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Nekl Regulates Rad54 to Orchestrate Homologous
Recombination and Replication Fork Stability

Julian Spies!, Anja Waizenegger?, Olivia Bartonl, Michael Siirder?, William D. Wright?,
Wolf-Dietrich Heyer2, and Markus Lébrichl”

1Radiation Biology and DNA Repair, Darmstadt University of Technology, 64287 Darmstadt,
Germany

2Section of Microbiology, University of California, Davis, Davis, CA 95616-8665, USA

SUMMARY

Never-in-mitosis A-related kinase 1 (Nek1) has established roles in apoptosis and cell cycle
regulation. We show that human Nek1 regulates homologous recombination (HR) by
phosphorylating Rad54 at Ser572 in late G2 phase. Nek1 deficiency as well as expression of
unphosphorylatable Rad54 (Rad54-S572A) cause unresolved Rad51 foci and confer a defect in
HR. Phosphomimic Rad54 (Rad54-S572E), in contrast, promotes HR and rescues the HR defect
associated with Nek1 loss. Although expression of phosphomimic Rad54 is beneficial for HR, it
causes Rad51 removal from chromatin and degradation of stalled replication forks in S phase.
Thus, G2-specific phosphorylation of Rad54 by Nek1 promotes Rad51 chromatin removal during
HR in G2 phase, and its absence in S phase is required for replication fork stability. In summary,
Nek1 regulates Rad51 removal to orchestrate HR and replication fork stability.

In Brief
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Spies et al. uncover the participation of the kinase Nek1 during homologous recombination. Nek1
phosphorylates Rad54 in G2 to promote Rad51 removal. Untimely phosphorylation of Rad54 and
subsequent removal of Rad51 in S phase causes replication fork instability. The authors hereby
demonstrate the physiological relevance of Rad54 regulation.

INTRODUCTION

Two main pathways exist for the repair of two-ended double-strand breaks (DSBs), hon-
homologous end-joining (NHEJ), and homologous recombination (HR), the latter operating
during S and G2 phase when the sister chromatid is available as a template for repair (van
Gent et al., 2001; Lukas and Lukas, 2013). HR is initiated by resection of the 5"-end and
Rad51 loading to single-stranded DNA (ssDNA). Later stages of HR involve homology
search, DNA strand invasion, and repair synthesis to copy the missing sequence information
at the break site from the donor sister chromatid (Mazon et al., 2010; Renkawitz et al.,
2014). HR is finalized by the dissolution or resolution of the formed Holliday junctions
(Matos and West, 2014).

In contrast to two-ended exogenously induced DSBs, which can be efficiently repaired by
HR and NHEJ, HR is the predominant pathway for dealing with one-ended DSBs that arise
at the replication fork (Chapman et al., 2012; Moynahan and Jasin, 2010). Such DSBs occur
at appreciable frequencies endogenously when replication forks encounter spontaneous base
damages and/or single-strand breaks but also arise from agents that induce such single-
stranded lesions (Ensminger et al., 2014; Jeggo and Lobrich, 2015). In addition to their role
in repairing one-ended DSBs, HR factors also exert important functions in protecting stalled
replication forks and their absence leads to degradation of newly synthesized DNA (Branzei
and Foiani, 2010; Schlacher et al., 2012). The timely completion of replication is important
as its failure can lead to the occurrence of under-replicated DNA regions that give rise to
chromosome breakage during mitosis (Naim et al., 2013; Ying et al., 2013).
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The motor protein Rad54 has multiple roles in HR-mediated DSB repair. A critical role is
thought to occur after homology search is complete, to transform the synaptic complex
containing three homologously aligned DNA strands (ssSDNA:Rad51:dsDNA) into
heteroduplex DNA. During this process promoted by Rad54’s ATPase activity, Rad51 is
removed from DNA which allows 3”-end access and subsequent repair synthesis by DNA
polymerases to enable the completion of HR (Agarwal et al., 2011; Ceballos and Heyer,
2011; Wright and Heyer, 2014). In the absence of Rad54, Rad51 is not removed and HR
cannot be completed. Besides its role in HR, Rad51 also functions to protect stalled
replication forks from degradation (Hashimoto et al., 2010; Schlacher et al., 2011). It is
unclear whether fork protection is endowed by Rad51 bound to ssDNA, dsDNA, or the
synaptic complex. Notably, Rad54 is not required for fork protection (Schlacher et al.,
2011), suggesting that Rad51 is not removed from stalled replication forks. This raises the
conceptual question of how Rad54 is differentially regulated to remove Rad51 from DNA
during HR but not during replication fork stalling.

We have previously observed that gene expression of never-in-mitosis A related kinase 1
(Nek1), a member of the mammalian Nek family with highly conserved serine/threonine
(Ser/Thr) and tyrosine kinase motives (Meirelles et al., 2014), is significantly upregulated in
cells exposed to ionizing radiation (IR) (Grudzenski et al., 2010). The few reports available
for Nek family members explored the roles of Nek8 and Nek11 at the replication fork and
during checkpoint activation, respectively (Choi et al., 2013; Melixetian et al., 2009). Nek1
is also implicated in the DNA damage response by its roles during apoptosis and cell cycle
regulation (Chen et al., 2008, 2009, 2011a, 2014). More recently, Nek1 was shown to be
required for proper ATR activation (Liu et al., 2013). Although NekZ1-deficient cells display
elevated chromosome breaks following DNA damaging agents (Chen et al., 2008), it is
unclear if this phenotype results from its established role in cell cycle checkpoint regulation
or represents a genuine function in a DSB repair process.

Here, we show that Nek1 phosphorylates Rad54 specifically in the G2 phase of the cell
cycle. This promotes Rad51 removal from chromatin and allows the completion of HR. The
absence of Rad54 phosphorylation during S phase prevents removal of Rad51 from stalled
replication forks and ensures fork protection.

