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ABSTRACT

The yeast cyclic AMP-dependent protein kinase A
(PKA) is a ubiquitous serine–threonine kinase, en-
compassing three catalytic (Tpk1–3) and one regu-
latory (Bcy1) subunits. Evidence suggests PKA in-
volvement in DNA damage checkpoint response, but
how DNA repair pathways are regulated by PKA
subunits remains inconclusive. Here, we report that
deleting the tpk1 catalytic subunit reduces non-
homologous end joining (NHEJ) efficiency, whereas
tpk2-3 and bcy1 deletion does not. Epistatic anal-
yses revealed that tpk1, as well as the DNA dam-
age checkpoint kinase (dun1) and NHEJ factor (nej1),
co-function in the same pathway, and parallel to the
NHEJ factor yku80. Chromatin immunoprecipitation
and resection data suggest that tpk1 deletion influ-
ences repair protein recruitments and DNA resec-
tion. Further, we show that Tpk1 phosphorylation
of Nej1 at S298 (a Dun1 phosphosite) is indispens-
able for NHEJ repair and nuclear targeting of Nej1
and its binding partner Lif1. In mammalian cells, loss
of PRKACB (human homolog of Tpk1) also reduced
NHEJ efficiency, and similarly, PRKACB was found to
phosphorylate XLF (a Nej1 human homolog) at S263,
a corresponding residue of the yeast Nej1 S298. To-
gether, our results uncover a new and conserved
mechanism for Tpk1 and PRKACB in phosphorylat-
ing Nej1 (or XLF), which is critically required for NHEJ
repair.
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INTRODUCTION

DNA double-stranded breaks (DSBs) are the most severe
forms of DNA damage, causing genomic instability and
chromosomal rearrangements (1), leading to serious human
diseases including cancer and immunodeficiency response
(2,3). In response to DSBs, eukaryotic cells recruit three
repair pathways: homologous recombination (HR), non-
homologous end joining (NHEJ), and microhomology-
mediated end joining (MMEJ) to rescue genomic insta-
bility. NHEJ is the main DSB repair pathway in mam-
malian cells, and highly conserved in eukaryotes ranging
from the budding yeast, Saccharomyces cerevisiae, to hu-
mans (4). In yeast, DSB repair through NHEJ requires
three (Yku, MRX, DNA ligase IV) different macromolecu-
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lar complexes for repair initiation, ligation preparation, and
rejoining of broken ends, respectively.

Recognition of DNA damage involves recruitment of
the multifunctional MRX (Mre11–Rad50–Xrs2) complex
(5), the Yku DSB end-binding complex (Yku70–Yku80)
(6), and a cascade of DNA damage checkpoints in which
Mec1 and Rad53 play central roles (7). The MRX com-
plex, in preparation for ligation, forms a bridge between
the broken ends and brings them to close proximity (8).
The final rejoining step requires the DNA ligase IV com-
plex (Lif1–Lig4/Dnl4), in which a third yeast NHEJ pro-
tein, Nej1, interacts with Lif1 (9), thereby recruiting Pol4
and Rad27 proteins for NHEJ end processing and DSB re-
pair (10). In addition, Nej1 mediates Yku retention at DSBs
in a DNA ligase IV-dependent manner (11). In response
to DNA damage, Nej1 is phosphorylated on S297/298 by
the Dun1 checkpoint kinase (12), but additional contribu-
tors to Nej1 phosphorylation and NHEJ-mediated repair
remain unknown.

The cyclic adenosine 3′, 5′-monophosphate (cAMP)-
dependent protein kinase A (PKA) is one of the primary
kinases required for several functions in the cell, including
regulation of DNA repair (13,14). In yeast, PKA is com-
posed of three catalytic subunits, encoded by TPK1-3 genes,
and one regulatory subunit, encoded by BCY1 gene (15,16).
Components of the PKA catalytic subunit trimeric complex
(Tpk1-3) exhibit varied substrate specificities (17), indicat-
ing the potential for distinct functional profiles. A yeast pro-
teome chip screening approach (17) has uncovered Nej1 as a
phosphorylation substrate of Tpk1, but not Tpk2 or Tpk3,
implying a likely role for Tpk1 in DNA repair. Our recent
work has shown tpk1 deletion impaired NHEJ (18), and
that it is epistatic with a yeast uncharacterized gene, hur1
(HU resistance 1) in NHEJ, though the molecular mech-
anism of this connection in DNA repair remains unclear
(19). While this and other evidence suggests the role of yeast
PKA in DNA damage checkpoint pathways (13), and Tpk1
in NHEJ (18,19), how PKA subunits impact these pro-
cesses, and whether there is a conserved role between yeast
and human in DSB repair pathway, warrants further inves-
tigation.

In the present study, we show that deletion of tpk1 and
nej1 (or the checkpoint kinase, dun1), alone or in combina-
tion, reduces NHEJ efficiency by participating in the same
pathway, while functioning redundantly to yku80. We fur-
ther demonstrate that yeast Tpk1 exhibits an in vitro kinase
activity dependent on Nej1 serine residue at S298, a phos-
phosite of Dun1, suggesting a crosstalk between the two
DNA damage checkpoint kinases (Tpk1, Dun1) through
shared phosphorylation of the Nej1 S298. As well, the re-
pair defect of tpk1 deletion can be recovered by mutation of
Nej1 S298E (phosphomimetic), but not Nej1 S298A (non-
phosphorylatable), consistent with the phosphorylation of
S298 being a requisite for Tpk1’s role in NHEJ repair. As
in yeast, PRKACB, a human homolog of Tpk1, showed
similar NHEJ defect in DSB repair by phosphorylating the
Nej1 human homolog, XLF at S263, suggesting a conserved
NHEJ role for Tpk1 in eukaryotes. Overall, our findings
suggest that Nej1 phosphorylation by Tpk1 is intrinsic to
NHEJ break repair and resolution, and highlight a con-
served model for NHEJ regulation.

MATERIALS AND METHODS

Besides the procedures described below, site-directed muta-
genesis, in vitro kinase and phosphorylation-induced mo-
bility shift, sensitivity to DNA damage, clonogenic sur-
vival, cell proliferation, phosphoproteomics/affinity purifi-
cation coupled with mass spectrometry (MS), immunoblot-
ting, purification of yeast Tpk1 and Nej1 recombinant pro-
teins, generation of stable CRISPR gene knockouts (KOs),
immunofluorescence staining and quantification of DNA
damage foci, and alkaline comet assay, among others are
detailed in Supplementary Methods.

Mutant strains or CRISPR gene KOs, cell cultures and plas-
mids

All yeast gene deletions (or mammalian gene KOs), plas-
mids, primers, and antibodies used are listed in Supplemen-
tary Table S1. Yeast FLAG or HA-tagged fusion proteins
and mutant strains were created in BY4741 or JKM139
background by lithium acetate transformation (20). Dele-
tions were confirmed by PCR and/or DNA sequencing
across the deletion site. Yeast strains were grown in YPD
(1% yeast extract, 2% bacto-peptone, 2% glucose) at 30◦C,
unless otherwise noted. Human osteosarcoma U2OS and
HEK293T cells were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin mix at 37◦C and 5% CO2.
Stable human gene KOs were created using a CRISPR-Cas9
system with LentiCRISPR-v2 blasticidin or puromycin, fol-
lowing established procedure (21).

NHEJ or HR assays and plasmid mutagenesis

The plasmid end joining or chromosomal DSB repair
for NHEJ, plasmid mutagenesis, and HR plasmid repair
assays in yeast were performed as previously described
(20). Briefly, circular plasmids pRS416 and Ycplac111 with
URA3 or LEU2 selective markers for relevant background
strains were digested at their unique XbaI or SmaI restric-
tion sites. About 20 ng of circular and linearized plasmids
were transformed using lithium acetate, and selected on
minimal media lacking uracil or leucine. Colony formation
from the replicates of linear/circular transformations for
mutant over linear/circular for wild-type managed on the
same day were used to estimate NHEJ repair efficiency. For
plasmid mutagenesis, XbaI or SmaI-digested pRS416 plas-
mid was transformed into the yeast wild-type or mutant
strains, and plasmid DNA recovered from at least 24 sin-
gle yeast positive colonies after URA3 selection were trans-
formed into the chemically competent DH5� cells, follow-
ing the manufacturer’s instructions. Plasmid DNA isolated
from successful transformants was purified using QIAprep
spin miniprep kit (Qiagen), and analyzed after sequencing
at Toronto’s TCAG (The Centre for Applied Genomics) fa-
cility.

For chromosomal DSB repair, overnight cultures of the
wild-type JKM139 strain, gene deletion mutants, and those
carrying overexpression plasmids were grown in YPD at
30◦C to an OD600 of ∼0.5. Harvested cells were washed in
sterile water three times to remove residual glucose prior
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to transferring to non-repressing YPEG media (YP plus
2% ethanol and 3% glycerol), and grown to the logarithmic
phase with constant shaking at 30◦C. The cultures were se-
rially diluted from 10–1 to 10–6 cells, and 100 �l of each dilu-
tion was plated on YP medium containing glucose or galac-
tose to generate HO-induced DSBs. After incubating the
plates for 2–4 days at 30◦C, chromosomal DSB efficiency
reflects the colonies survived in galactose over glucose me-
dia.

HR plasmid repair was carried out by co-transforming
10 ng of BglII-digested linear pGV256-DEAD plasmid
DNA and 200 ng of the purified lacZ amplicon (PCR am-
plified from pGV255-LIVE plasmid using lacZ primers)
into the yeast mutant strain using a standard transforma-
tion procedure, with at least 50 colonies assayed for lacZ
reporter activity via colony-lift filter assay (20). HR ef-
ficiency was calculated as the number of lacZ-producing
blue colonies over a circular plasmid transformation with
uncut pGV256 plasmid, and normalizing mutants to
wild-type.

Chromatin immunoprecipitation (ChIP) and DNA resection

ChIP was performed as described (20) with the follow-
ing modifications. A 5 ml overnight culture of Nej1-HA
or Nej1-HA in tpk1 deletion of JKM139 cells was grown
in non-repressing YPEG media to the mid-logarithmic
phase. To induce HO cleavage and overexpression of
Nej1-HA construct carrying GAL1 promoter, the cul-
ture was spiked with 2% galactose for 1 h. Following
1% formaldehyde crosslinking for 30 min and reaction
quenching with 150 mM glycine, cells after washing were
disrupted with glass beads, and the extracts were in-
stantly processed for sonication. The sonicated chromatin
was immunoprecipitated with protein G beads (Miltenyi)
and an anti-Tpk1, anti-HA or anti-Yku70 (Santa Cruz)
antibodies.

