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ABSTRACT

ATR functions as a master regulator of the DNA-
damage response. ATR activation requires the
ATR activator, topoisomerase II�-binding protein 1
(TopBP1). However, the underlying mechanism of
TopBP1 regulation and how its regulation affects
DNA replication remain unknown. Here, we report
a specific interaction between TopBP1 and the his-
tone demethylase PHF8. The TopBP1/PHF8 interac-
tion is mediated by the BRCT 7+8 domain of TopBP1
and phosphorylation of PHF8 at Ser854. This inter-
action is cell-cycle regulated and phosphorylation-
dependent. PHF8 is phosphorylated by CK2, which
regulates binding of PHF8 to TopBP1. Importantly,
PHF8 regulates TopBP1 protein level by preventing
its ubiquitination and degradation mediated by the
E3 ligase UBR5. Interestingly, PHF8pS854 is likely to
contribute to regulation of TopBP1 stability and DNA
replication checkpoint. Further, both TopBP1 and
PHF8 are required for efficient replication fork restart.
Together, these data identify PHF8 as a TopBP1-
binding protein and provide mechanistic insight into
how PHF8 regulates TopBP1 stability to maintain
DNA replication.

INTRODUCTION

Genomic stability following DNA damage depends on the
coordination of cell cycle checkpoint control and proper
DNA repair. ATR (ataxia telangiectasia mutated- and
Rad3-related) functions as a master regulator of the DNA
damage response, especially during DNA replication. The
ATR-activation process requires the ATR activator topoi-
somerase II�-binding protein 1 (TopBP1) (1,2). Human

TopBP1 plays essential roles in DNA replication initiation,
checkpoint signaling, and DNA repair and influences tran-
scriptional control (3,4).

TopBP1 contains eight BRCA1 carboxyl-terminal
(BRCT) phosphopeptide recognition motifs and an ATR-
activating domain (AAD) (3,4). TopBP1 utilizes its BRCT
motifs as scaffolds to modulate multiple cellular pathways
(3,4). The AAD domain is sufficient to activate ATR in
vitro and in vivo (5). Recent reports showed that ETAA1
is recruited directly by RPA and functions independently
of the 911 complex and TopBP1 to activate ATR (6–8),
indicating that TopBP1 and ETAA1 act in separate path-
ways to regulate ATR and maintain genome stability. The
BRCT 1/2 domain of TopBP1 interacts with the phospho-
rylated RAD9 in the 9–1–1 complex and is required for
ATR-mediated Chk1 activation, which then leads to cell
cycle arrest and DNA damage repair (9,10). The BRCT 1/2
domain is also required for binding to Treslin (TICRR),
which functions in DNA replication initiation (11,12). The
fifth BRCT domain (BRCT5) of TopBP1 is required for
its localization to DNA damage sites (13). Recently, we
demonstrated that the BRCT5 domain is responsible for
the interaction of TopBP1 with phosphorylated MDC1
and it is required for efficient Chk1 phosphorylation after
replication stress (14). We and others also found that
TopBP1 interacted with Bloom syndrome helicase (BLM)
through its BRCT5 domain and has an unexpected role
in suppressing sister chromatid exchange (15,16). The
TopBP1/BLM interaction has been further confirmed
by crystal structural analysis (17). As for the C-terminal
tandem BRCT domains (the seventh and eighth BRCT
repeats) in TopBP1, we reported that this region associates
with BACH1, which is required for early replication
checkpoint control (18). In addition, Liu et al. showed
that this region of TopBP1 binds to phosphorylated ATR
and enables TopBP1 to engage ATR-ATRIP and stimulate
ATR kinase activity (19). Thus, TopBP1 acts as a signal
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integrator that functions primarily in DNA replication and
replication checkpoint control.

In this study, we report a specific interaction between
TopBP1 and plant homeo domain finger protein 8 (PHF8).
PHF8 contains two functional domains: an N-terminal
plant homeodomain (PHD) finger recognizing lysine-
methylated histones and mediating binding to nucleosomes
at active gene promoters and a Jumonji C-domain (JmjC)
domain catalyzing lysine demethylation (20–23). Here we
provide evidence that phosphorylated PHF8 interacts with
TopBP1 and controls its protein level to maintain genome
stability.