Nekl1 Functions during the DNA Damage Response and Serves to Maintain Genomic

Stability

To explore the function of Nekl1 during the DNA damage response, we first analyzed
fibroblasts from a patient with the human disorder short-rib polydactyly syndrome (SRPS)
type Majewski that harbors a nonsense mutation in Nek1 (Thiel et al., 2011). Such cells
show proliferation defects following treatment with the DNA damaging agent
methylmethane sulfonate (MMS) (Figure S1A) and exhibit pronounced chromosomal
instability after treatment with low concentrations of hydroxyurea (HU) and aphidicolin
(APH), which also induce DNA damage (Figure 1A). Since these primary cells were poorly
growing, we generated Nekl1-deficient HeLa cells by shRNA technology. Using these cells,
we observed substantially diminished colony formation after MMS and olaparib (PARP
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inhibitor) treatment, and a more modest reduction after X-rays (Figure 1B), consistent with
earlier findings that loss of Nek1 expression confers sensitivity to genotoxic agents (Chen et
al., 2011b; Polci et al., 2004). Because these agents induce DSBs, we investigated the
efficiency of DSB repair in Nek1-depleted cells by analyzing yH2AX and Rad51 foci, both
markers for DSBs. We pulse-labeled growing cell populations with the thymidine analog
EdU and quantified foci in EdU-positive cells, which represent cells that were in S phase at
the time of MMS treatment (Figure S1B). We observed high foci levels early after MMS
treatment that decreased due to repair while cells progressed into G2 (Figures 1C and S1B).
Nek1-deficient cells showed foci levels similar to control cells at initial time points but
substantially elevated levels at later times, suggesting that Nek1 is involved in repairing
DSBs. Of note, the defect was most striking for Rad51 foci, which monitor the repair of
resected DSBs by HR (Figure 1C). The elevated foci levels were rescued by expression of
shRNA-resistant GFP-Nek1 (Figure 1C). Because MMS induces DSBs during replication,
we wished to explore if Nek1 has a general role during HR (as opposed to a more specific
role during replication) and investigated Rad51 removal from DSBs induced by IR outside
of S phase. We synchronized cells in G2 and assessed chromatin-bound Rad51 levels by
immunoblotting. Chromatin-bound Rad51 increased in control cells until 2—4 hr after IR and
then decreased due to repair. In Nek1-deficient cells, the increase was similar but Rad51 was
not released from chromatin until at least 12 hr post IR (Figures 1D and S1C). As discussed
below, these data were confirmed analyzing Rad51 foci.

Nekl Functions during DSB Repair by HR and Interacts with Rad54

The failure of Nek1-deficient cells to remove Rad51 from DSBs suggests that Nek1 has a
role during HR. We therefore investigated DSB repair Kinetics after IR in G1- and G2-phase
cells as previously described (Lobrich et al., 2010) (Figure S2A). IR-induced DSBs are
repaired by NHEJ in G1 and by NHEJ or HR in G2 (Rothkamm et al., 2003; Riballo et al.,
2004). We depleted Nek1 by siRNA and observed similar yH2AX foci levels as in control
cells at all time points in G1 suggesting that Nek1 is not involved in NHEJ (Figure S2B). In
G2 phase, yH2AX and Rad51 foci levels in Nek1-deficient cells were similar to control
cells initially but were elevated compared to control cells at later times after IR (Figures 2A
and S2B). The elevated yH2AX foci level was similar to Brca2- and Rad54-depleted cells
while the elevated Rad51 foci level was similar to Rad54-deficient cells but distinct from
Brca2-depleted cells (Figure 2A). This reflects the role of Brca2 in Rad51 filament
formation and the function of Rad54 during Rad51 removal (Moynahan and Jasin, 2010;
Shah et al., 2010). A second siRNA for Nek1 provided the same result (Figure S2C). Of
note, concomitant downregulation of Nek1 and Rad54 provided no further increase than the
single Nek1 or Rad54 knockdowns (Figure S2C). Furthermore, wild-type (WT) but not
kinase-deficient Nek1 (Nek1-K33R) rescued the elevated foci level of Nek1-depleted cells
(Figure 2B). Fibroblasts from SRPS patients also showed kinetics for yH2AX foci removal
distinct to NHEJ mutants but similar to HR mutants (Figure S2D), and Nek1-depleted non-
transformed G2 fibroblasts exhibited elevated Rad51 foci levels, demonstrating that the
repair defect is not cell line dependent (Figure S2E). Collectively, these data support the
conclusion that Nek1 operates during HR.
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To further substantiate this notion, we used HeLa cells containing an integrated HR reporter
with two differentially mutated GFP genes (Mansour et al., 2008). Expression of the
endonuclease I-Scel generates a DSB in one of the two genes that can be repaired by HR
with the second gene copy serving as a template, resulting in a cell expressing functional
GFP. HR frequencies assessed by the fraction of GFP-positive cells were significantly
decreased after depletion of HR but not NHEJ factors. Strikingly, Nek1-depleted cells
showed a reduction in GFP-positive recombinants identical to Brca2- or Rad54-depleted
cells (Figures 2C and S2F). We also measured the formation of sister chromatid exchanges
(SCEs), which arise due to HR. As previously described (Conrad et al., 2011), IR in G2-
phase cells induces SCEs. Nek1-depleted cells showed reduced SCE levels similar to Brca2-
and Rad54-depleted cells (Figure S2G). Finally, we assessed DNA synthesis occurring
during later stages of HR. For this, we quantified the incorporation of the nucleotide analog
EdU following irradiation of G2-phase cells. Nuclear EAU foci arise in control cells within 8
hr post IR, and depletion of HR but not NHEJ factors abolishes EdU foci formation
(Beucher et al., 2009). Nek1-depleted cells exhibited the same defect as Rad54-depleted
cells (Figure S2H). In summary, these data firmly establish that Nek1 is a critical HR factor.

The elevated level of unresolved Rad51 foci and the failure to perform DNA synthesis
suggest that Nek1 functions after resection but before repair synthesis. This is similar to
Rad54 (Essers et al., 2002) and, indeed, all assays performed in the present study provided
identical results for Nek1- and Rad54-deficient cells. Therefore, we investigated if Nek1
interacts with Rad54 by co-immunoprecipitation (colP) experiments. We confirmed the
presence of Rad51 in IPs from Rad54 (Heyer et al., 2006), and detected Rad54 but not
Rad51 in IPs from Nek1 and vice versa (Figure 2D). The interactions were induced by IR
(Figure 2D), resisted DNase treatment suggesting that they are independent of DNA, and
were confirmed in another cell system (Figure S2I).