DNA resection was assayed as previously described (22)
in JKM139 strain grown in YPEG media to the logarith-
mic phase. DNA damage was induced with 2% galactose,
and 50 ml was taken at each time point. Cells were resus-
pended in ice-cold lysis buffer (20 mM HEPES KOH pH
7.4, 150 mM KOAc, 2 mM MgAc2, 1 mM EGTA, 0.6 M
sorbitol), followed by mechanical glass bead disruption and
5 min of vortexing. Chromosomal DNA from the lysate was
isolated via phenol-chloroform extraction. Purified DNA
was resuspended in 100 �l of water, and approximately 1
�l of DNA was used for restriction enzyme digestion using
PsiI, which cuts once at each DNA locus if the DNA is in
a double-stranded conformation, thereby preventing quan-
titative real-time PCR (qRT-PCR) amplification. Control
(uncut) DNA was processed in the same way (2 h incubation
at 37◦C) but in the absence of the restriction enzyme. QRT-
PCR was performed using a LightCycler96 (Roche) and the
FastStart Essential DNA Green master mix (Roche) as per
manufacturer’s instructions. ChIP results are displayed as
fold-enrichment at the target (i.e. DSB) site relative to a con-
trol locus, while percent linearized DNA for resection was
calculated from the increase in Ct cycles compared to con-
trol uncut DNA.

In vivo NHEJ and HR assays in mammalian cells

The NHEJ reporter plasmid (pEGFP-Pem1-Ad2) provided
by V. Gorbunova (University of Rochester) as described
(23) was digested at 37◦C with I-SceI homing enzyme. This
linearized pEGFP-Pem1-Ad2 (green) was co-transfected
with pDsRed2-N1 (red, Clontech) plasmid in 80–90% con-
fluent U2OS cells (3 × 106 cells in 60 mm plate) carry-
ing control sgRNA or CRISPR gene KOs. In the case of
HR reporter assay, control sgRNA or CRISPR gene KO
U2OS cells were co-transfected with plasmids containing
pCAGGS-mCherry as well as pDRGFP and pCBASceI, ex-
pressing I-SceI endonuclease from a mammalian promoter
that introduces DSBs at genomic I-SceI sites (24). All plas-
mids were transfected in control sgRNA or gene KO U2OS
cells using Lipofectamine® LTX with PLUS transfection
reagent (ThermoFisher Scientific), following the manufac-
turer’s instructions. After 72 h of transfection, harvested
cells were washed in phosphate-buffered saline and fixed in
2% paraformaldehyde for Fluorescence-activated cell sort-
ing analysis using a MoFlo XDP Flow Cytometer (Beck-
man Coulter). The repair efficiency in wild-type or gene
KOs was reported by measuring cells positive for both GFP
and DsRed (or mCherry) over DsRed or mCherry positive
cells.

RESULTS

Yeast Tpk1 is required for chromosomal DSB repair by
NHEJ

Since our recent work suggests that Tpk1 is a poten-
tial contributor to DSB repair (18), we examined genetic
interactome investigations (25,26) under genotoxic stress
or standard laboratory growth conditions, which revealed
that tpk1 and tpk3, as well as components of the NHEJ
(dnl4, rad27, yku70/80), HR (rad51/52/54/55/57/59) or
NHEJ and HR (mre11, rad50, xrs2) DNA repair machiner-
ies shared 87 aggravating (i.e. combination of mutations
impairing cell growth; referred as synergistic, Supplemen-
tary Table S2) genetic interactions, with 19 genes involved
in DNA damage and other processes linked to damage-
dependent roles (25,26). This includes the functional con-
nectivity between tpk1/tpk3 and Dun1 or yku70 to genes
involved in DDR (DNA damage response; rtg3) and NHEJ
(pph3; Figure 1A). These observations suggest that the PKA
catalytic subunits are either involved in NHEJ repair or
broader DNA DSB repair mechanisms.

To examine the possible role for all PKA components
in mediating genome integrity, the tpk1-3 deletion mutants
were tested for efficient DSB repair using an established
plasmid repair assay (20). Essentially, NHEJ is measured
by transforming linearized and circularized plasmids into
mutant or wild-type strains in parallel, and mutants ex-
hibiting low tendency to form colonies under linear DNA
transformations were considered to be defective in NHEJ.
As before (18), strains lacking tpk1 exhibited poor repair
efficiency of linearized plasmids with four nucleotide (5′-
GATC) overhang, albeit not to the same extent as with the
yku70-deficient NHEJ mutant (Figure 1B). However, native
expression of TPK1 in the respective deletion mutant strain
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Figure 1. Tpk1, but not other PKA components, associates with NHEJ. (A) PKA catalytic subunits, HR, NHEJ, and MRX (i.e. both NHEJ and HR)
genes sharing synergistic genetic interactions (GIs; see Supplementary Table S2) with DNA damage-related genes in untreated and specific to MMS treated
conditions (25,26). (B, C) Repair efficiency for plasmids (B) and HO-induced chromosomal (C; RCF, relative colony formation) DSBs on wild-type (WT)
and mutant strains. Schematic (top; panel C) of the yeast JKM139 strain on chromosome III, expressing galactose-inducible HO endonuclease at MAT
locus, bearing hml and hmr deletions. (D) HR efficiency of the WT and mutant strains. (E) Plasmids recovered (n ≥ 20 clones) from WT and mutant strains.
Data in panels B–D are mean ± SD (n = 5 biological replicates; *P ≤ 0.05 by Student’s t test).

has restored NHEJ efficiency to near wild-type. In contrast,
neither tpk2/3 nor bcy1 mutants showed comparable defect
(Figure 1B). When combined with tpk2/3, or bcy1 mutants,
tpk1 deletion did not display additional reduction in DSB
repair when compared with tpk1 mutant alone. This sug-
gests a role for Tpk1 in NHEJ, irrespective of other PKA
catalytic and regulatory subunits.

Since plasmid-based DSB can be functionally distinct
from chromosomal DSBs (20), we created tpk1-3 and bcy1
mutants in the yeast parental JKM139 strain, which in
the presence of galactose expresses the HO-site specific en-
donuclease under the galactose or GAL1 promoter, caus-
ing in vivo chromosomal DSBs and producing 3′ overhangs
at MAT locus (27). Since JKM139 strain lacks two silent
copies of the MAT locus (HML and HMR homologous re-
gions) that would be required to repair HO-induced DSBs
by HR, efficient repair of DSBs will thus rely on NHEJ
(27). The rate of cell survival was estimated for each mu-
tant by the number of colonies formed on galactose as op-

posed to colonies grown on glucose-supplemented media.
As with the plasmid repair assay (Figure 1B), when DSB
was induced with galactose, the tpk1 mutant significantly
reduced (P ≤ 0.05) cell survival, and further reductions in
the yku70 NHEJ control was observed as expected, but not
for tpk2, tpk3 or bcy1 mutants (Figure 1C). To examine if
the loss of tpk1 explicitly impacts NHEJ and not HR, we
performed an HR plasmid repair assay (28), and found that
tpk1 mutant did not impair HR (Figure 1D), as compared
to the HR-defective control rad54.

To further examine whether repair patterns are altered
in the tpk1 mutant when compared with wild-type due to
intrinsic changes pertaining to tpk1 deletion, at least 24 in-
dependent colonies from the plasmid repair assay were iso-
lated and subjected to sequencing to identify mutagenesis
rates at the site of DNA DSB repair. While occasional mu-
tagenesis was observed in wild-type cells (i.e., 90% of the
plasmids recovered showed intact cleavage sequence, with
10% showing nucleotide loss of either >4 or <4 bp), 75%
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of the plasmids recovered from the tpk1 mutant showed >4
nucleotide loss at the cleavage site, which was comparable
to plasmids recovered from the yku70 mutant (Figure 1E),
indicating substantial resection at the breakage site for each
deletion mutant, consistent with less efficient NHEJ repair
events.

Tpk1 is functionally related to Nej1 and the Dun1 checkpoint
kinase

The previous identification of Nej1 as a potential substrate
for Tpk1, and Dun1’s established role in phosphorylating
Nej1 as part of the NHEJ repair (12,17) suggest that Tpk1’s
role in DSB repair by NHEJ may be functionally reliant on
Nej1 and Dun1. We thus probed the effect of tpk1 and nej1
or dun1 single and double mutants on DSBs using the HO-
induced chromosomal DSB assay, and found that the tpk1
nej1 (or tpk1 dun1) double mutants showed no further re-
duction in the DSB repair efficiency compared to the loss-
of-function of tpk1 or nej1 (or dun1) alleles alone (Figure
2A). This result suggests that Tpk1, Nej1 and Dun1 co-
function in the same pathway.

We next determined whether reduced NHEJ repair effi-
ciency in the tpk1 mutant can be rescued by the overex-
pression of NEJ1 or DUN1. Strikingly, NEJ1 or DUN1
overexpression from GAL1 promoter in the tpk1 mutant
has restored chromosomal DSB repair efficiency to near
wild-type levels. This rescued phenotype of tpk1 deletion
is compensatory only by NEJ1 or DUN1 overexpression,
as neither the empty vector in tpk1 mutant nor NEJ1 or
DUN1 overexpression in wild-type had effect on DNA re-
pair efficiency (Figure 2B). Overexpression of other core
NHEJ genes in trans also does not rescue DSB repair de-
ficiency in tpk1 mutant under HO induction of chromoso-
mal break (Supplementary Figure S1A). Further, we exam-
ined the possibility of Nej1 protein levels being regulated
by TPK1 expression after DNA damage, which may explain
recovery in the tpk1 mutant by NEJ1 overexpression. How-
ever, comparable protein level of Nej1 at various time points
after bleomycin (BLM, a DSB-generating agent)-induction
remained consistent in the wild-type or tpk1 null strain (Fig-
ure 2C). Since these results reveal that the tpk1 mutant phe-
notype can be rescued by NEJ1 or DUN1 overexpression,
and that TPK1 is not a regulator of Nej1 expression, we con-
clude that Nej1/Dun1 likely function downstream of Tpk1.