MATERIALS AND METHODS

Cell Culture and Plasmids

HeLa, HEK 293T, MCF10A, MCF-7 and MDA-MB-
231 cells were purchased from the American Type Cul-
ture Collection (ATCC) and cultured under conditions
specified by the ATCC. TopBP1LoxP/LoxP; MEF and
TopBP1LoxP/LoxP;CreTM MEF cells were generously pro-
vided by Dr Peter Mckinnon (St. Jude Children’s Research
Hospital, Memphis, TN, USA) (24). The PHF8 cDNA was
cloned using the Gateway technology. All mutants were gen-
erated by site-directed mutagenesis and verified by DNA se-
quencing.

Antibodies

Rabbit polyclonal anti-TopBP1 antibody was described pre-
viously (14,15,18). Anti-PHF8 pS854 polyclonal antibody
was raised against phospho-peptide CFKDAEYIYPpSer-
LESDDD and affinity purified. The following antibod-
ies were used for Western blotting and immunoprecipita-
tion: FLAG (F3165, Sigma), �-actin (A5441, Sigma), HA
(PI26183, Thermo Fisher Scientific), Myc (sc-40, Santa
Cruz), GST (sc-138, Santa Cruz), GAPDH (sc-47724,
Santa Cruz), PCNA (sc-56, Santa Cruz), Chk1 (sc-56291,
Santa Cruz), PHF8 (ab36068, Abcam), pChk1S345 (2348S,
Cell Signaling Technology), CK2� (10992–1-AP, Protein-
tech), H3 (04–928, Millipore) and MBP (AB3596, Milli-
pore).

Coimmunoprecipitation and western blotting

Cells were lysed on ice for 30 min with NETN buffer (20
mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%
Nonidet P-40) containing protease inhibitors. Cell lysates
were collected after centrifugation and incubated with ei-
ther protein A agarose beads coupled with anti-TopBP1 an-
tibody overnight or streptavidin sepharose beads for 2 h at
4◦C. The precipitates were then washed with NETN and
boiled in 2× SDS loading buffer for 8 min. Samples were
resolved by SDS-PAGE, transferred to PVDF membranes,
and immunoblots were carried out with antibodies as indi-
cated.

Tandem Affinity Purification

HEK 293T cells stably expressing SFB-TopBP1 BRCT7+8
and SFB-PHF8 were used for tandem affinity purification.

Cells stably expressing SFB-TopBP1 BRCT7+8 and SFB-
PHF8 were lysed with NETN buffer on ice for 20 min. Af-
ter removal of cell debris by centrifugation, crude lysates
were incubated with streptavidin sepharose beads for 1 h
at 4◦C. The bead-bound proteins were washed 3 times with
NETN buffer and eluted twice with 2 mg/ml biotin for 1 h
at 4◦C. The eluates were combined and then incubated with
streptavidin sepharose beads for 1 h at 4◦C. The beads were
washed three times with NETN buffer. The bead-bound
proteins were separated by SDS-PAGE and visualized by
Coomassie Blue staining. The eluted proteins were identi-
fied by mass spectrometry analysis, which was performed
by the Taplin Biological Mass Spectrometry Facility (Har-
vard Medical School).

Cell synchronization and fluorescence-activated cell sorting

HeLa cells were treated with 2 mM thymidine for 19 h
and released in fresh medium for 9 h. Thymidine (2 mM)
was added again, and cells were incubated for another 9 h
in order to arrest cells in G1 phase before releasing them
again in fresh medium. Cells were collected at the indicated
time points. For cell-cycle analysis, synchronized cells were
washed twice with PBS, resuspended in 300 �l PBS, and
fixed with the addition of 700 �l 100% ethanol. After stor-
age at –20◦C overnight, fixed cells were washed and incu-
bated in sodium citrate buffer containing RNase A for 60
min and then stained with propidium iodide for 30 min.
Then, cells were run on a FACScan System, and cell-cycle
analysis was performed.

Pull-down assays using bacterially expressed fusion proteins

GST or MBP fusion proteins were expressed in Escherichia
coli and purified. The purified fusion proteins were immo-
bilized on glutathione sepharose 4B or amylose resin and
incubated with lysates prepared from cells transiently trans-
fected with plasmids encoding the indicated proteins. The
samples were subjected to SDS-PAGE and analyzed by
western blotting.

Recombinant protein production

The GST proteins expressed in E. coli were purified using
glutathione sepharose 4B beads and eluted with glutathione
buffer (20 mM L-gluthathione; 50 mM Tris–HCl, pH 9.0).
The MBP proteins expressed in E. coli were purified by amy-
lose resin and eluted with maltose buffer (10 mM maltose;
20 mM Tris–HCl, pH 7.4; 200 mM NaCl; 1 mM EDTA; 10
mM �-mercaptoethanol).