Nekl Phosphorylates Rad54 at Ser572 Specifically in G2 Phase

The interaction between Nek1 and Rad54 raised the possibility that Rad54 is a
phosphorylation target of Nek1. To identify potential Nek1 phosphorylation sites on Rad54,
we screened Rad54 for Nek1 consensus sites, Ser/Thr residues with phenylalanine at
position -3 relative to Ser/Thr (Chen et al., 2009; Surpili et al., 2003). Rad54-Ser572 is such
a Nek1 consensus site located in a highly conserved ATPase domain and is also surface-
exposed (Thoma et al., 2005). We mutated Ser572 to the unphosphorylatable (phospho
mutant) alanine (S572A) or the potentially phosphomimic glutamate (S572E) (Figure 3A).
First, we performed an in vitro kinase assay with immunoprecipitated GFP-Rad54,
recombinant Nek1, and radioactive ATP. GFP-Rad54-WT but not GFP-Rad54-S572A was
readily phosphorylated by Nek1 (Figure 3B). To verify Nek1-dependent Rad54
phosphorylation at Ser572 (Rad54-pS572), we used a phospho-specific antibody which
provided a signal for immunoprecipitated GFP-Rad54-WT but not GFP-Rad54-S572A
proteins incubated with Nek1 and ATP (Figure 3C). Importantly, Rad54-pS572 was
observed in vivo in whole cell extracts of HeLa and Hek293 cells in a manner dependent on
Nekl (Figure 3D). We then investigated the time-course of Rad54 phosphorylation in
nuclear cell extracts of synchronized G2-phase cells and observed strongly increased Rad54-
pS572 levels at 8 hr after IR, a time when Rad51 is removed from chromatin but irradiated
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G2-phase cells have not yet entered mitosis (Deckbar et al., 2007) (Figures 3E and S3A). We
also assessed Rad54-pS572 levels in S-phase cells treated with DNA-damaging agents. Of
note, Rad54-pS572 is delayed in damaged S-phase cells and does not reach its maximum
level until the cells have progressed into G2 phase (Figures 3F and S3B). A slight increase in
Rad54 phosphorylation from S to G2 was also observed in undamaged cells (Figure S3C).
We finally aimed to assess the fraction of Rad54, which is phosphorylated by Nek1 after
damage induction. We used Phos-tag gels, which allow the visualization of phosphorylation
events by band shifts. We used G2-synchronized cells and detected only minor Rad54
phosphorylation events in unirradiated cells. In contrast, about half of all Rad54 proteins
were phosphorylated at 8 hr after IR (Figure 3G). The fraction of phosphorylated Rad54 was
reduced following phosphatase treatment or Nek1 siRNA (Figure 3G).

Nekl Promotes HR by Phosphorylating Rad54 at Ser572

We then investigated if Rad54-pS572 is required for efficient DSB repair. Because Rad54’s
critical function during DSB repair involves its interaction with Rad51, we first investigated
whether the three GFP-Rad54 variants differ in their ability to interact with Rad51. We
transiently transfected Hek293 cells with GFP-Rad54-WT, -S572A or -S572E constructs,
immuno-precipitated Rad51, and observed similar interaction levels in all three Rad54
variants (Figure S4A). Purified Rad54-S572A and -S572E proteins also showed similar
interaction levels (Figure S7D). We then generated HeL a cell clones with stably integrated
siRNA-resistant GFP-tagged Rad54-WT, Rad54-S572A, or Rad54-S572E (hereafter named
54WT for a clone with Rad54-WT, 54SA for a clone with Rad54-S572A, 54SE for a clone
with Rad54-S572E, and HeL a for the uncomplemented parental cells). All three clones
showed physiological Rad54 expression levels by immunoblotting and formed similar
numbers of IR-induced GFP-Rad54 foci that co-localized with Rad51 foci (Figures 4A and
S4B). Forty-eight hours prior to all experiments, we depleted the endogenous Rad54 by
SiRNA. We assessed Rad51 and -yH2AX foci levels in G2-irradiated cells and revealed
unrepaired foci in 54SA but not in 54SE cells (Figure 4B). The magnitude of the repair
defect in 54SA cells was similar to that of HeL a cells treated with siRad54 (hereafter named
54KD). Nek1 depletion by siRNA caused similarly elevated foci levels in 54WT and 54SA
cells, demonstrating epistasis between Nek1 deficiency and the inability to phosphorylate
Rad54 at Ser572. Nek1 depletion in 54SE cells had little effect, demonstrating that the major
function of Nekl during DSB repair by HR is to phosphorylate Rad54 at Ser572 (Figures 4B
and S4C). To use foci-independent DSB repair measurements, we assessed chromatin-bound
Rad51 levels by immunoblotting in G2-sychronized cells at distinct time points after
irradiation. In 54WT and 54SE cells, chromatin-bound Rad51 was increased at 4 hr after IR
and then decreased due to repair. In contrast, chromatin-bound Rad51 did not decrease
between 4 and 10 hr after IR in 54SA cells (Figure 4C and S4D). This is consistent with the
Rad51 foci analysis and confirms the HR defect of cells with unphosphorylatable Rad54-
S572A. We also analyzed chromatid breaks and SCEs as a measure for unrepaired DSBs and
efficient HR events, respectively. 54SA and 54KD but not 54SE cells showed elevated
chromatid breaks and a failure to form SCEs (Figures 4D and S4E).

To independently confirm the results with the stable cell lines, we transiently transfected
cells with Rad54 constructs. We depleted endogenous Rad54 and/or Nekl in HeLa cells;
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complemented them with siRNA-resistant GFP-Rad54-WT, -S572A, or -S572E constructs;
and confirmed that they show similar expression levels (Figure S4F). First, we measured
Rad51 foci in irradiated G2 cells that formed GFP-Rad54 foci of physiological intensity.
Rad54-WT and Rad54-S572E but not Rad54-S572A complemented the elevated foci level
of siRad54-treated cells (Figure 4E). Moreover, the elevated foci level conferred by Nek1
depletion was rescued by the Rad54-S572E mutant, demonstrating that phosphomimic
Rad54 suppresses the requirement for Nek1 function (Figure 4E). We then quantified GFP-
Rad54 foci and obtained results identical as with Rad51 foci; that is, we observed elevated
foci levels in Nek1-depleted cells and in cells expressing Rad54-S572A but not Rad54-WT
or Rad54-S572E constructs and a rescue of the Nek1 defect by the Rad54-S572E mutant
(Figure S4G). Moreover, the analysis of yH2AX foci in cells with a pan-nuclear GFP-Rad54
signal provided similar results to that of cells which formed GFP-Rad54 foci of
physiological intensity (Figure S4H), demonstrating that differences in Rad54 expression
levels do not substantially affect the repair capacity. Finally, we used the HR reporter assay
in cells expressing RFP-tagged Rad54 constructs and observed diminished HR frequencies
in the S572A mutant and a rescue of the HR defect in Nek1-depleted cells through
expression of the S572E mutant (Figure 4F). In summary, these data establish that Nek1
promotes HR by phosphorylating Rad54 at Ser572.

