009). Specific Synthetic Lethal Killing of RAD54B-Deficient Human Colorectal Cancer Cells by FEN1 Silencing. Proc. Natl. Acad. Sci. U.S.A. 106, 3276–3281. doi:10.1073/pnas.0813414106
 Mijic, S., Zellweger, R., Chappidi, N., Berti, M., Jacobs, K., Mutreja, K., et al. (2017). Replication Fork Reversal Triggers Fork Degradation in BRCA2-Defective Cells. Nat. Commun. 8, 859. doi:10.1038/s41467-017-01164-5
 Miyagawa, K., Tsuruga, T., Kinomura, A., Usui, K., Katsura, M., Tashiro, S., et al. (2002). A Role for RAD54B in Homologous Recombination in Human Cells. EMBO J. 21, 175–180. doi:10.1093/emboj/21.1.175
 Modesti, M., Budzowska, M., Baldeyron, C., Demmers, J. A. A., Ghirlando, R., and Kanaar, R. (2007). RAD51AP1 Is a Structure-specific DNA Binding Protein that Stimulates Joint Molecule Formation during RAD51-Mediated Homologous Recombination. Mol. Cell 28, 468–481. doi:10.1016/j.molcel.2007.08.025
 Nakanishi, K., Yang, Y.-G., Pierce, A. J., Taniguchi, T., Digweed, M., D'Andrea, A. D., et al. (2005). Human Fanconi Anemia Monoubiquitination Pathway Promotes Homologous DNA Repair. Proc. Natl. Acad. Sci. U.S.A. 102, 1110–1115. doi:10.1073/pnas.0407796102
 Obama, K., Satoh, S., Hamamoto, R., Sakai, Y., Nakamura, Y., and Furukawa, Y. (2008). Enhanced Expression of RAD51 Associating Protein-1 Is Involved in the Growth of Intrahepatic Cholangiocarcinoma Cells. Clin. Cancer Res. 14, 1333–1339. doi:10.1158/1078-0432.ccr-07-1381
 Olivieri, M., Cho, T., Álvarez-Quilón, A., Li, K., Schellenberg, M. J., Zimmermann, M., et al. (2020). A Genetic Map of the Response to DNA Damage in Human Cells. Cell 182, 481–496. doi:10.1016/j.cell.2020.05.040
 Ouyang, J., Yadav, T., Zhang, J.-M., Yang, H., Rheinbay, E., Guo, H., et al. (2021). RNA Transcripts Stimulate Homologous Recombination by Forming DR-Loops. Nature 594, 283–288. doi:10.1038/s41586-021-03538-8
 Panzarino, N. J., Krais, J. J., Cong, K., Peng, M., Mosqueda, M., Nayak, S. U., et al. (2021). Replication Gaps Underlie BRCA Deficiency and Therapy Response. Cancer Res. 81, 1388–1397. doi:10.1158/0008-5472.can-20-1602
 Parplys, A. C., Zhao, W., Sharma, N., Groesser, T., Liang, F., Maranon, D. G., et al. (2015). NUCKS1 Is a Novel RAD51AP1 Paralog Important for Homologous Recombination and Genome Stability. Nucleic Acids Res. 43, 9817–9834. doi:10.1093/nar/gkv859
 Parplys, A. C., Kratz, K., Speed, M. C., Leung, S. G., Schild, D., and Wiese, C. (2014). RAD51AP1 -deficiency in Vertebrate Cells Impairs DNA Replication. DNA repair 24, 87–97. doi:10.1016/j.dnarep.2014.09.007
 Pathania, R., Ramachandran, S., Mariappan, G., Thakur, P., Shi, H., Choi, J.-H., et al. (2016). Combined Inhibition of DNMT and HDAC Blocks the Tumorigenicity of Cancer Stem-like Cells and Attenuates Mammary Tumor Growth. Cancer Res. 76, 3224–3235. doi:10.1158/0008-5472.can-15-2249
 Petermann, E., Orta, M. L., Issaeva, N., Schultz, N., and Helleday, T. (2010). Hydroxyurea-stalled Replication Forks Become Progressively Inactivated and Require Two Different RAD51-Mediated Pathways for Restart and Repair. Mol. Cell 37, 492–502. doi:10.1016/j.molcel.2010.01.021
 Petukhova, G., Stratton, S., and Sung, P. (1998). Catalysis of Homologous DNA Pairing by Yeast Rad51 and Rad54 Proteins. Nature 393, 91–94. doi:10.1038/30037
 Petukhova, G., Van Komen, S., Vergano, S., Klein, H., and Sung, P. (1999). Yeast Rad54 Promotes Rad51-dependent Homologous DNA Pairing via ATP Hydrolysis-Driven Change in DNA Double Helix Conformation. J. Biol. Chem. 274, 29453–29462. doi:10.1074/jbc.274.41.29453
 Piberger, A. L., Bowry, A., Kelly, R. D. W., Walker, A. K., González-Acosta, D., Bailey, L. J., et al. (2020). PrimPol-dependent Single-Stranded Gap Formation Mediates Homologous Recombination at Bulky DNA Adducts. Nat. Commun. 11, 5863. doi:10.1038/s41467-020-19570-7
 Pires, E., Sharma, N., Selemenakis, P., Wu, B., Huang, Y., Alimbetov, D. S., et al. (2021). RAD51AP1 Mediates RAD51 Activity through Nucleosome Interaction. J. Biol. Chem. 297, 100844. doi:10.1016/j.jbc.2021.100844
 Raderschall, E., Stout, K., Freier, S., Suckow, V., Schweiger, S., and Haaf, T. (2002). Elevated Levels of Rad51 Recombination Protein in Tumor Cells. Cancer Res. 62, 219–225. Retrieved from: https://aacrjournals.org/cancerres.