In vitro phosphorylation assay

Cell lysates or bacterially expressed proteins were incubated
with CK2 kinase following the manufacturer’s instructions
(New England Biolabs, P6010). Briefly, 2 mg protein was
incubated with 1× NEBuffer for Protein Kinases supple-
mented with 200 �M ATP, 2 �M Na3VO4, 1 �M NaF and
500 units of CK2 kinase at 30◦C for 1 h. The reaction was
stopped by adding 2× loading buffer and boiling at 97◦C
for 10 min.
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CRISPR–Cas9 gene-editing approach to generate PHF8-
knockout cells

Designs were chosen to target the PHF8 gene in the first
few exons and were tested for obvious potential off-targets
by bioinformatics analysis. Plasmids expressing short-guide
RNAs (sgRNAs) were constructed by inserting a pair
of annealed oligonucleotides encoding the corresponding
sgRNA into the PX458 vector. MCF10A or MDA-MB-
231 cells were transfected with PX458-based plasmid vec-
tors expressing PHF8 sgRNA, the Cas9 nuclease, and the
GFP protein. Cells were then sorted and seeded as sin-
gle colonies in 96-well plates by fluorescence-activated cell
sorting (FACS). After 2 weeks, clones were selected based
on western blotting with PHF8 antibody. In addition, ge-
nomic DNA was extracted from cell lines arising from sin-
gle clones. PCR reactions to amplify targeted loci were per-
formed, and agarose gel electrophoresis was used to confirm
the correct size of PCR products. PCR products were then
cloned into the pCR2.1-TOPO vector and transformed into
DH5� competent cells. Plasmid DNA was isolated from
multiple colonies of each transformation and sequenced to
ensure frameshift mutations in the targeted region.

The sequence information for sgRNAs used for PHF8
knockout (KO) cell generation is as follows:

PHF8 sgRNA1: GCACCGAGGCCATCTTCGCT
PHF8 sgRNA2: TGGCATTTGTTGGGCGGATC

Isolation of soluble and chromatin isolation

Cellular fractions were prepared as previously described
(25). Briefly, cells were collected, washed with PBS, and
lysed in hypotonic buffer A (10 mM HEPES [pH 7.9],
10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glyc-
erol, 1 mM DTT, and protease inhibitors). Triton X-100
was added to 0.1%, the cells were incubated on ice for 10
min. After centrifugation (4 min, 1200 g, 4◦C), the super-
natant was collected as soluble fraction and the pellet was
washed twice in buffer A and lysed for 30 min in buffer B
(3 mM EDTA, 0.2 mM EGTA, 1 mM DTT and protease
inhibitors) on ice. After centrifugation (4 min, 1700 g, 4◦C),
insoluble pellet was washed twice in buffer B. The final chro-
matin pellet was resuspended in buffer C (50 mM Tris–HCl
[pH 8.0], 300 mM NaCl, 1% NP-40, 1 mM DTT and pro-
tease inhibitors) on ice for 10 min and sonicated twice for
10 s using a microtip at 30% amplitude. The supernatant
was collected as chromatin fraction by high-speed centrifu-
gation (15 min, 20 000 × g, 4◦C).

DNA fiber analysis

The DNA fiber assay was conducted as previously described
(26,27). Cells were treated with IdU and CIdU to obtain
a final concentration of 25 and 250 �M, respectively. The
treated cells were harvested with 0.25% trypsin-EDTA and
resuspended in ice-cold PBS. Cells were lined on glass slides
and lysed with lysis solution (0.2 M Tris–HCl pH 7.5, 0.5
mM EDTA, 0.5% SDS) before tilting the slide to allow the
fibers to spread over the slide. The slides then were fixed
with methanol:acetic acid (3:1) for 10 min before the DNA
was denatured with 2.5 M HCl for 80 min, followed by
washing with PBS and blocking with 5% BSA for 30 min.

The slides were stained with primary antibody overnight at
4◦C, washed with PBS, and incubated with secondary anti-
body for 2 h at room temperature. Slides were then washed
with PBS, Prolong Gold anti-fade medium added and the
slides were then coverslipped. Slides were imaged using Le-
ica DM4 B microscope. Image analysis were analyzed with
ImageJ. A minimum of 150 tracts was measured for each
experiment to determine the percentage of stalled forks and
the IdU:CIdU ratio. Three independent experiments were
performed.