To examine potential physical associations between
Tpk1, Nej1 and Dun1, we chromosomally tagged Tpk1 and
Nej1 with 5× FLAG-epitope, and the respective proteins
were affinity purified to near physiological conditions, inde-
pendently six times, and further subjected to MS analysis.
Interacting proteins filtered at 1% (q ≤ 0.01) false-discovery
rate from the MaxQuant search engine, and those present
in at least three of the six replicates in either Tpk1 or Nej1
purifications, but not in the untagged control strain, were
considered high-quality interactions (Figure 2D). Our anal-
ysis captured known associations from literature (e.g. Tpk1-
Tpk2/Bcy1; data not shown), and additionally found Tpk1
and/or Nej1 to engage in previously unreported interac-
tions implicated in DNA-repair related processes (Supple-
mentary Table S3), including DDR (Slx8), DNA repair
(Act1) and NHEJ (Rsc8). The MS experiments have re-

producibly co-purified Nej1 with Tpk2 and Bcy1, and not
with Tpk1 (data not shown), which could be attributed to
detergent-mediated disruption of low abundance or weak
binding partners. However, when co-immunoprecipitation
was carried out with the use of exogenous expression of
HA-tagged Nej1 and chromosomal TAP-fusion of Tpk1,
as well as the lysis of cell extracts with no detergent in
buffer conditions and gentle cell disruption using glass
beads, we found Nej1 to co-precipitate with Tpk1 in cell
extracts treated with or without BLM (Figure 2E). Since
Dun1 regulates DNA repair pathways (29), we performed
co-immunoprecipitation to verify whether Tpk1 and Dun1
interact, with or without DNA damage. We found that
Tpk1 co-precipitates with Dun1 (Figure 2F), as with Nej1,
which strengthens the possibility of Tpk1–Nej1–Dun1 in
the assembly of a macromolecular complex, irrespective of
DNA damage induction.

Tpk1-Nej1 function in parallel to Yku80, to promote
repair/prevent DNA resection

The Yku heterodimer (Yku70, 80) is critical for the re-
pair of XbaI-produced cohesive ends through NHEJ, but
dispensable for the repair of SmaI-generated blunt (non-
cohesive) DNA DSBs due to MMEJ (30). We therefore ex-
amined the possible functional crosstalk between Tpk1 and
Yku80 in NHEJ and MMEJ. Strikingly, deletion of both
tpk1 and yku80, or nej1 and yku80 mutants severely im-
paired the ability of yeast cells to repair XbaI-cut cohesive
DNA DSBs, resulting in mere efficiency of 0.03% for the
tpk1 yku80, as recently reported (18), and 0.17% for the
nej1 yku80 double mutants when compared to single mu-
tants (Figure 3A).

In regard to SmaI blunt-ended DNA DSBs, tpk1 or nej1
mutants exhibited reduction in efficient repair (4.0% for
tpk1, 4.2% for nej1, Figure 3B) when compared to an al-
ready inefficient wild-type (10%) as reported (31). While no
further decrease in DSB repair efficiency with blunt ends
was noticed in the tpk1 nej1 double mutants (Figure 3B),
the digenic combination of yku80 with tpk1 (or nej1) dele-
tions has instead led to an additional reduction in DSB re-
pair efficiency (4.1% for tpk1 yku80; 4.4% for nej1 yku80
double mutants) with respect to tpk1 or yku80 single mu-
tants. Notably and in a marked contrast to tpk1, the yku80
single mutant is highly proficient in repairing SmaI-cleaved
blunt-ended DSBs when compared to wild-type (Figure
3C), consistent with reports (18,32), indicating Ku’s role in
the suppression of error-prone repair mechanisms. In any
case, our results suggest that Tpk1 and Nej1 operate paral-
lel to Yku80 in lesion repair of short cohesive 5′ overhangs,
while being significant for the repair of blunt-ended DNA
lesions, implying a shared role in NHEJ and MMEJ. Con-
sistent with this, we found that deletion of tpk1 or nej1 in
the yku80 mutant led to further reduction in repairing DSBs
(Figure 3D).

To further examine the functional role of Tpk1 in rela-
tion to Nej1 and Yku80, we characterized plasmid repair
events from transformed colonies by recovery of the plas-
mid and sequencing. Contrary to the repair of cohesive-
ended DSBs (Figure 1E), but consistent with previous find-
ing (10), we found that nej1 deletion led to a decrease in mu-
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C

Figure 2. Tpk1 effect on NHEJ is associated with Dun1 and Nej1. (A, B) Chromosomal DSB repair efficiency in tpk1 and dun1 (or nej1) double mutants
(A) and their single mutants, as well as in the overexpression (B) of NEJ1 or DUN1 in tpk1 mutants. (C) Nej1 protein expression at different time points
post BLM-induction in HA-tagged Nej1 in wild-type (WT) and tpk1 mutants along with yeast (Sc) GAPDH control (Ctrl). (D) Immunoblot (IB) showing
the native expression of chromosomally FLAG-tagged Tpk1 and/or Nej1 in whole cell lysates (WCL) and their physical association with proteins (filtered
at q ≤ 0.01 false-discovery rate, FDR) involved in DNA repair-related processes (Supplementary Table S3); PPIs, protein-protein interactions. (E, F) TAP-
tagged Tpk1 immunoprecipitated (IP) with calmodulin beads from the cell extracts of HA-tagged Nej1 (wild-type, mutagenized; E) or Dun1 (F), treated
with or without bleomycin (BLM) in the presence or absence of Tpk1, was IB’ed with anti-TAP or anti-HA antibody. The expression of TAP or HA-tagged
proteins in whole cell or IPed lysates were IB’ed with anti-TAP or anti-HA antibody as controls (ctrl). Molecular masses (kDa) of marker proteins are
shown in C, E and F. Data in panels A and B represent mean ± SD (n = 5 biological replicates; *P ≤ 0.05 by Student’s t test).

tagenesis of plasmids recovered from transformed colonies
(i.e. 10% of the plasmids show >4 nucleotide loss at the
cleavage site), likely due to reduced end processing activi-
ties of Rad27 stimulated by Nej1 (10). In the repair of SmaI
blunt-ended DSBs, the tpk1 mutant resulted in less muta-
genesis (i.e., 20% of plasmids show >4 nucleotide loss) than
wild-type, resembling more closely the nej1 mutant, whereas
yku80 mutant, as expected, resulted in increased mutagene-
sis (Figure 3E). This implies that Tpk1 function is in align-
ment with Nej1 than Yku80 in NHEJ-mediated repair.

Next, the recruitment of Tpk1, Nej1 and Yku70 to the
DSB site was investigated by performing ChIP, followed
by qRT-PCR using primers designed for proximal to and
more distal from the expected site of DNA damage, 0.3
and 5.0 kb of the HO cleavage site at the MAT locus (Sup-
plementary Figure S1B). Specifically, ChIP was conducted
with an HA-specific antibody probing for an HA-fusion

tag on the C-terminal end of Nej1, and in parallel utilized
a protein-specific antibody to perform Tpk1 or Yku70, in
wild-type JKM139 cells, before and after 60 min of HO-
induced DSBs. Our data showed significant enrichment of
DNA from Tpk1 immunoprecipitates within 0.3 kb from
the site of damage within 60 min of HO induction, while no
increase was observed at 5.0 kb from the cleavage site when
compared to uninduced cells (Figure 3F), suggesting that
Tpk1 is recruited to the DNA break site as early as 60 min
after HO induction. Similarly, Yku70 and Nej1 also were
highly enriched at 0.3 kb from the HO cleavage site com-
pared to uninduced cells, and not at more distal locations
or the control locus.

In tpk1 mutants however, Yku70 immunoprecipitated
with DNA to a much lower degree at 0.3 kb from the cleav-
age site over the uninduced control (Figure 3G), implicating
either a reduced recruitment or retention at the break site.
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Figure 3. Recruitment of Tpk1 to DNA damage sites. (A–C) Plasmid repair efficiency of DSBs with cohesive (A) and blunt (B, C) ends, where tpk1 (or
nej1) yku80 double mutants were shown relative to yku80 (C) single mutant due to its increased repair efficiency of blunt end breaks as reported (32). (D)
Chromosomal DSB repair efficiency of tpk1 double and single mutants is shown as a zoom-in. (E) SmaI- recovered plasmid mutagenesis (n ≥ 20 clones)
from wild-type (WT) and mutants. (F–I) Fold enrichment of Tpk1, Nej1 and/or Yku70 (positive control) in WT (F), Nej1 overexpression (H), or tpk1
mutant (I) with or without (G) Nej1 overexpression, before and after HO-induced DSB (i.e. from 0.3 and 5.0 kb distance from the damage site, along with
control locus). Data are mean ± SD (n = 5 biological replicates; *P ≤ 0.05 by Student’s t test).

Further, enrichment of DNA from Nej1 was diminished at
0.3 or 5.0 kb distant from the DSB (Figure 3G), suggesting
a reduction of Nej1 recruitment in the absence of tpk1 or a
delay/disruption in the Nej1 recruitment due to Yku70 loss,
and potential DNA-end resection. Since overexpression of
NEJ1 recovers chromosomal DSBs in tpk1 mutant (Figure
2B), we performed Yku70 or Tpk1 ChIP from cells over-
expressing NEJ1 from the same GAL1 promoter inducing
HO cleavage. In contrast to uninduced cells, NEJ1 overex-
pression resulted in similar Yku70 and Tpk1 enrichment of
DNA at 0.3 kb from the break site as with the wild-type
(Figure 3H), consistent with normal repair processes. When
NEJ1 was overexpressed in a tpk1 mutant, we observed the
recovery of DNA, 0.3 kb from breakage of Yku70 (Fig-
ure 3I), suggesting that NEJ1 overexpression contributes
to the reduction of large sequence DNA-end resection,
and restores Yku70 close to the break site to wild-type
levels.

Phosphoproteomics identify the Nej1 phosphorylation site of
Tpk1

Previous large-scale phosphorylation mapping of yeast (17)
has putatively suggested Nej1 as potential substrate for pro-
tein serine/threonine kinases (Yck1, Atg1), AMP-activated
serine/threonine kinase (Snf1), calmodulin-dependent pro-
tein kinase (Cmk1), and the cAMP-dependent protein ki-
nase catalytic subunit (Tpk1) under non DNA-damaging
condition. Given the native physical association between
Nej1 and Tpk1, we investigated whether Nej1 is being
targeted by Tpk1 in the presence or absence of HO-
induced DNA damage. Endogenously expressed FLAG-
tagged Nej1 was purified from wild-type and tpk1 null
strains, independently in triplicate, before and after HO-
induced DSBs. Phosphopeptides from protein extracts en-
riched using titanium dioxide-metal oxide affinity chro-
matography were analyzed by MS for peptides phosphory-
lated (q ≤ 0.05) in wild-type and tpk1 mutant (Supplemen-
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tary Figure S2A). Phosphosites were identified by applying
a post-translational modification site-specific probability-
based cut-off of ≥25% based on known phosphosites from
literature/public databases, and retaining phosphosites de-
tected in 2 of 3 replicates or found in at least ≥ 2 phospho-
peptides under any given condition.

