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The checkpoint clamp protein Rad9 facilitates
DNA-end resection and prevents alternative
non-homologous end joining
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DNA damage activates the cell cycle checkpoint to regulate cell cycle progression. The checkpoint clamp (Rad9-
Hus1-Rad1 complex) is recruited to damage sites, and is required for checkpoint activation. While functions of the
checkpoint clamp in checkpoint activation have been well studied, its functions in DNA repair regulation remain
elusive. Here we show that Rad9 is required for efficient homologous recombination (HR), and facilitates DNA-end
resection. The role of Rad9 in homologous recombination is independent of its function in checkpoint activation, and
this function is important for preventing alternative non-homologous end joining (altNHEJ). These findings reveal novel

function of the checkpoint clamp in HR.

Introduction

Double-strand breaks (DSBs) are generated by exogenous
agents such as ionizing radiation and mutagenic chemicals. In
addition, they arise endogenously from oxidative damage and
replication fork collapse. Accurate repair of DSBs in chromo-
somal DNA is integral to the maintenance of genomic integrity
in all cells and is essential for early development in vertebrates.
The checkpoint regulation by the checkpoint clamp has been
well studied. The roles of the checkpoint clamp in DNA repair
regulation remain elusive, however.! It is thought that the check-
point clamp functions in the ATR-dependent replication check-
point pathway to activate CHKI. However, the checkpoint
clamp mutants are sensitive to ionizing irradiation (IR) although
the mutants can activate CHK?2, indicating its functions in DNA
repair. Our recent studies have provided new insights into ATM
(ataxia-telangiectasia-mutated) regulation of repair pathways
through phosphorylation of the checkpoint clamp (Rad9-Rad1-
Husl complex). This discovery was unexpected because it has
been believed that the checkpoint clamp is regulated by ATR
(ataxia telangiectasia and Rad3-related), not ATM. Moreover,
this regulation is independent of its function in checkpoint acti-
vation.” The checkpoint clamp complex is recruited to near DSB
sites. Nevertheless, functions of the checkpoint clamp in DSB
repair are largely unknown. Biochemical analyses have shown
that the checkpoint clamp preferentially binds to 5’ recessed
DNA,? and that single-strand DNA areas on double-strand
DNA scem to be required for checkpoint activation.* The 5’
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recessed structures could be generated in many biological pro-
cesses in response to many types of genotoxic stresses. The check-
point clamp is recruited to chromatin in response to these
stresses, including DNA replication inhibition, ultraviolet light,
alkylation, and IR.> Rad9 ™'~ and Rad9 knockdown cells are sen-
sitive to these genotoxic treatments.”” Therefore, Rad9 plays a
role in response to DSBs as well as to replication perturbation.
Interestingly, however, Rad9 ™'~ cells are not defective in CHK2
phosphorylation that is activated in response to DSBs. Further-
more, phosphorylations at the C-terminal tail are not required
for resistance to IR, implying that the “tailless” clamp might play
a direct role in DSB repair.

Results and Discussion

To investigate roles of Rad9 in DSB repair, we performed
GFP-based repair assays. First, we investigated whether the
checkpoint clamp is involved in controlling the HR process.
Indeed, knockdown of Rad9 reduced the HR frequency detected
by the GFP-based HR assay system®” (Fig. 1a). This HR defect
was rescued by full-length Rad9 expression (Fig. la). Total
NHE] frequency was slightly reduced by Rad9 knockdown
(Fig. S1). In contrast, frequency of altNHE] was increased by
Rad9 knockdown, implying that the cells were not able to com-
mit to HR but redirected to a mutagenic altNHE] pathway
(Fig. 1b). Presumably it is due to failure of longer resection pro-
cess that occurs after short resection by the BRCAI-CtlP
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Figure 1. Rad9 is required for efficient HR and suppression of altNHEJ. (A) the HR frequency was assayed
using a GFP-based HR assay system. Knockdown of Rad9 inhibited HR, and tailless Rad9 rescued the HR
defect caused by Rad9 knockdown. (B) the altNHEJ frequency was assayed using a GFP-based altNHEJ
assay system. Knockdown of Rad9 increased altNHEJs, and tailless Rad9 suppressed the increased level

mCherry-Lacl-Fokl  expression is
induced and generates DSBs within
less than 6 hours, and DSBs can be
detected for over 30 hours.” We