Rad54 Phosphorylation during S Phase Causes Rad51 Removal from Stalled Replication

Forks

The finding that Rad54 is regulated by a specific phosphorylation event raises the possibility
that permanent phosphorylation of Rad54, although being beneficial for HR, could be
detrimental under specific conditions. The observation that Rad54-pS572 occurs specifically
in G2 further suggests that Rad54 phosphorylation might be detrimental during S phase. To
explore this possibility, we analyzed HeL a cells with the stably integrated Rad54 variants
after exposure to high doses of HU that are known to cause replication fork stalling. Since
Rad54-pS572 promotes Rad51 removal during late stages of HR, we speculated that it might
also remove Rad51 from stalled replication forks where Rad51 is required to prevent fork
degradation (Hashimoto et al., 2010; Schlacher et al., 2011). We first employed
immunoblotting and observed diminished levels of chromatin-bound Rad51 after HU
treatment in 54SE cells, suggesting that Rad54-pS572 removes Rad51 from stalled forks
(Figure 5A). In addition, Hek293 cells overexpressing Rad54-S572E, but not cells
overexpressing Rad54-WT or Rad54-S572A, showed diminished levels of chromatin-bound
Rad51 after HU treatment (Figure S5A). We then assessed the level of chromatin-bound
Rad51 by immunofluorescence microscopy. Rad51 bound to stalled replication forks co-
localizes with newly synthesized DNA but does not form clear Rad51 foci (Petermann and
Helleday, 2010; Zellweger et al., 2015). We therefore applied an extraction procedure to
remove Rad51 that is not bound to chromatin and measured the total nuclear Rad51 intensity
in EdU-positive S-phase cells. 54WT and 54SA cells showed an increase in Rad51 intensity
after HU treatment suggesting that Rad51 binds to stalled replication forks (Figure 5B). Of
note, HU-induced Rad51 binding was absent in 54SE cells (Figure 5B). We also analyzed
Rad51 foci and did not detect an increase in foci number under these treatment conditions,
consistent with the observation that Rad51 bound to stalled replication forks does not form
foci (Petermann and Helleday, 2010; Zellweger et al., 2015) (Figure S5B). This control
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experiment confirms that the differences in the HU-induced total nuclear Rad51 intensity
between 54WT/54SA and 54SE are not affected by differences in foci number.

To gain further insight into the processes of how untimely phosphorylation of Rad54 during
S phase causes removal of Rad51 from chromatin, we applied iPOND technology (Sirbu et
al., 2011). We observed that Rad54 as well as Rad51 bind to stalled replication forks, with
the level of Rad54/Rad51 binding increasing with increasing periods of fork stalling.
Interestingly, despite the increased abundance of Rad54 at stalled forks, Rad51 was not
removed (Figure 5C), consistent with the interpretation that WT Rad54 does not remove
Rad51 from chromatin during S phase. This is supported by the observation that Rad54 is
not phosphorylated at Ser572 during prolonged periods of replication fork stalling (Figure
S5C). We then investigated how the different Rad54 variants bind to stalled replication forks
and observed that Rad54-S572E has significantly higher occupancy at stalled forks than
Rad54-WT or Rad54-S572A. Importantly, the enhanced presence of Rad54-S572E lead to
removal of Rad51 from stalled forks, consistent with the interpretation that phosphorylated
Rad54 promotes removal of Rad51 from chromatin (Figure 5D). Thus, untimely
phosphorylation of Rad54 during S phase leads to Rad51 removal from stalled replication
forks.

Rad54 Phosphorylation during S Phase Causes Degradation of Stalled Replication Forks

We next investigated if Rad51 removal from stalled replication forks in 54SE cells causes
fork degradation. We applied the DNA fiber assay and used conditions that were described
to cause fork degradation in cells with destabilized Rad51 (4 mM HU for 5 hr) (Schlacher et
al., 2011). Of note, 54SE cells but not 54WT or 54SA cells exhibited degradation of newly
synthesized DNA (Figure 6A). The extent of degradation in 54SE cells was similar to that of
HelLa cells treated with siRad51 whereas cells treated with siRad54 (54KD cells) did not
exhibit fork degradation (Figure S6A). Moreover, 54SE cells treated with siRad51 did not
show more extensive degradation than HelL a cells treated with siRad51 or 54SE cells
without siRad51, demonstrating an epistatic relationship between Rad51 depletion and
Rad54-S572E expression for replication fork degradation (Figure S6B). We also quantified
the fraction of forks that failed to restart after HU withdrawal (Petermann et al., 2010). HelLa
cells treated with siRad51 and 54SE cells showed a defect in the ability to restart stalled
replication forks (Figure 6B). Finally, fork degradation in 54SE cells was suppressed by
Mrell siRNA or treatment with the Mrell nuclease inhibitor Mirin, which was previously
shown to suppress fork degradation in Brca2-deficient cells (Schlacher et al., 2011), but was
unaffected by DNA2 siRNA (Figures 6C and S6C). Collectively, these findings demonstrate
that untimely Rad54 phosphorylation during S phase phenocopies the loss of Rad51 and
severely compromises the ability to stabilize stalled replication forks.

To gain further insight into the process of fork degradation by Rad54 phosphorylation, we
performed the fiber assay under conditions that were described to cause degradation of
stalled forks even in control cells (4 mM HU for 8 hr) (Thangavel et al., 2015). Consistent
with this study, we observed that this degradation in 54WT cells is diminished after DNA2
siRNA but unaffected by Mrell siRNA (Figure 6D). Of note, fork degradation in 54SE cells
was purely dependent on Mrel1l; i.e., Mirin but not DNA2 siRNA treatment abolished the
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degradation (Figure 6D). Thus, we obtained fundamentally different results with 54WT and
54SE cells. 54WT cells showed fork degradation only after 8 hr HU (and not after 5 hr),
which depends on DNA2. 54SE cells showed fork degradation after 5 hr, which depends on
Mrell, and the degradation after 8 hr remained dependent on Mrell. Because the DNA2-
dependent fork degradation in control cells has been suggested to occur at chicken foot
structures that arise after prolonged periods of replication fork stalling (Thangavel et al.,
2015), our data suggest that 54SE cells fail to form such structures and remove Rad51 from
stalled replication forks before these convert into chicken foot structures. This interpretation
is in line with the finding that Rad51 is essential for the conversion from stalled forks into
chicken foot structures (Zellweger et al., 2015).