In total, 33 phosphorylation sites on Nej1 were iden-
tified, of which 25 were Tpk1-independent (i.e. uncov-
ered in tpk1 mutant and seen or lost in wild-type cells)
and 8 Tpk1-dependent (i.e. identified in wild-type cells but
lost in tpk1 mutant) in HO-induced DSBs (Supplemen-
tary Figure S2B, Supplementary Table S4). Among the
latter, S297/298 were previously reported as Nej1 phos-
phorylation sites in response to DNA damage, and tar-
geted by Dun1 as part of its NHEJ repair mechanism
(12). Also, Nej1 sequence alignment revealed S297/298
and a putative conserved Nej1 phosphorylation motif
‘KPKSRE pS pST’ located at S297/298 with known rel-
atives or in different strains of yeast, suggesting an evo-
lutionary conserved role for these sequences (Supplemen-
tary Figure S1C). Two-thirds (21, 64%; Supplementary
Figure S2B) of Tpk1-dependent/independent phosphory-
lations occurred on Nej1 serine residues. Six phosphosites
(Y53/131,S58/297/298/323) identified in yeast Nej1 were
also conserved in the human XLF (Supplementary Table
S4), and nearly half of the yeast Nej1 residues (15–179 po-
sition) exhibited a consensus for an XLF domain (Supple-
mentary Figure S2C).

Among the serine phosphosites detected on Nej1, 14 were
unique to uninduced or HO-induced DSBs, while 7 were
shared across conditions (Supplementary Figure S2B). For
instance, S294 phosphorylation on Nej1 was dependent on
tpk1 in both non-DNA damaging and DNA-damaging con-
ditions, whereas tpk1-dependent phosphorylation at S301
was observed only in the non-DNA damaging condition.
Conversely, the tpk1-independent S111 phosphosite of Nej1
under non-DNA damaging condition suggests that phos-
phorylation is possibly induced by other kinases without
DNA damage. Also, tpk1-independent S74/76 phosphory-
lation on Nej1 under HO-induced DSBs, including the pre-
viously highlighted (12) DDR kinase phosphorylation sites
in Nej1 (S63/68, T60), may represent modifications vital to
coordinating cellular responses to DNA damage that are in
some way abrogated by Tpk1 to potentially regulate DNA
repair.

Tpk1-mediated Nej1 S298 is vital for nuclear localization and
NHEJ repair

Tpk1 preferentially targets R-[K/R]-X-S sequences (17),
with two R-X-X-S matching sequences approximating this
recognition site within Nej1, including at the phosphory-
lated S298. This prompted us to consider S298 of Nej1 as
potential Tpk1 phosphosite, which we have tested in us-
ing non-phosphorylatable (i.e. mutagenizing S298 to ala-
nine (S298A) in the wild-type to mimic dephosphoryla-
tion) and phosphomimetic (i.e. modifying S298 to gluta-
mate (S298E) to mirror constitutive phosphorylation) mu-
tants. Tpk1 association with Nej1 was observed in both
S298A or S298E mutants under DNA damaging or non-
DNA damaging conditions (Figure 2E), suggesting that

Tpk1 is physically coupled with Nej1, independent of the
phosphorylation state or DNA damage. The kinase activity
assay performed using purified Tpk1 and Nej1 led to strong
kinase-dependent consumption of ATP (i.e. a phosphoryla-
tion effect) when compared to Tpk1 or Nej1 protein alone
(Supplementary Figures S2D and E). Notably, the kinase
activity of Tpk1 was impacted in Nej1 S298A and S298E
variant strains (Supplementary Figure S2E).

To validate Nej1 S298 site as the direct target of Tpk1
activity, we examined electrophoretic mobility of Nej1
changes in the absence or presence of DNA damage
(i.e. HO-induction) with chromosomally integrated Nej1-
HA in wild-type or tpk1 deleted cells, with or without mu-
tation (S298A, S298E). In contrast to wild-type, DNA-
damage induced mobility shift was lost in cells produc-
ing Nej1 variants. In tpk1 deletion, no Nej1 mobility shift
changes were detected in wild-type Nej1 or variants (Fig-
ure 4A). This was confirmed by immunoprecipitating Nej1
from wild-type and tpk1 deleted cells, with or without Nej1
variants, in the presence or absence of DNA damage, fol-
lowed by immunoblotting with phosphoserine antibody. In
line with other findings, wild-type Nej1 was phosphorylated
in DNA damage induced cells containing Tpk1, but phos-
phorylation was halted for Nej1 variants from wild-type
TPK1 or tpk1 deletion (Figure 4B).

Next, the potential relevance of S298 to DNA repair was
monitored by comparing nuclear foci formation at DSB
sites using surrogate markers (Rad53, � -H2A) of DNA
damage (20) in NEJ1 wild-type and variants in tpk1 null and
wild-type background strains treated for 1 hr with DSB-
inducing drug, BLM. Both Rad53 and � -H2A foci were in-
creased in the Nej1 S298A variant strain in wild-type TPK1
or tpk1 deletion after BLM treatment, mimicking the tpk1
mutant alone. Conversely, the Nej1 S298E variant in wild-
type TPK1 or tpk1 deletion has emulated wild-type cells
(Figure 4C), suggesting that loss of tpk1 had minor effect on
foci formation in phosphomimetic Nej1 at site 298. These
findings are in line with the Rad53 and � -H2A phosphory-
lation levels detected 1 hr post-BLM-induced DNA dam-
age by immunoblotting in wild-type TPK1 or tpk1 dele-
tion mutant producing the Nej1 S298A variant (Figure 4D),
while dephosphorylation of Rad53 and � -H2A levels were
noted in the wild type TPK1 or tpk1 deletion mutant pro-
ducing the Nej1 S298E variant. We then examined whether
Tpk1 was essential for Nej1 phosphorylation at S298 in
NHEJ resolution. Chromosomal NHEJ repair with en-
dogenously produced S298E-mutagenized Nej1 in the tpk1
mutant showed that Nej1 S298E in the tpk1 mutant restored
NHEJ efficiency comparable to wild-type, while S298A ex-
hibited a profound repair defect (Figure 4E), indicating that
S298 of Nej1 contributes to the recovery of NHEJ defect in
tpk1 mutant, consistent with S298 requirement for efficient
NHEJ (12).

To examine resection at the DNA repair site in tpk1 mu-
tant or Nej1 variants, we isolated chromosomal DNA from
JKM139 strains under constitutive HO induction of DNA
damage at multiple time points over a 4 hr time course and
subjected the isolated DNA to PsiI restriction digestion,
which cuts dsDNA in the region amplified by qRT-PCR be-
tween the primer pairs at 0.3 and 5.0 kb distal from HO
cleavage. QRT-PCR amplification is thus dependent on a
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Figure 4. Tpk1 phosphorylates yeast Nej1 at S298. (A, B) Extracts from the Nej1-HA wild-type (WT) and mutant strains harbouring with (+) or without
(−) Tpk1 in the presence (+) or absence (−) of HO-induced DSBs were immunoblotted (IB’ed) with anti-HA antibody to detect DNA-damage induced
mobility shift of phosphorylated Nej1 (*; A) or with anti-phosphoserine (B) antibody to identify phosphorylated serine. Yeast (Sc) anti-GAPDH (A) or
anti-HA (B) were used as a control (Ctrl). (C) Rad53 and � -H2A foci (n = 200 cells per sample) in BLM-induced WT and tpk1 mutants, with or without
mutagenized Nej1, immunostained with anti-Rad53 or anti-� -H2A antibody. Nuclei stained with DAPI are indicated with dotted lines. Scale bar, 5 �m.
(D) Phosphorylated Rad53 (*) and H2A in the indicated WT and tpk1 mutants, with or without Nej1 variant, after 1 hr of recovery from BLM induction
was analyzed by probing with anti-Rad53 and anti- � -H2A antibody, along with yeast (Sc) anti-GAPDH as a control. (E) HO-induced chromosomal
(RCF, relative colony formation) DSBs on endogenously expressed Nej1 WT or variants in the presence or absence of tpk1. (F) Accretion of resected
ssDNA in the strains with no DNA damage or recovered after HO induction (i.e. 0.3 kb from break site) at varying times points. (G, H) Micrographs (G)
and quantification (H; n = 100 cells per sample) of Nej1 and Lif1 nuclear targeting in the BLM-induced Nej1 WT or variants, carrying with or without
tpk1, after probing with anti-HA or anti-Lif1 antibody. DNA stained with DAPI. Scale bar, 5 �m. Data for E and F are mean ± SD (n = 3 biological
replicates; *P ≤ 0.05 by Student’s t test). Molecular masses (kDa) of marker proteins are indicated in panels A, B and E.

failure of PsiI digestion, indicative of ssDNA due to resec-
tion, and a proportion of qRT-PCR amplification versus
undigested control generates a percent resection at the cor-
responding locus. Wild-type cells exhibited minor resection
at late time points (4 h) consistent with repair cycles occur-
ring efficiently and minimal resection, however, as with a
failure of NHEJ and resection by yku70 or nej1 mutants, we
found an increase in resection starting at 30 min and con-
tinuing at all time points proximal to the break site, with
resection at the 5.0 kb locus emerging later (Figure 4F, Sup-
plementary Figure S2F). While tpk1 mutant did not exhibit
the same degree of resection at 30–60 min, by 90 min resec-
tion was comparable to nej1 mutant at 0.3 and 5.0 kb.

Both Nej1 S298A and tpk1 mutant producing the Nej1
S298A variant exhibited similar behavior, suggesting that
ablation of S298 phosphorylation is similar to the tpk1 mu-
tant, while the phosphomimetic Nej1 S298E and tpk1 mu-
tant producing Nej1 S298E variant showed reduced resec-
tion at all time points (Figure 4F, Supplementary Figure
S2F). This suggests that the Nej1 S298E variant can re-
cover NHEJ defect, and the downstream impacts of tpk1-
deficient mutant failure to repair DSBs results in DNA
resection. Tpk1 acts through Nej1, which stimulates re-
section via Rad27, and prevents more extensive resection
(22). Together, we conclude that S298 phosphorylation
through Tpk1 activity is needed for efficient NHEJ repair,
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and the failure of this repair due to the loss of Tpk1 ac-
tivity or S298 phosphorylation leads to DNA resection,
and consequently adopting MMEJ as an alternate repair
strategy.

Previous reports show the C-terminus of Nej1 to be crit-
ical for Nej1 localization to the nucleus, its interaction with
Lif1, and NHEJ repair (33). These observations and Nej1’s
function as part of the DNA ligase IV complex (Dnl4-Lif1),
led us to determine whether tpk1 mutant or Nej1 variants
impact Nej1 or Lif1 localization to the nucleus. We found
that the tpk1 mutant and Nej1 S298A variant produced in
wild-type or tpk1 mutant resulted in a loss of Nej1 or Lif1
localization in the nucleus, with (Figure 4G and H) or with-
out (Supplementary Figures S3A and S3B) DNA damage,
whereas nuclear localization was restored in cells harbor-
ing the wild type or tpk1 mutant producing the Nej1 S298E
variant, suggesting that both Tpk1 and Nej1 S298 are im-
portant for nuclear targeting, in addition to NHEJ repair
(Figure 2A).