complex. Tt has been shown that CtIP is required for altNHE].®
Indeed, CtIP knockdown reduced altNHE] frequency (Fig. S2).
These results imply that the checkpoint clamp functions after the
short-resection process by CtIP. These phenotypes are not caused
by changes in the cell cycle states in the Rad9-knockdown cells,
since they showed similar cell cycle profiles to the wild-type con-
trols (data not shown). Note that the checkpoint clamp is not
required for DSB-induced checkpoint particularly in G1 phase
(the reporter cells are mainly in G1).” Therefore, it is unlikely
that deregulation of DSB repair is caused by the checkpoint
defect. In order to confirm this notion, we performed experi-
ments to see whether tailless Rad9 can rescue the phenotypes.
Tailless Rad9 allows distinguishing between the checkpoint
defect (the C-terminal tail of Rad9 is required for checkpoint
function) and DNA repair defects. Indeed, tailless Rad9 expres-
sion rescued HR defect and suppressed elevated altNHE]s in the
Rad9 knockdown cells (Fig. 1).

RPA32-54/88 has been utilized to detect DNA-end resection.
As expected, CtIP knockdown inhibited IR-induced RPA32-S4/S8
phosphorylation that is an indication of DSB-end resection
defect.'™"" Rad9 knockdown also significantly inhibited RPA32-
S4/S8 phosphorylation, implying that the checkpoint clamp is
required for the DSB-end resection process (Fig. 2). RPA32-S4/S8
are phosphorylated by DNA-PK.'*! Therefore it is unlikely that
this phenotype is caused by defect in ATR-dependent signaling,
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detected clear co-localization of Rad9
and mCherry in this system (Fig. 3).
Approximately 60% of both Rad9 and the mutant Rad9 foci co-
localized with mCherry (data not shown).

The checkpoint clamp recruitment requires single-stranded
DNA area. Therefore, we speculated that recruitment of Rad9 to
DSB sites require short resection by BRCA1-CtIP. Indeed, knock-
down of BRCA1 and CtIP inhibited Rad9 foci formation at DSB

siRad9
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RPA2 54/S8

siCtrl
CPT 0 30 60 80100120

Control
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RPA2 54/s8
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Figure 2. Rad9 knockdown inhibits RPA32 S4/S8 phosphorylation. RPA
S4/S8 phosphorylation was monitored after CPT treatment (500 M) for
the indicated times.
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Figure 3. BRCA1 and CtIP are required for recruitment of Rad9 to the
DSB site. DSBs were induced upon addition of 40HT and Shield1
(6 hours), and DSBs and Rad9 were detected by mCherry and anti-Rad9
antibody respectively. * Nonspecific band.

sites, whereas DNA2 knockdown did not (Fig. 3). These data
indicate that BRCA1 and CtIP are required for Rad9 localization
to DSB site, but DNA2 is not.

Given that Rad9 knockdown cells show HR defect and
reduced RPA32-§4/S8 phosphorylation upon DNA damage
(Figs. 1 and 2), it is likely that the checkpoint clamp is required
for DSB-end resection for proper HR. DNA2 mutant cells
exhibit reduced and slow resection.'®'” Indeed, it has been
shown in yeast that the checkpoint clamp and clamp loader
mutations increase break-induced replication: a phenomenon
seen in mutants that are involved in the DSB-end resection pro-
cess.'® To further confirm this notion, we performed anti-RPA
ChIP experiments using the primers on the transgene.19 As
expected, CtIP knockdown inhibited RPA loading to the DSB
site (Fig. S5). Rad9 knockdown also inhibited RPA loading to
the DSB site, indicating that Rad9 is required for DSB-end resec-
tion (Fig. 4).

BRCA1 and DNA2 were identified as a damage-enhanced
Rad9 interacting protein by mass-spectrometry analysis. We con-
firmed BRCAI-Rad9 interaction by IP analysis. We did not
detect damage-enhanced interaction consistently (Fig. S4A). The
damage-induced interaction might be transient or too weak to be
detected with the condition of IP. As we found interaction
between Rad9 and DNA2 that was enhanced by DNA damage
(Fig. S4B).