Cells with Unregulatable Rad54 Show Genomic Instability

Cells with unphosphorylatable Rad54-S572A fail to efficiently repair DSBs by HR whereas
cells with phosphomimic Rad54-S572E fail to protect stalled replication forks. We therefore
reasoned that both cell types might be unable to cope with replication stress, which requires
that cells minimize the generation of lesions at stalled replication forks and repair DSBS
which inevitably arise. To explore this possibility, we initially exposed 54SA or 54SE cells
to low concentrations of APH and assessed the level of yH2AX foci in mitotic cells. 54SA
cells show elevated foci levels in prophase cells compared to 54SE and 54WT cells, both
with and without APH treatment, likely reflecting the inability of 54SA cells to repair DSBs
by HR (Figure 7A). Of note, the treatment conditions applied are known to cause under-
replicated DNA regions that result during mitotic chromatin condensation in an increase in
YH2AX foci numbers when cells progress from prophase to metaphase (Glover, 2006; Ying
et al., 2013). We therefore also assessed foci levels in metaphase cells and observed that
54SE but not 54SA or 54WT cells show a substantial increase in yH2AX foci numbers
between prophase and metaphase, both with and without APH treatment (Figure 7A).
Together, this demonstrates that both cell variants with unregulatable Rad54 exhibit a
diminished ability to cope with replication stress. We also quantified 53BP1 bodies in G1-
phase cells, which are known to arise from under-replicated DNA regions (Lukas et al.,
2011). 54SE cells show increased 53BP1 bodies after APH treatment, suggesting that Rad54
phosphorylation during S phase causes under-replicated DNA regions. 54SA cells, in
contrast, show elevated 53BP1 bodies already in untreated cells (Figure 7B), consistent with
the interpretation that unrepaired -yH2AX foci in prophase lead to 53BP1 bodies in G1
phase. Finally, we studied the survival of cells with unregulatable Rad54 after agents
inducing DSBs as well as other lesions which interfere with replication. Compared to 54WT
cells, both 54SA and 54SE cells show diminished colony formation after MMS, olaparib or
X-rays, confirming that regulation of Rad54 phosphorylation is important for maintaining
genomic stability (Figure 7C).

DISCUSSION

We discovered that Rad54 is phosphorylated at Ser572 and generated stable cell lines
expressing either unphosphorylatable Rad54-S572A or phosphomimic Rad54-S572E protein
(54SA or 54SE cells, respectively). 54SA cells fail to resolve Rad51 foci during DSB repair
by HR whereas 54SE cells repair DSBs by HR as efficiently as control cells with Rad54-WT
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(54WT cells). Strikingly, although Rad54-S572E is beneficial for HR, it is detrimental for
the protection of stalled replication forks. This latter effect is associated with removal of
Rad51 from stalled forks, which leads to fork degradation similar to what is observed in
cells lacking Rad51. In contrast, 54SA cells are able to protect stalled replication forks
(Figure 6A). Thus, Rad54 phosphorylation exerts cell cycle phase-specific positive or
negative effects and hence needs to be finely tuned dependent on the cell cycle requirements.
The necessity to regulate Rad54 phosphorylation is further demonstrated by the observation
that both 54SA and 54SE cells show elevated DNA damage and decreased survival if
exposed to agents that induce replication fork stalling as well as DSBs (Figures 7A-7C).

Rad54 removes Rad51 from DNA when the synaptic complex of ssDNA:Rad51:dsDNA is
transformed into heteroduplex DNA (Solinger et al., 2002; Wright and Heyer, 2014). We
observed that 54WT, 54KD, 54SA, and 54SE cells form Rad51 foci at early time points post
IR with equal efficiency (Figure 4B), implying that the presence of Rad54 or its
phosphorylation does not affect Rad51 binding to ssSDNA at resected DSBs. Moreover,
purified Rad54 does not exhibit ATPase activity on ssDNA in vitro (Swagemakers et al.,
1998). The observation that Rad54 phosphorylation removes Rad51 from stalled replication
forks might therefore suggest that the protective role of Rad51 at stalled forks involves the
presence of a synaptic complex (Figure 7D). How might a synaptic complex arise during
replication fork stalling? The prevailing evidence suggests that chicken foot structures arise
during prolonged periods of replication fork stalling (Thangavel et al., 2015). Thus, it might
be possible that Rad51 is initially loaded onto ssDNA by Brca2 but then promotes, via
homology search, the formation of a synaptic complex which serves to stabilize the stalled
replication fork until it can be converted into a chicken foot structure, or directly aids in this
process (Figure 7D). In either case, Rad51 is not removed during this process (Sirbu et al.,
2011), consistent with our iPOND data (Figure 5C) and the observation that Rad54 is not
phosphorylated at Ser572 during replication (Figure S5C).