The yeast Tpk1 role in NHEJ break repair is conserved in
mammalian cells

Given that the yeast PKA catalytic subunits (Tpk1-3) share
47–49% sequence identity with their human PRKACB
counterpart (3e–127 ≤ E-value ≤ 7e–121; Supplementary
Figure S3C), and the yeast Nej1 human homolog, XLF,
facilitates NHEJ by bringing together broken DSB ends
(34), we examined whether PRKACB and XLF display sim-
ilar NHEJ activity in human U2OS osteosarcoma cells (an
in vitro model cell line for studying DDR genes (20)). To
test this possibility, we performed an in vivo end-joining
pEGFP-Pem1-Ad2 reporter assay (23), whereby I-SceI di-
gestion results in a DSB being created and successful repair
by NHEJ essentially restores GFP expression (Supplemen-
tary Figure S4A). As with the yeast tpk1 and nej1 (Figure
2A), CRISPR-Cas9 mediated PRKACB or XLF KOs con-
firmed by immunoblotting in U2OS cells (Figure 5A) sig-
nificantly (P-value ≤ 3.1 × 10–3) reduced GFP and DsRed-
positive cells to 8–13%, as opposed to the non-targeting
control (Figure 5B). Reduced NHEJ-mediated DSB repair
by PRKACB is specific, since PRKACB KO in U2OS cells
did not exhibit reduction in HR activity as in XLF KOs
(Figure 5B, Supplementary Figure S4B) with pDRGFP re-
porter (35), suggesting a conserved role for Tpk1 or Nej1
human homologs in NHEJ repair. Immunoblotting with cy-
tosolic and nuclear extracts of PRKACB or XLF KOs in
U2OS cells using protein specific antibodies further indi-
cated that PRKACB is required for XLF localization to the
nucleus (Figure 5C), similar to that of the yeast Tpk1, in
both nuclear targeting and NHEJ repair.

To further examine the impact of PRKACB deletion on
DNA repair, we tested whether mammalian cells can accu-
mulate nuclear CHK2, � -H2AX and DNA-PKc foci when
the depletion of end-joining repair proteins leads to in-
creased DSBs (36–38). As in XLF and in the positive control
XRCC5 (homolog of yeast Yku80) KOs, loss of PRKACB
in BLM-induced DNA damage displayed significant (0 <
P < 5.0 × 10−2) increase in the foci formation (Figure 5D,
Supplementary Figures S4C–E), congruent with unrepaired
DNA breaks, indicating a reduced capacity for NHEJ re-

pair. This upsurge in foci formation led us to assess whether
loss of PRKACB in U2OS cells treated with BLM affects
DSB repair, using a neutral comet assay. We found that in
comparison with BLM-treated control cells, PRKACB KO,
similar to XLF and XRCC5 KOs, displayed significantly
(5.8 × 10−13 < P < 2.4 × 10−5) longer comet tail moment
and length, with substantial (2.2 × 10−3 < P < 3.8 × 10−2)
increase in comet tail DNA content after BLM treatment
(Figure 5E, Supplementary Figure S4F). In agreement with
these findings, PRKACB or XLF KOs significantly (9.5 ×
10−9 < P < 1.2 × 10−7) reduced cell proliferation and sur-
vival, but was not exacerbated when both PRKACB and
XLF were deleted (Figure 5F). The effect of PRKACB XLF
double KOs on the survival of U2OS cells to BLM further
indicates that the reduction in cell survival was nearly the
same as in single KOs (Supplementary Figure S4G), sug-
gesting that PRKACB is likely involved in the same DNA
repair pathway as XLF.

Given that genetic interaction pairs are enriched for pro-
teins known to physically interact (26), we immunoprecip-
itated native PRKACB from U2OS cells and subjected the
lysates to MS. After filtering for interacting proteins not
present in the control (i.e. cells with no PRKACB anti-
body), and from two or more replicates at a 95% confidence
threshold (P ≤ 0.05) from MS, we found 39 high-confidence
PRKACB associations (Supplementary Table S5) involving
proteins required for NHEJ (e.g. PRKDC, NONO, XRCC5
and XRCC6, a homolog of yeast Ku70) as well as DNA
damage (e.g. DDX5/17/23/56 DEAD box RNA helicases)
and repair-related functions (Figure 5G). While, as in yeast
(Figure 2D), we failed to capture the heterodimeric interac-
tion between XLF and PRKACB by MS, this association
was confirmed by co-immunoprecipitation in the cellular
extracts of U2OS cells treated with or without BLM (Figure
5H). Together, our data suggest that both, PRKACB and
XLF participate jointly in the overlapping NHEJ pathway,
and required for efficient repair of NHEJ breaks in U2OS
cells.

Human PRKACB phosphorylation of XLF S263 is vital for
NHEJ repair activity

To gain further insights into whether human PRKACB
phosphorylates XLF at the same conserved site as in the
case of the yeast Nej1 (i.e. yeast Nej1 S298 is equivalent
to human XLF S263, Supplementary Figure S5A), we car-
ried out phosphoproteomics by exogenously expressing the
FLAG-tagged XLF protein from wild-type and PRKACB
KO cells in the presence or absence of BLM-induced DSBs.
Phosphopeptides enriched with titanium dioxide-metal ox-
ide affinity chromatography were ran in triplicates and ana-
lyzed by MS for phosphorylated peptides (q ≤ 0.05). After
withholding phosphosites detected in 2 of the 3 replicates
or those found in at least ≥2 phosphopeptides under any
given condition or previously reported in PhosphoSite Plus
database, we identified 21 XLF phosphorylated residues in
the presence and/or absence of DNA-damaging condition
(Supplementary Table S4). Among those are six PRKACB-
dependent and eight independent phosphosites in BLM-
induced DSBs (Supplementary Figure S5B).
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Figure 5. PRKACB, a human homolog of TPK1, is required for NHEJ. (A) Immunoblotting (IB) of endogenous PRKACB, XLF, or XRCC5 levels in
control sgRNA (Ctrl sgRNA) and knockout (KO) U2OS cells with protein-specific antibody. GAPDH serve as a control (Ctrl). (B) NHEJ or HR repair
efficiency of PRKACB or XLF KOs normalized to the control sgRNA was measured based on the ratio of GFP+ve : DsRed+ve to DsRed+ve or GFP+ve

: mCherry+ve to mCherry+ve cells. (C) PRKACB or XLF localization in the whole cell lysates (WCL), as well as in the cytoplasmic and nuclear extracts
of Ctrl sgRNA and PRKACB or XLF KOs probed with anti-PRKACB or anti-XLF antibody. GAPDH for cytoplasmic and Histone H3.3 for nucleus
was used as controls. (D) CHK2, � -H2AX, and DNA-PKc foci (n = 200 cells per sample) in control sgRNA and KO U2OS cells in response to BLM
were immunostained with anti-CHK2, � -H2AX, and DNA-PKc antibody. Nuclei stained with DAPI indicated in dotted lines. Scale bar, 20 �m. (E)
Alkaline comets of Ctrl sgRNA or KO U2OS cells treated with or without BLM. (F) Proliferation and survival of control sgRNA and KO U2OS cells.
(G) PRKACB interacting proteins (filtered at a 95% confidence from MS) in DNA repair-related processes; PPIs, protein-protein interactions. (H) XLF
immunoprecipitates and input whole cell lysates (WCL) from PRKACB WT and KO U2OS cell extracts treated with or without BLM were IB’ed with
PRKACB antibody, along with XLF as a control (Ctrl). Data for B and F are mean ± SD (n = 3 biological replicates; *P ≤ 0.05 by Student’s t test).
Molecular masses (kDa) of marker proteins are indicated in panels A, C and H.

Notably, as with yeast Nej1 S297/298 phosphorylation
by Dun1 (12) and Tpk1 (Figure 4A and B), DNA-damage
induced PRKACB-dependent phosphosites (T181, 223)
that we identified (Supplementary Figure S5C) were previ-
ously reported (39,40) as phosphorylated in XLF by a key
NHEJ player, DNA-dependent protein kinase (DNA-PKc)
and protein kinase B (or AKT), which interact and regu-
late DNA-PKc to enable the recruitment of repair factors to
DSB sites (41). This result suggests that as in yeast, differ-
ent human kinases cross-talk by targeting the same down-
stream XLF substrate at the same site for phosphorylation.
Sequence alignment of the yeast Nej1 and the human XLF
unveiled 10 conserved residues, of which we found only a

phosphorylated residue of XLF at S287 and Nej1 at S323
(Supplementary Figure S5A), and not XLF S263, corre-
sponding to the Nej1 S298 phosphosite.

As with yeast, more than half (11, 52%) of the PRKACB-
dependent or independent phosphosites are primarily ser-
ines, while less than the other half are threonines (9, 43%;
Supplementary Figure S5D, Supplementary Table S4). Sim-
ilar to ATM, ATR and DNA-PKcs (39), yeast Tpk1 or hu-
man PRKACB are expected to phosphorylate their sub-
strates on serine or threonine, followed by either glutamine
(i.e. SQ/TQ sites) (39,42) or hydrophobic amino acids
(43,44) such as leucine (L) or alanine (A). Consistent with
this, 13 Nej1 and 7 XLF phosphosites conform to the S/T-
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hydrophobic consensus (Supplementary Figure S5E, Sup-
plementary Table S4), implying that yeast Nej1 or human
XLF are likely substrates for Tpk1 or PRKACB, respec-
tively.

Since failure to observe the serine phosphorylated residue
of XLF at 263 by MS is not indicative of the site not be-
ing phosphorylated in the cell (see Supplementary Meth-
ods), we reconfirmed the phosphorylation of this residue
with a XLF mobility shift, following the treatment of U2OS
cells with BLM. To test this, stable U2OS cells were trans-
fected with XLF-FLAG containing serine to alanine (A)
and serine to glutamate (E) substitutions of S263 in wild-
type or PRKACB KO. Notably, as with yeast, changes in
XLF electrophoretic mobility in response to DNA dam-
age were observed only in the presence of PRKACB, and
not in PRKACB KO cells. In S263A or S263E mutants,
DNA-damage induced mobility shift of XLF was com-
pletely abrogated in wild-type and PRKACB KO (Figure
6A). This finding was further confirmed using phosphoser-
ine antibody, where XLF serine phosphorylation was de-
tected only in the DNA damage-treated wild-type cells car-
rying PRKACB (Figure 6B), but not in XLF S263 mu-
tant transfected with or without PRKACB, prior to or after
BLM treatment. We therefore conclude a conserved mech-
anism whereby DNA-damage induced human XLF S263
phosphorylation is dependent on PRKACB, as with the
yeast Nej1 S298 phosphorylation being reliant on Tpk1.