 Recagni, M., Bidzinska, J., Zaffaroni, N., and Folini, M. (2020). The Role of Alternative Lengthening of Telomeres Mechanism in Cancer: Translational and Therapeutic Implications. Cancers (Basel) 12, 949. doi:10.3390/cancers12040949
 Ristic, D., Wyman, C., Paulusma, C., and Kanaar, R. (2001). The Architecture of the Human Rad54-DNA Complex Provides Evidence for Protein Translocation along DNA. Proc. Natl. Acad. Sci. U.S.A. 98, 8454–8460. doi:10.1073/pnas.151056798
 Roy, U., Kwon, Y., Marie, L., Symington, L., Sung, P., Lisby, M., et al. (2021). The Rad51 Paralog Complex Rad55-Rad57 Acts as a Molecular Chaperone during Homologous Recombination. Mol. Cell 81, 1043–1057. doi:10.1016/j.molcel.2020.12.019
 Sarai, N., Kagawa, W., Kinebuchi, T., Kagawa, A., Tanaka, K., Miyagawa, K., et al. (2006). Stimulation of Dmc1-Mediated DNA Strand Exchange by the Human Rad54B Protein. Nucleic Acids Res. 34, 4429–4437. doi:10.1093/nar/gkl562
 Schlacher, K., Christ, N., Siaud, N., Egashira, A., Wu, H., and Jasin, M. (2011). Double-strand Break Repair-independent Role for BRCA2 in Blocking Stalled Replication Fork Degradation by MRE11. Cell 145, 529–542. doi:10.1016/j.cell.2011.03.041
 Sehorn, M. G., Sigurdsson, S., Bussen, W., Unger, V. M., and Sung, P. (2004). Human Meiotic Recombinase Dmc1 Promotes ATP-dependent Homologous DNA Strand Exchange. Nature 429, 433–437. doi:10.1038/nature02563
 Sigurdsson, S., Van Komen, S., Petukhova, G., and Sung, P. (2002). Homologous DNA Pairing by Human Recombination Factors Rad51 and Rad54. J. Biol. Chem. 277, 42790–42794. doi:10.1074/jbc.m208004200
 Solinger, J. A., and Heyer, W.-D. (2001). Rad54 Protein Stimulates the Postsynaptic Phase of Rad51 Protein-Mediated DNA Strand Exchange. Proc. Natl. Acad. Sci. U.S.A. 98, 8447–8453. doi:10.1073/pnas.121009898
 Solinger, J. A., Lutz, G., Sugiyama, T., Kowalczykowski, S. C., and Heyer, W.-D. (2001). Rad54 Protein Stimulates Heteroduplex DNA Formation in the Synaptic Phase of DNA Strand Exchange via Specific Interactions with the Presynaptic Rad51 Nucleoprotein filament11Edited by M. Belfort. J. Mol. Biol. 307, 1207–1221. doi:10.1006/jmbi.2001.4555
 Song, H., Xia, S. L., Liao, C., Li, Y. L., Wang, Y. F., Li, T. P., et al. (2004). Genes Encoding Pir51, Beclin 1, RbAp48 and Aldolase B Are up or Down-Regulated in Human Primary Hepatocellular Carcinoma. Wjg 10, 509–513. doi:10.3748/wjg.v10.i4.509
 Spies, J., Waizenegger, A., Barton, O., Sürder, M., Wright, W. D., Heyer, W.-D., et al. (2016). Nek1 Regulates Rad54 to Orchestrate Homologous Recombination and Replication Fork Stability. Mol. Cell 62, 903–917. doi:10.1016/j.molcel.2016.04.032
 Sung, P. (1997a). Function of Yeast Rad52 Protein as a Mediator between Replication Protein A and the Rad51 Recombinase. J. Biol. Chem. 272, 28194–28197. doi:10.1074/jbc.272.45.28194
 Sung, P., Krejci, L., Van Komen, S., and Sehorn, M. G. (2003). Rad51 Recombinase and Recombination Mediators. J. Biol. Chem. 278, 42729–42732. doi:10.1074/jbc.r300027200
 Sung, P. (1997b). Yeast Rad55 and Rad57 Proteins Form a Heterodimer that Functions with Replication Protein A to Promote DNA Strand Exchange by Rad51 Recombinase. Genes Dev. 11, 1111–1121. doi:10.1101/gad.11.9.1111
 Swagemakers, S. M. A., Essers, J., de Wit, J., Hoeijmakers, J. H. J., and Kanaar, R. (1998). The Human RAD54 Recombinational DNA Repair Protein Is a Double-Stranded DNA-dependent ATPase. J. Biol. Chem. 273, 28292–28297. doi:10.1074/jbc.273.43.28292
 Symington, L. S. (2014). End Resection at Double-Strand Breaks: Mechanism and Regulation. Cold Spring Harb. Perspect. Biol. 6, a016436. doi:10.1101/cshperspect.a016436
 Taglialatela, A., Alvarez, S., Leuzzi, G., Sannino, V., Ranjha, L., Huang, J.-W., et al. (2017). Restoration of Replication Fork Stability in BRCA1- and BRCA2-Deficient Cells by Inactivation of SNF2-Family Fork Remodelers. Mol. Cell 68, 414–430. doi:10.1016/j.molcel.2017.09.036
 Tan, T. L. R., Essers, J., Citterio, E., Swagemakers, S. M. A., de Wit, J., Benson, F. E., et al. (1999). Mouse Rad54 Affects DNA Conformation and DNA-Damage-Induced Rad51 Foci Formation. Curr. Biol. 9, 325–328. doi:10.1016/s0960-9822(99)80142-0