How might Rad54 phosphorylation promote Rad51 removal from chromatin? The Ser572
phosphorylation site of Rad54 is positioned within one of seven highly conserved ATPase
domains (Ceballos and Heyer, 2011; Thom4 et al., 2005) and phosphorylation events have
been reported to enhance the activity of other ATPases (Alzamora et al., 2010). It is
therefore tempting to speculate that Ser572 phosphorylation stimulates Rad54’s ATPase
function. To test the possibility that Rad54-Ser572 phosphorylation directly affects the
ATPase activity of Rad54 or its ability to promote critical HR reactions, we purified WT and
mutant Rad54 proteins (Figure S7A). Surprisingly, the Rad51-stimulated ATPase activity of
the Rad54-S572E mutant and its D-loop formation ability were substantially lower than
those of Rad54-WT or the Rad54-S572A mutant (Figures S7B and S7C), although it
retained the ability to interact with Rad51 and bind dsDNA (Figures S7D and S7E). Also
contrary to expectation, the Rad54-S572A mutant protein was proficient in stimulating
Rad51-mediated D-loop formation, even better than Rad54-WT under the tested conditions
(Figure S7C), and displayed near WT ATPase activity on dsDNA (Figure S7B). Finally,
none of the three Rad54 variants showed ATPase activity on sSDNA (Figure S7F). Lack of a
defect in Rad54-S572A might suggest an alternative view that there is a factor that restrains
unphosphorylated Rad54 activity in vivo. The activity of Rad54-S572E, though reduced,
appears sufficient in vivo when coupled to the change effected by the phosphomimic. The
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inability to pinpoint biochemical differences to explain the cellular phenotypes suggests that
yet unknown factors are missing in the in vitro reactions. One possibility is the Rad54
paralog Rad54B, which shows highly similar biochemical activity and partially overlapping
in vivo functions. Thus, the precise mechanism of how Rad54 phosphorylation promotes
Rad51 removal from chromatin awaits clarification.

We have shown that Rad54 phosphorylation following DNA damage induction is restricted
to late G2 phase irrespective of the position in the cell cycle when the damage is induced.
This cell-cycle-specific modulation of Rad54 allows for the timely removal of Rad51 prior
to the onset of mitosis and complements previous studies by others showing that nucleases
such as Mus81-Emel and Gen1 are under cell cycle-specific regulation to resolve late HR
intermediates during mitosis (Matos and West, 2014; Ying et al., 2013). Moreover, it was
described that DNA lesions that arise from replication stress can be repaired by HR
uncoupled from replication in the following G2 phase and it was further suggested that such
repair is promoted by cell-cycle-specific kinases (Gonza lez-Prieto et al., 2013; Karras and
Jentsch, 2010). Our discovery of the G2-specific activation of Rad54 closes the gap between
damage processing that starts during S phase and is completed in mitosis and thus represents
both the missing link and a mechanistic explanation for these previous findings. Collectively,
our work, together with published findings, establishes that the process of HR is finely
regulated during the cell cycle so that the required factors are activated when they are most
needed and the least harmful. The concept that a synchronization process underlies HR has
precedent from meiosis, where defined steps of HR occur at defined stages during meiotic
progression (Baudat et al., 2013). However, it has to be considered that the process of HR
synchronization with cell cycle progression may be lesion dependent (DSBs, gaps, stalled
forks) as double Holiday junctions can be resolved by the BLM-Topollla-RMI1-RMI2
(BTR) complex during S phase (Matos and West, 2014; Sarbajna et al., 2014).

In summary, our work shows that the process of HR is regulated during the cell cycle by
restricting Rad54 phosphorylation to late G2 phase. On one hand, this limits Rad54 function
during replication and allows Rad51 to protect stalled replication forks; on the other hand, it
promotes Rad51 removal prior to the onset of mitosis and the completion of HR (Figure
7D). We identified Nek1 as the kinase regulating Rad51 removal and orchestrating HR with
replication fork stability.

EXPERIMENTAL PROCEDURES

ShNek1 or shCtrl cells were generated by viral transduction. Stable cell lines expressing
GFP-Rad54 variants were generated by transfection with plasmids carrying a G418
resistance cassette. SIRNA and plasmid transfections were carried out using HiPerFect and
MATra-A reagents, respectively. For foci analysis, cells were categorized at the microscope
in G1-, G2-, or S-phase cells by their DAPI content and EdU intensity. Foci were
enumerated manually. Intensity measurements of chromatin-bound Rad51 using IF
microscopy involved pre-extraction using ice cold methanol.

The EdU incorporation assay, preparation of chromosome spreads, SCE analysis, and
clonogenic survival assays were carried out as described (Beucher et al., 2009; Conrad et al.,
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2011; Nikolova et al., 2010). For the HR reporter assay, HeLa pGC cells were siRNA
treated, transfected with RFP-Rad54 and I-Scel plasmids (Mansour et al., 2008), and GFP-
positive cells were counted at the microscope. For DNA fiber analysis, cells were labeled
with CldU for 30 min, treated with 4 mM HU for 5 or 8 hr, incubated with 1dU for 30 min,
harvested, and prepared for DNA fiber spreading as described (Schlacher et al., 2011).

Isolation of nuclear cell extracts and chromatin or soluble protein fractions, protein analysis
by SDS-PAGE and immunoblotting were performed as described (Barton et al., 2014). For
in vitro kinase assays, constitutively active Nek1 protein was pre-incubated with 32P ATP or
with unlabeled ATP before immunoprecipitated Rad54 was added. Phosphorylation signals
were detected by auto-radiography or with a custom made antibody for Rad54-pSer572.
Detailed descriptions of all assays including colP and iPOND experiments are provided in
the Supplemental Experimental Procedures.

P values were obtained by student’s t test and represent a comparison of all cells analyzed in
the indicated cell populations (for all foci and chromosomal experiments) or a comparison of
the data mean (for the HR reporter, colony formation and the DNA fiber assays and for
Rad51 intensity measurements); *, p < 0.05; **, p < 0.01; *** p < 0.001. For each
experiment, protein expression levels were controlled by immunoblotting and are displayed
in the corresponding figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Nek1 functions during homologous recombination
Nek1 phosphorylates Rad54 at Ser572 in late G2 phase

Unphosphorylatable Rad54 mutants are defective in homologous
recombination

Phosphomimic Rad54 causes degradation of stalled replication forks
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Figure 1. Nekl Functions during the DNA Damage Response and Serves to Maintain Genomic
Stability
(A) Chromosome spreads of human fibroblasts. Chromatid breaks were analyzed in Nek1-

deficient (ERDAL) and control (HSF1) cells both spontaneously (NT, not treated) and after a
20-hr exposure to HU or APH. Mean + SEM (n = 3).

(B) Clonogenic survival of Nek1-deficient cells. Two independent shNek1 HeLa cell clones
were generated by genomic ShRNA insertion. Non-silencing ShRNA was used as a control.
DNA damage was induced by MMS (for 1 hr), olaparib (permanent), or X-rays. Mean £
SEM (n = 3).

(C) yH2AX and Rad51 foci in Nek1-depleted and GFP-Nek1-complemented cells.
Asynchronous cells were co-treated with MMS and EdU for 1 hr. yH2AX and Rad51 foci
were enumerated in EdU-positive cells (Figure S1B). Mean + SEM (n = 3); spontaneous foci
were subtracted.