To further determine whether PRKACB-mediated XLF
phosphorylation is required for DSB repair in vivo, as with
yeast (Figure 4C), we examined the formation of nuclear
foci at DSB sites by measuring the number of CHK2, � -
H2AX and DNA-PKcs foci in wild-type or PRKACB KO
stable U2OS cells transfected with or without XLF S263
mutants after the induction of damage by BLM. All three
DSB markers showed similar increase in the accumulation
of BLM-induced foci by XLF S263A mutant in wild-type
or PRKACB KO cells, same as PRKACB KO alone. In con-
trast, XLF S263E in either the wild-type or PRKACB KO
led to decrease in the number of foci, similar to the wild-
type (Figure 6C, Supplementary Figure S5F), indicating
that XLF S263 phosphorylation by PRKACB is vital for
recruitment to DSBs.

Another test to examine whether PRKACB-dependent
S263 phosphorylation of XLF in response to DNA dam-
age regulates NHEJ, we measured NHEJ efficiency using
the GFP reporter assay (Supplementary Figure S4A) in
wild-type or PRKACB KO U2OS cells transfected with or
without XLF S263 mutants. As with the yeast Nej1 S298
phosphorylation through Tpk1 dependent manner (Figure
4E), we found in human that the XLF S263A led to loss
of NHEJ efficiency, comparable to PRKACB KO, whereas
XLF S263E did not reduce NHEJ efficiency (Figure 6D).
Notably, in a PRKACB KO, XLF S263A had no additional
reduction in NHEJ repair efficiency, but XLF S263E recov-
ered the PRKACB KO NHEJ defect (Figure 6D). This re-
sult further supports that the human XLF S263 and yeast
Nej1 S298 are both controlled by the human PRKACB and
yeast Tpk1, respectively, to regulate NHEJ activity upon
DNA damage.

PKA function in the cell cycle for factors unrelated to
NHEJ are established (45,46), and here we examined Tpk1

functionality to NHEJ. Our model implicates the effect of
Tpk1 on Nej1 phosphorylation and localization, whereas
Nej1 has no known effect on cell cycle progression, medi-
ated by the DDR. We reasoned that Tpk1 could conceivably
have other cell cycle regulatory or checkpoint effects inde-
pendent of the NHEJ regulatory effect, potentially by phos-
phorylating additional substrates. We thus determined the
effect of yeast tpk1 mutant or Nej1 variants, and the human
PRKACB KO or XLF variants on the expression of cell cy-
cle regulators in response to DNA damage by immunoblot-
ting, and cell cycle progression using a BrdU incorporation
assay.

In human U2OS cells, when both PRKACB KO and XLF
S263A non-phosphorylatable mutants were synchronized
at G1/S phase by double thymidine block, and G2/M phase
by nocodazole, followed by BLM treatment, we found re-
duced BrdU incorporation via immunofluorescence detec-
tion method (Figure 6E), indicating a delayed progression
through S phase. The XLF S263E phosphomimetic mutants
did not block BrdU incorporation, and therefore resulted in
the restoration of wild-type cell cycle recovery in PRKACB
KO (Figure 6E), suggesting that no additional cell cycle ef-
fects beyond delayed DNA repair were seen. This finding is
consistent with delayed cell cycle progression and recovery,
as PRKACB KO U2OS cells immunostained against BrdU
antibody, as expected, reduced BrdU incorporation to 7%
relative to 92% in the control cells (Figure 6F, Supplemen-
tary Figure S6A), and selectively decreased the expression
levels of classical cell cycle regulators (Figure 6G, Supple-
mentary Figure S6B). Similarly, when yeast wild type and
tpk1 mutant or Nej1 variants were arrested with nocoda-
zole, followed by treatment with BLM, the G2/M phase
mitotic cyclin Clb3 expression showed a loss of cell cycle
progression recovery in tpk1 deletion that was dependent
on Nej1 non-phosphorylation, while the phosphomimetic
mutation recovered wild-type cell cycle progression pat-
terns (Figure 6H, Supplementary Figure S6C). If Tpk1 or
PRKACB exhibited additional roles in the DNA damage
cell cycle checkpoint, we would expect deletion of tpk1 or
PRKACB to show cell cycle effects regardless of the phos-
phomimetic mutations. Since that was not the case, cell cycle
impairment is likely due to the DNA damage checkpoint,
caused by unresolved DSBs because of failed NHEJ rather
than any additional Tpk1 or PRKACB effect on cell cycle
arrest.

DISCUSSION

Kinases participate in the regulation of many cellular pro-
cesses, including DNA damage repair. In yeast, DDR
checkpoint kinases such as Dun1, Rad53, Tel1 (ATM ho-
molog) and Mec1 (ATR homolog) are key regulators of
DNA repair pathways that play crucial roles in DNA-
damage signaling and in directing the cell to a specific re-
pair pathway and recruitment of repair proteins (47). In ad-
dition, a previous study in yeast has implicated a role for the
cAMP-dependent protein kinase catalytic subunit, Tpk1, in
DNA damage checkpoint, and suggests it is a component of
the Rad53 response (13), while another suggested a role in
the regulation of NHEJ efficiency (18,19). Yet, the mech-
anism by which Tpk1 operates and its regulatory function
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Figure 6. PRKACB phosphorylation of human XLF at S263. (A, B) Immunoblotting (IB) of extracts from XLF-VA (containing the FLAG-tag epitope)
wild-type (WT) and mutants with (+) or without (−) PRKACB in the presence (+) or absence (−) of BLM were probed with anti-FLAG (A) antibody to
detect BLM-induced migration shift of phosphorylated XLF (*) or with anti-phosphoserine (B) antibody to unveil phosphorylated serine. Anti-GAPDH
(A) or anti-FLAG (B) were used as a control (Ctrl). (C) CHK2, � -H2AX and DNA-PKc foci (n = 200 cells per sample) in BLM-induced WT and PRKACB
KO, with or without mutagenized XLF, immunostained with anti-CHK2, anti-� -H2AX, or anti-DNA-PKc antibody. DAPI stained nuclei are indicated
with dotted lines. Scale bar, 10 �m. (D) NHEJ repair efficiency of XLF WT or variants in U2OS cells carrying PRKACB WT and KO was measured
based on the ratio of GFP+ve : DsRed+ve to DsRed+ve. (E) Immunofluorescence measurement of BrdU incorporation in the strains arrested with double
thymidine block and nocodazole, released synchronously into the medium containing BLM, and recovered after 3 hrs from BLM induction. (F) BrdU
positive cells (n = 50 cells per sample) from the immunostaining of strains, after 3 h of recovery from BLM induction with anti-BrdU antibody. DNA
stained with DAPI are shown in dotted lines. Scale bar, 10 �m. (G, H) Expression of cell cycle regulators in the human (G) and yeast (H) strains after 3
h (G) and 8 h (H) of recovery from BLM induction immunoblotted (IB) with protein-specific antibodies. U2OS cells containing the human strains were
synchronized with a double thymidine block, followed by G2/M cell cycle arrest for 11 h by nocodazole, and then released into the medium with BLM. In
yeast JKM139-strain cultures, G2/M phase was arrested for 2 h by nocodazole. (I) Cellular model showing the yeast Tpk1 role with Nej1 and PRKACB
with XLF on NHEJ (left), as well as the loss of tpk1 in DNA resection and MMEJ (right). See main text for details. Data for D and E are mean ± SD
(n = 3 biological replicates; *P ≤ 0.05 by Student’s t test). Molecular masses (kDa) of marker proteins are indicated in panels A, B, G and H.

on DNA repair activities have not been established. In this
study, we report a new mechanistic role for the yeast Tpk1,
in NHEJ, by phosphorylation of its binding partner Nej1
in a manner similar to Dun1, thereby facilitating efficient
NHEJ break repair and resolution by Nej1 recruitment into
the nucleus. The failure of tpk1 deletion to repair DNA ef-
ficiently, resulting in unresolved DNA damage foci where
Rad53 and � -H2A remain bound to the damaged site im-
plicates alternative end-joining repair mechanisms may be
involved in lesion repair via end-processing at the DSB site.
This is in agreement with our findings of increased DNA

resection activity, leading to increased mutagenesis at the
break site, and shifts recruitment for NHEJ factors, such
as Yku70–Yku80 away from the initial damage until end-
joining can resolve elsewhere.

A previous study found that an Nej1 S298A (a
Dun1 phosphosite) non-phosphorylatable mutant de-
creases NHEJ efficiency in a plasmid-based DSB repair as-
say, with the phosphomimetic (Nej1 S298E) substitution
recovering impaired NHEJ activity in dun1 deletion back-
ground (12). Using the same phosphomimetic switch ap-
proach, we were able to recover end-joining repair defect
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in the tpk1 mutant as well. This is consistent with the S298
residue being directly targeted by both Dun1 and Tpk1, or
alternatively that Dun1 phosphorylation at S298 is func-
tioning downstream of Tpk1 on Nej1. Overexpression of
Dun1 or Nej1 to recover tpk1 deletion is similarly consistent
with either a model in which Dun1 and Tpk1 share a func-
tion, or one in which Dun1 functions downstream of Tpk1.
However, our results from the in vitro kinase activity with
direct Tpk1 effect on Nej1, and the loss of phosphorylation-
induced DNA damage-dependent mobility shift of Nej1
S298A mutant strongly indicates that Tpk1 and Dun1 share
a kinase activity at S298. Physical recruitment of Tpk1 to
Nej1, regardless of phosphomimetic mutation or the pres-
ence of DNA damage, indicates that Tpk1 behavior is not
dependent on Dun1’s effect on Nej1, and that Tpk1 re-
cruitment to the breakage site denotes this physical inter-
action as relevant in the context of NHEJ, which is known
to recruit the Dnl4–Lif1–Nej1 complex in the final stages
of damage repair. It is also evident from our data that the
Nej1 S298A mutant in tpk1 deletion interacts with damaged
DNA and gets recruited to repair foci with Rad53 and � -
H2A proteins, implicating a role for S298 of Nej1 in the as-
sembly or disassembly of repair foci.

Notably, our data suggest that Tpk1-dependent phos-
phorylation of Nej1 S298 in response to DNA damage
might be regulating the recruitment of enzymes involved in
DSB processing, and interference with such process can re-
duce NHEJ activity (12). Given that Nej1 prevents excess
resection and promotes NHEJ in a manner that is lost in
the Nej1 variant V338A at the C-terminus (22), it supports
the idea that the C-terminal end of the protein is key to pre-
venting sequence deletion at DSB breakage sites and effi-
cient non-mutagenic repair. Our results thus fit this concep-
tion where we show that Nej1 phosphosite, S298, which is
localized to the C-terminal domain, exhibits NHEJ effect in
chromosomal DSB repair assay in a non-phosphorylatable
condition. Because nuclear localization of Nej1 is affected
by the C-terminal domain (33), and Nej1 phosphorylation
occur in this domain, our findings that Nej1 localization is
affected by S298 variant and tpk1 mutant is reasonable. In
this context, Nej1 overexpression can lead to non-specific
localization to the nucleus, even in the absence of Nej1 phos-
phorylation at C-terminal domain, which could explain why
Nej1 overexpression rescues NHEJ activity in tpk1 mutant.