 Tanaka, K., Hiramoto, T., Fukuda, T., and Miyagawa, K. (2000). A Novel Human Rad54 Homologue, Rad54B, Associates with Rad51. J. Biol. Chem. 275, 26316–26321. doi:10.1074/jbc.m910306199
 Tanaka, K., Kagawa, W., Kinebuchi, T., Kurumizaka, H., and Miyagawa, K. (2002). Human Rad54B Is a Double-Stranded DNA-dependent ATPase and Has Biochemical Properties Different from its Structural Homolog in Yeast, Tid1/Rdh54. Nucleic Acids Res. 30, 1346–1353. doi:10.1093/nar/30.6.1346
 Thakar, T., and Moldovan, G. L. (2021). The Emerging Determinants of Replication Fork Stability. Nucleic Acids Res. 49, 7224–7238. doi:10.1093/nar/gkab344
 Thangavel, S., Berti, M., Levikova, M., Pinto, C., Gomathinayagam, S., Vujanovic, M., et al. (2015). DNA2 Drives Processing and Restart of Reversed Replication Forks in Human Cells. J. Cell Biol. 208, 545–562. doi:10.1083/jcb.201406100
 Trenner, A., and Sartori, A. A. (2019). Harnessing DNA Double-Strand Break Repair for Cancer Treatment. Front. Oncol. 9, 1388. doi:10.3389/fonc.2019.01388
 Van Komen, S., Petukhova, G., Sigurdsson, S., Stratton, S., and Sung, P. (2000). Superhelicity-driven Homologous DNA Pairing by Yeast Recombination Factors Rad51 and Rad54. Mol. Cell 6, 563–572. doi:10.1016/s1097-2765(00)00055-1
 Wesoly, J., Agarwal, S., Sigurdsson, S., Bussen, W., Van Komen, S., Qin, J., et al. (2006). Differential Contributions of Mammalian Rad54 Paralogs to Recombination, DNA Damage Repair, and Meiosis. Mol. Cell Biol. 26, 976–989. doi:10.1128/mcb.26.3.976-989.2006
 Wiese, C., Dray, E., Groesser, T., San Filippo, J., Shi, I., Collins, D. W., et al. (2007). Promotion of Homologous Recombination and Genomic Stability by RAD51AP1 via RAD51 Recombinase Enhancement. Mol. Cell 28, 482–490. doi:10.1016/j.molcel.2007.08.027
 Wiese, C., Hinz, J. M., Tebbs, R. S., Nham, P. B., Urbin, S. S., Collins, D. W., et al. (2006). Disparate Requirements for the Walker A and B ATPase Motifs of Human RAD51D in Homologous Recombination. Nucleic Acids Res. 34, 2833–2843. doi:10.1093/nar/gkl366
 Xia, B., Sheng, Q., Nakanishi, K., Ohashi, A., Wu, J., Christ, N., et al. (2006). Control of BRCA2 Cellular and Clinical Functions by a Nuclear Partner, PALB2. Mol. Cell 22, 719–729. doi:10.1016/j.molcel.2006.05.022
 Xu, Z.-Y., Loignon, M., Han, F.-Y., Panasci, L., and Aloyz, R. (2005). Xrcc3 Induces Cisplatin Resistance by Stimulation of Rad51-Related Recombinational Repair, S-phase Checkpoint Activation, and Reduced Apoptosis. J. Pharmacol. Exp. Ther. 314, 495–505. doi:10.1124/jpet.105.084053
 Zellweger, R., Dalcher, D., Mutreja, K., Berti, M., Schmid, J. A., Herrador, R., et al. (2015). Rad51-mediated Replication Fork Reversal Is a Global Response to Genotoxic Treatments in Human Cells. J. Cell Biol. 208, 563–579. doi:10.1083/jcb.201406099
 Zhang, Z., Fan, H.-Y., Goldman, J. A., and Kingston, R. E. (2007). Homology-driven Chromatin Remodeling by Human RAD54. Nat. Struct. Mol. Biol. 14, 397–405. doi:10.1038/nsmb1223
 Zhao, H., Gao, Y., Chen, Q., Li, J., Ren, M., Zhao, X., et al. (2020). RAD51AP1 Promotes Progression of Ovarian Cancer via TGF-beta/Smad Signalling Pathway. J. Cell Mol. Med. 25, 1927–1938. doi:10.1111/jcmm.15877
 Zhao, W., Steinfeld, J. B., Liang, F., Chen, X., Maranon, D. G., Jian Ma, C., et al. (2017). BRCA1-BARD1 Promotes RAD51-Mediated Homologous DNA Pairing. Nature 550, 360–365. doi:10.1038/nature24060
 Zhao, W., Vaithiyalingam, S., San Filippo, J., Maranon, D. G., Jimenez-Sainz, J., Fontenay, G. V., et al. (2015). Promotion of BRCA2-dependent Homologous Recombination by DSS1 via RPA Targeting and DNA Mimicry. Mol. Cell 59, 176–187. doi:10.1016/j.molcel.2015.05.032
 Zhuang, L., Zhang, Y., Meng, Z., and Yang, Z. (2020). Oncogenic Roles of RAD51AP1 in Tumor Tissues Related to Overall Survival and Disease-free Survival in Hepatocellular Carcinoma. Cancer control. 27, 1073274820977149. doi:10.1177/1073274820977149
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Selemenakis, Sharma, Uhrig, Katz, Kwon, Sung and Wiese. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-866601-g005.gif