(D) Chromatin fraction of Rad51 in Nek1-depleted cells. Synchronized cells were X-
irradiated in G2 (Figure S1C) and chromatin fractions were analyzed for Rad51 by
immunoblotting. H3 and a Tubulin signals demonstrate the efficiency of chromatin
fractionation (sol., soluble fraction).
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Figure 2. Nekl1 Functions during DSB Repair by HR and Interacts with Rad54
(A) yH2AX and Rad51 foci in Nek1-, Rad54-, and Brca2-depleted cells. Hela cells were

treated with siRNAs, EdU labeled, and X-irradiated. yH2AX and Rad51 foci were analyzed
in EdU-negative G2-phase cells (Figure S2A). Mean £ SEM (n = 3); spontaneous foci were
subtracted.

(B) yH2AX foci in catalytically deficient Nekl cells. HeLa cells were treated with siNek1,
transfected with siRNA resistant plasmids, X-irradiated, and yH2AX foci were enumerated
8 hr post 2 Gy in G2-phase cells identified as in (A). Mean £ SEM (n = 3); spontaneous foci
were subtracted.

(C) GFP-based HR reporter assay with Nek1-, Rad54-, Brca2-, and Ku80-depleted cells.
HeLa pGC cells were treated with siRNAs and transfected with an I-Scel plasmid. The
number of GFP-positive cells was analyzed by IF microscopy. Mean £ SEM (n = 4).
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(D) Physical interaction between Nek1, Rad54, and Rad51 in HeLa cells. Proteins were
immunoprecipitated from nuclear cell extracts at 5 hr post irradiation and interactions were
tested by immunaoblotting.
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Figure 3. Nekl Phosphorylates Rad54 at Ser572 Specifically in G2 Phase
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(A) Schematic diagram showing the position of Ser572 within ATPase domain V of Rad54.
GFP-Rad54 plasmids with point mutations S572A and S572E were generated by site-

directed mutagenesis.

(B) Detection of Rad54 phosphorylation using autoradiography. GFP-coupled Rad54-WT or
Rad54-S572A was obtained from transfected Hek293 cells by IP. The in vitro kinase assay
was performed with radioactive ATP and constitutively active recombinant Nekl1. The
presence of Rad54 in the reaction was controlled by immunoblotting. Arrows indicate

phosphorylated GFP-Rad54 and autophosphorylated Nek1.

(C) Detection of Rad54 phosphorylation using a phospho-specific antibody. The in vitro
kinase assay was performed as in (B) and Rad54 phosphorylation at Ser572 (Rad54-pS572)

was analyzed with a phospho-specific antibody.
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(D) Detection of Rad54 phosphorylation in vivo. HeLa and Hek293 cells were treated with
siRNAs prior to X-irradiation. Cell extracts were obtained at 4 hr post 10 Gy and analyzed
by immunoblotting using the antibody against Rad54-pS572.

(E) Time course of Rad54 phosphorylation in G2-irradiated cells. HeLa cells were
synchronized in G2 (Figure S3A), X-irradiated, and Rad54-pS572 in nuclear cell extracts
was analyzed by immunoblotting.

(F) Time course of Rad54 phosphorylation in S- and G2-irradiated cells. HeLa cells were
synchronized in S or G2 (Figures S3A and S3B), X-irradiated, and Rad54-pS572 in nuclear
cell extracts was analyzed by immunoblotting.

(G) Analysis of the phosphorylated fraction of Rad54 in G2-irradiated cells. HeLa cells were
synchronized in G2, X-irradiated, and Rad54 phosphorylation was analyzed on Phos-tag
gels via immunoblotting. GAPDH and Nek1 were analyzed on a regular acrylamide gel.
Phosphatase treatment was applied to control phospho-specific band shifts.
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Figure 4. Nek1 Promotes HR by Phosphorylating Rad54 at Ser572
(A) Generation of GFP-Rad54 mutants. HeLa clones with stably integrated siRNA-resistant

and GFP-tagged Rad54-WT, Rad54-S572A, or Rad54-S572E were generated (named 54WT,
54SA, and 54SE) and treated with siRad54. IF images show cells with GFP-Rad54 and
Rad51 foci at 2 hr post 2 Gy.

(B) Rad51 and yH2AX foci in Rad54 mutants. HeLa clones were treated with sSiRNAS, X-
irradiated, and Rad51 and -yH2AX foci were analyzed in G2-phase cells that were identified
as in Figure 2A. Mean + SEM (n = 3); spontaneous foci numbers were subtracted. 54KD,
HeLa cells treated with siRad54.

(C) Chromatin fraction of Rad51 in Rad54 mutants. HeLa clones were treated with siRad54,
synchronized, irradiated with 10 Gy in G2, and chromatin fractions were analyzed by
immunoblotting. The soluble fractions served as controls.

(D) SCEs and chromatid breaks in Rad54 mutants. HeLa clones were treated with siRad54,
EdU labeled, and X-irradiated. SCEs and chromatid breaks were analyzed in EdU-negative
mitotic spreads from G2-irradiated cells (Figure S4E). Mean £ SEM (n = 3); spontaneous
SCEs and breaks were subtracted. (E) Rad51 foci in transiently transfected HeLa cells. Cells
were treated with siRNAs, transfected with siRNA-resistent Rad54 plasmids and X-
irradiated. Rad51 foci were counted in G2-phase cells (identified as in Figure 2A) that
formed GFP-Rad54 foci (~30% of all transfected cells). Mean = SEM (n = 4).

(F) GFP-based HR reporter assay with transiently transfected HeLa pGC cells. Cells were
treated with siRNAs and transfected with RFP-Rad54 and I-Scel plasmids. The ratio
between RFP-positive cells which were also positive for GFP and all RFP-positive cells was
assessed by IF microscopy. Note that the impact of a deficiency in HR, exemplified by cells
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treated with siBrca2, is less pronounced than in Figure 2C, likely due to the modified
experimental setup involving the dual transfection of 1-Scel and RFP-Rad54 plasmids. Mean
+ SEM (n=4).
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Figure 5. Rad54 Phosphorylation during S Phase Causes Rad51 Removal from Stalled
Replication Forks

(A) Chromatin fraction of Rad51 in Rad54 mutants. HeLa clones were treated with siRad54
prior to HU treatment (4 mM for 5 hr), and chromatin fractions were analyzed by
immunoblotting. The soluble fractions served as controls.