One possible cause of HR defect of Rad9 knockdown cells is
that Rad9 phosphorylation is required for proper DNA2 activity;
that is, DNA2 is not fully functional in the Rad9 knockdown
cells. The checkpoint clamp stimulates flap-end nuclease activity
of FENI in vitro.”® Therefore, it is highly possible that the
checkpoint clamp affects flap-endonuclease activities of other
FEN1-family nucleases DNA2 and EXO1. Based on our results,
we propose a model that the checkpoint clamp is recruited to
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Figure 4. Rad9 is required for DSB-end resection. (A) Schematic of induc-
ible DSB system and locations of primers of qPCR. (B and C) ChIP-gPCR
was performed with anti-RPA32 antibody to detect DSB-end resection.

single-stranded area at DSB sites that are created by BRCA1 and
CtIP complex. BRCA1 secures the checkpoint clamp at the DSB
sites by preventing the clamp to slide away in order for the clamp
to support further resection by DNA2. This process allows the
cells to commit to HR, preventing altNHE] that can be initiated
after short resection by CtIP (Fig. S6). While this manuscript
was under review, similar results were published with yeast check-
point clamp.*"**

Materials and Methods

Materials, antibodies and cell lines

The Rad9-flag- expressing plasmids were created by inserting
Rad9 ¢DNA into p3xFLAG-CMV-14 (Sigma-Aldrich) and pPBMN
vectors. Rad9 shRNA (V3LHS_401433, TRCNO0000018881)
constructs were obtained from OpenBio Systems. The Rad9 cell lines
(stably express exogenous wild-type, and endogenous Rad9 expres-
sion is stably knocked down) were created first by selecting Rad9-
flag-expressing single clones and then infecting a shRad9 construct in
the DR-293 cell line. Finally, stable Rad9-knockdown cells were
selected. The tailless Rad9 construct was created by replacing the full
length Rad9-flag cDNA with the truncated Rad9-flag cDNA (aal-
272) with directional cloning. The siCtlP-6 (Cat. no. GS5932),
siBRCA1-9 (Cat. no. GS672), siDNA2-6 (Cat. no. GS1763),
siRad9-5 (Cat. No. GS5883) and negative control siRNAs (Cat. no.
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SI03650318) were obtained from QIAGEN. Twenty-four nM of
siRNAs were used for the experiments. Antibodies against Rad9 (BD
Biosciences, 1:1000), DNA2 (Proteintech, 1:800), BRCA1 (Cell
Signaling, 1:1000), CdP (Abcam, 1:1000), RPA32 (Santa Cruz,
1:1000), RPA32 S4/S8 (Bethyl, 1:4000) and Flag (Sigma-Aldrich,
1:1000) were used for western blotting.

GFP-based HR assay

Analysis of the HR efficiency was carried out as previously
described.” I-Scel expression plasmids (100 pg) were electropo-
rated (250 V, 950 wF) into DR293 cells (5 x 10° cells). After
electroporation, cells were plated in non-selective media for 72 h
and were recovered and concentrated by centrifugation and resus-
pended in Opti-MEM media (Invitrogen) prior to flow cytome-
try. Cells were analyzed in FACSCalibur (BD Biosciences).

GFP-based NHE] assay

Analysis of the NHE] repair efficiency was carried out as pre-
viously described.” Briefly, NHE] reporter cells were transfected
with indicated shRNAs. Transfected cells were selected with
puromycin (1 pg/ml) for one week to achieve efficient knock-
down. Following the selection, cells were electroporated with I-
Scel expression plasmids, recovered and analyzed as above.

GFP-based altNHE] assay

Analysis of the altNHE] repair efficiency was carried out as
previously described.” AItNHE] reporter cells were transfected
with indicated siRNAs. On the following day, electroporation of
I-Scel expression plasmids was carried out, and cells were recov-
ered and analyzed as above.

Inducible DSB system and ChIP-PCR

DSBs were induced in cells integrated with the inducible DSB
reporter construct as previously described.'>'? Briefly, cells were
treated with 1 M Shield-1 (Clontech) and 1 wM 4-hydroxyta-
minofen (Sigma) for 6 hr. Induction of DSB was verified by
checking the mCherry-Lacl-Fokl foci formation with fluores-
cence microscopy. ChIP assay was carried out as previously
described.'>'? Briefly, cells were harvested and washed once in
1XPBS, then cross-linked for 15 minutes at room temperature in
1% formaldehyde with occasional swirling. The crosslink was
quenched with glycine, and cells were lysed in cell lysis buffer
(10 mM Tris pH8.0, 10 mM NaCl, 0.2% NP-40), followed by
centrifugation of the nuclei. The nuclei were lysed in nucleus lysis
buffer (50 mM Tris pH8.0, 10 mM EDTA, 1% SDS) and soni-
cated to ~500 bp chromatin fragments. The fragmented chro-
matin were immunoprecipitated with 2 pg of anti-RPA32
antibodies (Santa Cruz) or control rabbit IgG (Abcam) for
2 hours followed by protein G beads (GE Life Science) incuba-
tion for 1 hr at 4°C. To reverse crosslink, immunoprecipitates
were incubated in 250 pl of elution buffer (100 mM NaHCO;/
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