Our MS data suggest a broader set of phosphorylation
events taking place in the cell, including several sites known
to be phosphorylated based on previous work (Supple-
mentary Table S4). Thus, other phosphosites identified in
Nej1 might be targets of phosphorylation by Tpk1 or other
checkpoint kinases, a possibility that was reported previ-
ously for Dun1 (12). Nevertheless, we chose to focus our
attention on S298 as a known contributor to NHEJ. We
cannot preclude the possibility that Dun1 and Tpk1 have
a more complex and interconnected kinase network than
suggested here, in which S298 may be a master regulator
and additional phosphorylation effects occur. Alternately,
Dun1 and Tpk1 may respond to different stimuli to acti-
vate Nej1 via S298 phosphorylation in different contexts.
For instance, Dun1 is directly activated by the DDR or
Rad53 pathway, whereas Tpk1 responds to cAMP and cell
cycle/carbon source, suggesting similar biological functions

for both proteins under different cellular stimuli. Addition-
ally, our observation of the S298 phosphorylation or phos-
phomimetic mutants to be vital for Nej1 and Lif1 nuclear
localization implicates that the effect could be either direct
or mediated through other phosphorylation sites that S298
may control in indirect fashion, which warrants further in-
vestigation. In any case, Tpk1 phosphorylation of Nej1 on
S298 in response to DNA damage suggests that this phos-
phorylation activity contributes to NHEJ repair.

Based on our results, we propose a model where Tpk1
has a specific role in activating Nej1 via phosphorylation
at the same S298 site as Dun1. Tpk1, which is exported
from the nucleus to the cytoplasm upon PKA activation,
induces phosphorylation of Nej1 at S298, irrespective of
DNA damage signals, and thereby localizes Nej1 and Lif1
to the nucleus. DNA damage triggers the activation of
Rad53 phosphorylation and DDR, which in turn activates
Dun1, which is required for Nej1 phosphorylation in the
process of NHEJ, suggesting that phosphorylation may be
unstable or lost and S298 must be re-phosphorylated by
nuclear Dun1 for efficient NHEJ activation. Based on our
Tpk1 ChIP experiments, in conditions where Tpk1 is also
nuclear-localized, Tpk1 and Dun1 may be more directly re-
dundant (Figure 6I). In the absence of Tpk1 or the S298
phosphorylation site, Nej1 and Lif1 remain in the cyto-
plasm, and NHEJ is unable to proceed, ultimately leading
to DNA resection and MMEJ (Figure 6I). This is consistent
with the previous observation (48) that serine or threonine
site substitutions are more frequently phosphorylated by
different kinases compared to tyrosine. It is well-established
that Dun1 is phosphorylated by Rad53 in response to DNA
damage (49), and activation of Tpk1 via DDR has been
suggested previously (13) to form the Rad53 foci we see
in tpk1 mutants. Thus, DDR activation of Tpk1 would
imply phosphorylation sites on Tpk1, which may corre-
spond to known recognition sites for DDR cascade proteins
such as Mec1/Tel1, that target [S/T]*Q sequences (50), or
Rad53, which targets a more complex site of [L/M/V/I]-
x-[S/T/Y]-x-[L/M/V/I], with the +1 site excluding proline
(51). However, Rad53 and Tpk1 are synergistic to the DNA-
damaging agent, methyl methane-sulfonate (26), suggesting
a separate Tpk1 pathway, distinct from Rad53 activation of
Dun1. While many likely recognition sites were found in the
primary sequence of Tpk1 (Supplementary Figure S6D),
whether Tpk1’s activity in Nej1 phosphorylation is depen-
dent on another component of the DDR, or whether this is
regulated by a broad cAMP activation as part of a general
stress response, remains to be established.

As in yeast, we have provided evidence that the Tpk1 hu-
man homolog, PRKACB, is required for NHEJ repair in
U2OS cells (Figure 6I), and deletion of PRKACB results in
the retention of repair proteins (CHK2, � -H2AX, DNA-
PKc) at unresolved DSB sites at later time points. Further,
its interaction with Nej1’s human homolog, XLF, facilitates
NHEJ by aligning damaged DSB ends (34,52), with no ad-
ditional reduction in the survival of BLM-treated U2OS
cells harboring PRKACB XLF double KOs, when com-
pared to either single KO. This suggests their conserved role
in NHEJ, and potential function in a similar DDR pathway.
Consistent with this, we have found PRKACB to be associ-
ated with the phosphorylation of XLF S263 (a homologous
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site to yeast S298, Figure 6I), suggesting a conserved DNA
repair phosphorylation event between yeast and humans.
Also, as with NHEJ function of Nej1 S298 phosphorylation
by Tpk1 in yeast, XLF S263 phosphorylation by PRKACB
is required for NHEJ activity in mammalian cells. Be-
sides the Nej1 S298 or XLF S263, our phosphoproteomics
analyses in yeast and human U2OS cells have identified
other Tpk1-dependent Nej1 (S294, T318) or PRKACB-
dependent XLF (S22, T66/181/223/275, Y218) phospho-
sites in response to DNA damage. However, more detailed
studies will be required to clarify whether these Nej1 or
XLF modifications are targets of Tpk1 or PRKACB in reg-
ulating NHEJ and DSB repair events.

DATA AVAILABILITY

Data pertaining to some of the figures presented in the main
text are provided in Supplementary Data file. Proteomics
data are deposited to the ProteomeXchange Consortium
via PRIDE partner repository with the dataset identifier
PXD024695 and PXD024768.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank the anonymous reviewers for their insightful com-
ments. The authors grateful to Alan Tomkinson (University
of New Mexico Comprehensive Cancer Center) for Lif1 an-
tibody, Michael Volkert (University of Massachusetts Med-
ical School) for Ycplac111 plasmid, and Vera Gorbunova
(University of Rochester) for the NHEJ reporter system.
Author contributions: M.B. conceived the project. M.J.,
S.A., M.H., R.M., M.T.M., M.Z., Z.S., K.O., D.B. and B.S.
carried out the experimental work. H.A. and S.P. assisted
with phosphoproteomics, MS and data analyses, with in-
put from M.B. M.J. and M.B. wrote the manuscript, with
input from K.A. and A.G. All authors read and approved
the manuscript.

FUNDING

M.B. is a CIHR New Investigator [MSH-130178]; M.J.,
R.M. and M.T.M. are recipients of a Saskatchewan Health
Research Foundation Postdoctoral Fellowship; Natural
Sciences and Engineering Research Council (to A.G.);
Canadian Institutes of Health Research [MOP-125952;
RSN-124512, 132191, FDN-154318 to M.B.]. Funding for
open access charge: Canadian Institutes of Health Re-
search.
Conflict of interest statement. None declared.

REFERENCES
1. Deriano,L. and Roth,D.B. (2013) Modernizing the nonhomologous

end-joining repertoire: alternative and classical NHEJ share the
stage. Annu. Rev. Genet., 47, 433–455.

2. Bunting,S.F. and Nussenzweig,A. (2013) End-joining, translocations
and cancer. Nat. Rev. Cancer, 13, 443–454.

3. Aparicio,T., Baer,R. and Gautier,J. (2014) DNA double-strand break
repair pathway choice and cancer. DNA Repair (Amst.), 19, 169–175.

4. Chiruvella,K.K., Liang,Z. and Wilson,T.E. (2013) Repair of
double-strand breaks by end joining. Cold Spring Harb. Perspect.
Biol., 5, a012757.

5. Lisby,M., Barlow,J.H., Burgess,R.C. and Rothstein,R. (2004)
Choreography of the DNA damage response: spatiotemporal
relationships among checkpoint and repair proteins. Cell, 118,
699–713.

6. Clerici,M., Mantiero,D., Guerini,I., Lucchini,G. and Longhese,M.P.
(2008) The Yku70-Yku80 complex contributes to regulate
double-strand break processing and checkpoint activation during the
cell cycle. EMBO Rep., 9, 810–818.

7. Sweeney,F.D., Yang,F., Chi,A., Shabanowitz,J., Hunt,D.F. and
Durocher,D. (2005) Saccharomyces cerevisiae Rad9 acts as a Mec1
adaptor to allow Rad53 activation. Curr. Biol., 15, 1364–1375.

8. Chen,L., Trujillo,K., Ramos,W., Sung,P. and Tomkinson,A.E. (2001)
Promotion of Dnl4-catalyzed DNA end-joining by the
Rad50/Mre11/Xrs2 and Hdf1/Hdf2 complexes. Mol. Cell, 8,
1105–1115.

9. Valencia,M., Bentele,M., Vaze,M.B., Herrmann,G., Kraus,E.,
Lee,S.E., Schar,P. and Haber,J.E. (2001) NEJ1 controls
non-homologous end joining in Saccharomyces cerevisiae. Nature,
414, 666–669.

10. Yang,H., Matsumoto,Y., Trujillo,K.M., Lees-Miller,S.P., Osley,M.A.
and Tomkinson,A.E. (2015) Role of the yeast DNA repair protein
Nej1 in end processing during the repair of DNA double strand
breaks by non-homologous end joining. DNA Repair (Amst.), 31,
1–10.

11. Chen,X. and Tomkinson,A.E. (2011) Yeast Nej1 is a key participant
in the initial end binding and final ligation steps of nonhomologous
end joining. J. Biol. Chem., 286, 4931–4940.

12. Ahnesorg,P. and Jackson,S.P. (2007) The non-homologous
end-joining protein Nej1p is a target of the DNA damage checkpoint.
DNA Repair (Amst.), 6, 190–201.

13. Searle,J.S., Schollaert,K.L., Wilkins,B.J. and Sanchez,Y. (2004) The
DNA damage checkpoint and PKA pathways converge on APC
substrates and Cdc20 to regulate mitotic progression. Nat. Cell Biol.,
6, 138–145.

14. Lee,C.H., Sidik,K. and Chin,K.V. (2001) Role of cAMP-dependent
protein kinase in the regulation of DNA repair. Cancer Lett., 169,
51–58.

15. Toda,T., Cameron,S., Sass,P., Zoller,M., Scott,J.D., McMullen,B.,
Hurwitz,M., Krebs,E.G. and Wigler,M. (1987) Cloning and
characterization of BCY1, a locus encoding a regulatory subunit of
the cyclic AMP-dependent protein kinase in Saccharomyces
cerevisiae. Mol. Cell. Biol., 7, 1371–1377.

16. Toda,T., Cameron,S., Sass,P., Zoller,M. and Wigler,M. (1987) Three
different genes in S. cerevisiae encode the catalytic subunits of the
cAMP-dependent protein kinase. Cell, 50, 277–287.