(B) Chromatin-bound Rad51 in Rad54 mutants. HeLa clones were treated with siRad54, co-
treated with HU (0.5 mM for 2 hr) and EdU, and chromatin-bound Rad51 levels were
analyzed by IF microscopy in EdU-positive nuclei. Rad51 showed a distribution of
intensities with signals in the gray value range between 20 and 55 representing non-foci
signals and intensities between 150 and 250 representing foci signals. The analysis was
restricted to signals between 20 and 55. The mean + SEM for each intensity is shown (n =
4).

(C) Analysis of proteins bound to stalled replication forks using iPOND. Hek293 cells were
labeled with EdU, followed by different times of HU treatment. H3 signals were used to
control the pull-down efficiency of EdU-labeled chromatin.

(D) Analysis of proteins bound to stalled replication forks in Rad54 mutants using iPOND.
HelLa clones were treated with siRad54 prior to EdU labeling and HU treatment. H3 signals
were used to control the pull-down efficiency of EdU-labeled chromatin.

Mol Cell. Author manuscript; available in PMC 2017 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Spies et al.

(¢}

30 min | 5h | 30 min
Cldu 4 mM HU IdU

Mean + SEM Ctrl
8.7+0.4pum GFP-Rad54
\ 8.5+0.2 um

CldU tract length frequency (%)
N
3

304 54WT

Mean + SEM
12.3 £0.8 pm
12.0 £0.7 ym

CldU tract length frequency (%)
* [ ]
E
c
CldU tract length frequency (%)
»
3

304 54SA Length [pm]

11.8 0.8 ym D
11.9 £ 0.6 pm

54SE + siDNA2

C-m
v

Endo. Rad54

Page 25

54SE + siMre11 54SE

Mre11  siRNA
Rad54

=== | Mre1

e | aTubulin

Length [um]

Ctrl

8.9+0.3 ym
—

6.4+ 0.1 pm xxx

54SE

DNA2 siRNA

Rad54

DNA2

== | aTubulin

54WT
DNA2 siRNA
—
Rad54

CldU tract length frequency (%)

DNA2

w— | GAPDH

30 min | 8h | 30 min
04
I EEEEREEEEER Cldu 4mM HU 1du
o ¥ b dg 3
—_ Length [pm]
9
= % 54SE =
9 £ I 54T
] 9.7+0.6 pm = 404 I 54WT + siDNA2
g 20 ' N 7.9 % 0.5 pm wxx e I 54WT + Mirin
E S
% 5—30- 1
5 = (15
= S 20
S k)
) °
2 S 104
3 1
Length [um] (SR .
33 ¥ 239 T 838 3% 8
e & ¥ ¢ & g F
B Length [um]
10 B sCll  N54NT i
[ siRad54 []54SA |
! 404 Il 54SE
104 MM siRad51 WS4SE I 54SE + SiDNA2
50 Il 54SE + Mirin
= 4

CldU tract length frequency (%)

Forks failed to restart (%)

o N M O @

b o & 3 & B g
Length [um]

Mean + SEM
7.6%04 ym
11.6 £ 0.8 pm sxx
7.0%0.2pm

I 54WT + SiIDNA2 + Mirin 12.4 0.5 um s

Mean + SEM

6.0+0.2 ym

7.0£0.6 ym
10.5 £ 0.2 m soxx

I 54SE + SIDNA2 + Mirin 9.9 0.9 pm s«

Figure 6. Rad54 Phosphorylation during S Phase Causes Degradation of Stalled Replication

Forks

(A) DNA degradation at stalled forks in Rad54 mutants analyzed by the DNA fiber assay.
CldU was added to siRad54-treated HeLa clones, followed by HU treatment and an 1dU
pulse. CldU-positive DNA fibers were analyzed and categorized according to size. The mean
+ SEM for each category separately and for all categories together are shown (n = 5).

(B) Replication fork recovery in Rad54 mutants. HeLa clones were treated with siRad54 and
HeLa cells with siCtrl, siRad54 or siRad51 prior to the experiment which was performed as
in (A). CldU-positive fibers without a flanking 1dU signal were scored (indicated by arrow).

Mean £ SEM (n =5).
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(C) DNA degradation at stalled forks in the 54SE mutant analyzed by the DNA fiber assay.
CldU was added to siRNA-treated 54SE cells, followed by HU treatment and an 1dU pulse.
The analysis was performed as in (A). Mean £ SEM (n = 3).

(D) DNA degradation at stalled forks in 54WT or 54SE cells analyzed by the DNA fiber
assay. HeLa clones were treated with siRNAs and/or Mirin. CldU was added, followed by
HU treatment and an IdU pulse. The analysis was performed as in (A). Mean £ SEM (n = 3).
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Figure 7. Cells with Unregulatable Rad54 Show Genomic Instability
(A) yH2AX foci in mitotic Rad54 mutants. HeLa clones were treated with siRad54 and

exposed to low concentrations of APH (0.3 uM) for 20 hr. yH2AX foci were quantified in
pH3-positive pro- and metaphases. Mean + SEM (n = 3).
(B) 53BP1 bodies in Rad54 mutants in G1 phase. HeLa clones were treated with siRad54,
exposed to low concentrations of APH (0.3 uM) for 24 hr, and EdU labeled. 53BP1 bodies
were counted in EdU-negative G1-phase cells. Mean + SEM (n = 3).
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(C) Clonogenic survival of Rad54 mutants. SiRad54-treated HelLa clones were treated with
MMS (for 1 hr), olaparib (permanent), or X-rays. Mean £ SEM (n = 3). (D) Model: effects
of timely phosphorylation of Rad54 (boxes 1 and 3): the absence of Rad54 phosphorylation
during S phase stabilizes Rad51 at stalled replication forks to prevent degradation of newly
synthesized DNA. The presence of Rad54 phosphorylation in G2 phase promotes Rad51
removal and the completion of HR. Consequences of untimely phosphorylation of Rad54
(boxes 2 and 4): Rad54 phosphorylation during S phase destabilizes Rad51 at stalled
replication forks causing degradation of newly synthesized DNA. The absence of Rad54
phosphorylation in G2 phase prevents Rad51 removal and the completion of HR.
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