OPS/images/fcell-10-866601-g006.gif
" coner " B Olaparid

A
| ona e

andior

_ Templateswicn





OPS/images/fcell-10-866601-g003.gif





OPS/images/fcell-10-866601-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		RAD51AP1 and RAD54L Can Underpin Two Distinct RAD51-Dependent Routes of DNA Damage Repair via Homologous Recombination		Introduction

		Results		Deletion of Both RAD54L and RAD51AP1 Further Sensitizes Human Cancer Cell Lines to MMC and Olaparib

		RAD54L Deficiency Is Rescued by Ectopic RAD54L

		Deletion of Both RAD51AP1 and RAD54L Sensitizes HeLa Cells to Replication Stress

		Concomitant Loss of RAD51AP1 and RAD54L Exacerbates Genome Instability

		RAD54B Compensates for RAD54L in the Presence of RAD51AP1

		RAD54B Co-Precipitates in RAD51AP1 Complexes

		Deletion of Both RAD54L and RAD54B Sensitizes HeLa Cells to Replication Stress

		Deletion of RAD54B in RAD54L KO Cells Further Sensitizes HeLa Cells to Olaparib





		Discussion

		Materials and Methods		Cell Culture, Transfection and siRNAs

		Generation of RAD54L/RAD51AP1 and RAD54L/RAD54B DKO HeLa Cells

		Generation of RAD51AP1 and RAD54L Single KO and DKO Hs578T Cells

		Generation of RAD54L-Expressing RAD51AP1 and/or RAD54L KO HeLa Cells

		Clonogenic Cell Survival Assays and Western Blot Analysis

		Cell Cycle Analysis and Flow Cytometry

		Metaphase Spreads

		DNA Fiber Assay

		Co-Immunoprecipitations

		Purification of Recombinant Proteins and FLAG Pull-Downs

		Statistics and Reproducibility





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

RAD51AP1 and RAD54L Can
Underpin Two Distinct RAD51-
Dependent Routes of DNA
Damage Repair via Homologous
Recombination






OPS/images/fcell-10-866601-g001.gif





OPS/images/fcell-10-866601-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