17. Ptacek,J., Devgan,G., Michaud,G., Zhu,H., Zhu,X., Fasolo,J.,
Guo,H., Jona,G., Breitkreutz,A., Sopko,R. et al. (2005) Global
analysis of protein phosphorylation in yeast. Nature, 438, 679–684.

18. Hooshyar,M., Jessulat,M., Burnside,D., Kluew,A., Babu,M. and
Golshani,A. (2020) Deletion of yeast TPK1 reduces the efficiency of
non-homologous end joining DNA repair. Biochem. Biophys. Res.
Commun., 533, 899–904.

19. Omidi,K., Jessulat,M., Hooshyar,M., Burnside,D., Schoenrock,A.,
Kazmirchuk,T., Hajikarimlou,M., Daniel,M., Moteshareie,H.,
Bhojoo,U. et al. (2018) Uncharacterized ORF HUR1 influences the
efficiency of non-homologous end-joining repair in Saccharomyces
cerevisiae. Gene, 639, 128–136.

20. Jessulat,M., Malty,R.H., Nguyen-Tran,D.H., Deineko,V., Aoki,H.,
Vlasblom,J., Omidi,K., Jin,K., Minic,Z., Hooshyar,M. et al. (2015)
Spindle checkpoint factors Bub1 and Bub2 promote DNA
double-strand break repair by nonhomologous end joining. Mol.
Cell. Biol., 35, 2448–2463.

21. Malty,R.H., Aoki,H., Kumar,A., Phanse,S., Amin,S., Zhang,Q.,
Minic,Z., Goebels,F., Musso,G., Wu,Z. et al. (2017) A map of human
mitochondrial protein interactions linked to neurodegeneration
reveals new mechanisms of redox homeostasis and NF-kappaB
signaling. Cell Syst., 5, 564–577.

22. Sorenson,K.S., Mahaney,B.L., Lees-Miller,S.P. and Cobb,J.A. (2017)
The non-homologous end-joining factor Nej1 inhibits resection
mediated by Dna2-Sgs1 nuclease-helicase at DNA double strand
breaks. J. Biol. Chem., 292, 14576–14586.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/14/8145/6318499 by U

niversita di M
ilano Bicocca user on 25 M

arch 2024

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab585#supplementary-data


8160 Nucleic Acids Research, 2021, Vol. 49, No. 14

23. Seluanov,A., Mittelman,D., Pereira-Smith,O.M., Wilson,J.H. and
Gorbunova,V. (2004) DNA end joining becomes less efficient and
more error-prone during cellular senescence. Proc. Natl. Acad. Sci.
U.S.A., 101, 7624–7629.

24. Richardson,C., Moynahan,M.E. and Jasin,M. (1998) Double-strand
break repair by interchromosomal recombination: suppression of
chromosomal translocations. Genes Dev., 12, 3831–3842.

25. Collins,S.R., Miller,K.M., Maas,N.L., Roguev,A., Fillingham,J.,
Chu,C.S., Schuldiner,M., Gebbia,M., Recht,J., Shales,M. et al. (2007)
Functional dissection of protein complexes involved in yeast
chromosome biology using a genetic interaction map. Nature, 446,
806–810.

26. Bandyopadhyay,S., Mehta,M., Kuo,D., Sung,M.K., Chuang,R.,
Jaehnig,E.J., Bodenmiller,B., Licon,K., Copeland,W., Shales,M. et al.
(2010) Rewiring of genetic networks in response to DNA damage.
Science, 330, 1385–1389.

27. van Attikum,H., Fritsch,O., Hohn,B. and Gasser,S.M. (2004)
Recruitment of the INO80 complex by H2A phosphorylation links
ATP-dependent chromatin remodeling with DNA double-strand
break repair. Cell, 119, 777–788.

28. Erdemir,T., Bilican,B., Cagatay,T., Goding,C.R. and Yavuzer,U.
(2002) Saccharomyces cerevisiae C1D is implicated in both
non-homologous DNA end joining and homologous recombination.
Mol. Microbiol., 46, 947–957.

29. Myung,K., Datta,A. and Kolodner,R.D. (2001) Suppression of
spontaneous chromosomal rearrangements by S phase checkpoint
functions in Saccharomyces cerevisiae. Cell, 104, 397–408.

30. McVey,M. and Lee,S.E. (2008) MMEJ repair of double-strand
breaks (director’s cut): deleted sequences and alternative endings.
Trends Genet., 24, 529–538.

31. Boulton,S.J. and Jackson,S.P. (1996) Identification of a
Saccharomyces cerevisiae Ku80 homologue: roles in DNA double
strand break rejoining and in telomeric maintenance. Nucleic Acids
Res., 24, 4639–4648.

32. Boulton,S.J. and Jackson,S.P. (1996) Saccharomyces cerevisiae Ku70
potentiates illegitimate DNA double-strand break repair and serves
as a barrier to error-prone DNA repair pathways. EMBO J., 15,
5093–5103.

33. Mahaney,B.L., Lees-Miller,S.P. and Cobb,J.A. (2014) The
C-terminus of Nej1 is critical for nuclear localization and
non-homologous end-joining. DNA Repair (Amst.), 14, 9–16.

34. Reid,D.A., Keegan,S., Leo-Macias,A., Watanabe,G., Strande,N.T.,
Chang,H.H., Oksuz,B.A., Fenyo,D., Lieber,M.R., Ramsden,D.A.
et al. (2015) Organization and dynamics of the nonhomologous
end-joining machinery during DNA double-strand break repair.
Proc. Natl. Acad. Sci. U.S.A., 112, E2575–E2584.

35. Pierce,A.J., Johnson,R.D., Thompson,L.H. and Jasin,M. (1999)
XRCC3 promotes homology-directed repair of DNA damage in
mammalian cells. Genes Dev., 13, 2633–2638.

36. Kuo,L.J. and Yang,L.X. (2008) Gamma-H2AX - a novel biomarker
for DNA double-strand breaks. In Vivo, 22, 305–309.

37. Buscemi,G., Savio,C., Zannini,L., Micciche,F., Masnada,D.,
Nakanishi,M., Tauchi,H., Komatsu,K., Mizutani,S., Khanna,K.
et al. (2001) Chk2 activation dependence on Nbs1 after DNA
damage. Mol. Cell. Biol., 21, 5214–5222.

38. Chan,D.W., Chen,B.P., Prithivirajsingh,S., Kurimasa,A., Story,M.D.,
Qin,J. and Chen,D.J. (2002) Autophosphorylation of the
DNA-dependent protein kinase catalytic subunit is required for
rejoining of DNA double-strand breaks. Genes Dev., 16, 2333–2338.

39. Yu,Y., Mahaney,B.L., Yano,K., Ye,R., Fang,S., Douglas,P.,
Chen,D.J. and Lees-Miller,S.P. (2008) DNA-PK and ATM
phosphorylation sites in XLF/Cernunnos are not required for repair
of DNA double strand breaks. DNA Repair (Amst.), 7, 1680–1692.

40. Liu,P., Gan,W., Guo,C., Xie,A., Gao,D., Guo,J., Zhang,J., Willis,N.,
Su,A., Asara,J.M. et al. (2015) Akt-mediated phosphorylation of
XLF impairs non-homologous end-joining DNA repair. Mol. Cell,
57, 648–661.

41. Toulany,M., Lee,K.J., Fattah,K.R., Lin,Y.F., Fehrenbacher,B.,
Schaller,M., Chen,B.P., Chen,D.J. and Rodemann,H.P. (2012) Akt
promotes post-irradiation survival of human tumor cells through
initiation, progression, and termination of DNA-PKcs-dependent
DNA double-strand break repair. Mol. Cancer Res., 10, 945–957.

42. Lees-Miller,S.P. and Meek,K. (2003) Repair of DNA double strand
breaks by non-homologous end joining. Biochimie, 85, 1161–1173.

43. Chan,D.W., Ye,R., Veillette,C.J. and Lees-Miller,S.P. (1999)
DNA-dependent protein kinase phosphorylation sites in Ku 70/80
heterodimer. Biochemistry, 38, 1819–1828.

44. Douglas,P., Sapkota,G.P., Morrice,N., Yu,Y., Goodarzi,A.A.,
Merkle,D., Meek,K., Alessi,D.R. and Lees-Miller,S.P. (2002)
Identification of in vitro and in vivo phosphorylation sites in the
catalytic subunit of the DNA-dependent protein kinase. Biochem. J.,
368, 243–251.

45. Mizunuma,M., Tsubakiyama,R., Ogawa,T., Shitamukai,A.,
Kobayashi,Y., Inai,T., Kume,K. and Hirata,D. (2013)
Ras/cAMP-dependent protein kinase (PKA) regulates multiple
aspects of cellular events by phosphorylating the Whi3 cell cycle
regulator in budding yeast. J. Biol. Chem., 288, 10558–10566.

46. Tokiwa,G., Tyers,M., Volpe,T. and Futcher,B. (1994) Inhibition of
G1 cyclin activity by the Ras/cAMP pathway in yeast. Nature, 371,
342–345.

47. Zhou,C., Elia,A.E., Naylor,M.L., Dephoure,N., Ballif,B.A., Goel,G.,
Xu,Q., Ng,A., Chou,D.M., Xavier,R.J. et al. (2016) Profiling DNA
damage-induced phosphorylation in budding yeast reveals diverse
signaling networks. Proc. Natl. Acad. Sci. U.S.A., 113, E3667–E3675.

48. Nishi,H., Demir,E. and Panchenko,A.R. (2015) Crosstalk between
signaling pathways provided by single and multiple protein
phosphorylation sites. J. Mol. Biol., 427, 511–520.

49. Chen,S.H., Smolka,M.B. and Zhou,H. (2007) Mechanism of Dun1
activation by Rad53 phosphorylation in Saccharomyces cerevisiae. J.
Biol. Chem., 282, 986–995.

50. Smolka,M.B., Albuquerque,C.P., Chen,S.H. and Zhou,H. (2007)
Proteome-wide identification of in vivo targets of DNA damage
checkpoint kinases. Proc. Natl. Acad. Sci. U.S.A., 104, 10364–10369.

51. Sidorova,J.M. and Breeden,L.L. (2003) Rad53 checkpoint kinase
phosphorylation site preference identified in the Swi6 protein of
Saccharomyces cerevisiae. Mol. Cell. Biol., 23, 3405–3416.

52. Graham,T.G.W., Carney,S.M., Walter,J.C. and Loparo,J.J. (2018) A
single XLF dimer bridges DNA ends during nonhomologous end
joining. Nat. Struct. Mol. Biol., 25, 877–884.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/14/8145/6318499 by U

niversita di M
ilano Bicocca user on 25 M

arch 2024