RESULTS

PHF8 Interacts with TopBP1

Proteins associated with TopBP1 BRCT domains appear to
be important for TopBP1’s functions (3,4,9,10,12,14,15,18).
We generated stable cell lines expressing the triple (SFB)-
tagged BRCT7+8 domain of TopBP1. These cells were then
expanded and used for tandem affinity purification (TAP).
Mass spectrometry (MS) analysis revealed that, in addition
to BACH1 (18), PHF8 was also associated with TopBP1
(Figure 1A). PHF8, a histone H4K20/H3K9 demethylase,
plays key roles in cell cycle regulation, rDNA transcription
and zebrafish brain and craniofacial development (20–23).
Furthermore, we repeatedly identified TopBP1 as a major
PHF8-associated protein through TAP, using lysates de-
rived from HEK 293T cell lines that stably express SFB-
tagged human PHF8 (Figure 1B). Using bacterially ex-
pressed and purified proteins, we further confirmed that the
TopBP1 BRCT 7+8 domain binds to PHF8 (Figure 1C).
Moreover, we confirmed the binding of TopBP1 to PHF8
through endogenous co-immunoprecipitation experiments,
suggesting that these two proteins indeed associate with
each other in vivo (Figure 1D). Furthermore, we isolated
soluble and chromatin fractions and performed immuno-
precipitations. As shown in Supplemental Figure S6, the
TopBP1-PHF8 interaction exists in both the soluble frac-
tion and chromatin fraction, but it is more prevalent in the
chromatin fraction.

TopBP1 Interacts with PHF8 through residue R1314

Next, we sought to define the PHF8 binding region(s)
on TopBP1. A series of TopBP1 BRCT deletion mutants
were described previously (18) (Figure 2A). By perform-
ing a co-immunoprecipitation experiment, we observed that
deletions of either the seventh or eighth BRCT domain
of TopBP1 led to a striking decrease in TopBP1/PHF8
interaction (Figure 2B). Furthermore, deletion of both
BRCT7 and BRCT8 completely abolished the interac-
tion, indicating that the very C-terminal tandem BRCT
domains of TopBP1 were important for its binding to
PHF8. In addition, we exploited a recently identified small
molecule, calcein-AM, that binds to BRCT domains 7
and 8 (28), and observed that the TopBP1-PHF8 inter-
action was drastically decreased (Figure 2C), suggesting
that calcein-AM binding to BRCT7 and BRCT8 blocks
its interaction with PHF8. We have already solved the
structures of the TopBP1 BRCT7 and BRCT8 domains
and its complex with BACH1 (29). Mutation of residues
S1273/R1280/R1314 within the BRCT7 and BRCT8 do-
mains abolished the TopBP1/BACH1 interaction (29).
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Figure 1. PHF8 interacts with TopBP1. (A) A List of TopBP1 BRCT7+8-associated proteins identified by mass spectrometric analysis. (B) A List of PHF8-
associated proteins identified by mass spectrometric analysis. (C) TopBP1 specifically binds to PHF8. Beads coated with bacterially expressed MBP fusion
of BRCT7+8 or BRCT1+2 of TopBP1 were incubated with cell lysates containing exogenously expressed SFB-tagged PHF8. Immunoblotting experiments
were carried out using the indicated antibodies. (D) Endogenous interaction between TopBP1 and PHF8. HEK 293T cell lysates were prepared and
immunoprecipitated with TopBP1 or PHF8 antibody. Immunoprecipitates were blotted using antibodies, as indicated.

We wanted to further investigate the binding affinity of
TopBP1/PHF8 by using these TopBP1 mutation sites. As
shown in Figure 2D, the R1314Q mutant of TopBP1 no-
tably affected the TopBP1/PHF8 interaction, suggesting
that the Arg1314 residue of TopBP1 is the major site in-
volved in the TopBP1/PHF8 interaction.

Residue Ser854 of PHF8 is required for its interaction with
TopBP1

To further characterize this interaction, a series of PHF8
deletion mutants were constructed to define the TopBP1

binding region(s) on PHF8 (Figure 3A) and mapped the
minimal TopBP1 binding region to residues 801–901 of
PHF8 (Figure 3B, C). Because the BRCT domain is a
phosphoprotein binding domain, we assumed that BRCT7
and BRCT8 domains of TopBP1 might bind specifically
to phosphorylated PHF8. To determine whether the in-
teraction between TopBP1 and PHF8 is phosphorylation-
dependent, we mutated all potential phosphorylation sites
located within PHF8 residues 801–901. As shown in Fig-
ure 3D, mutation of both the Ser854 and Ser857 sites
greatly reduced the TopBP1–PHF8 interaction. In addi-
tion, the Ser854 mutation alone behaved like the Ser854 and
Ser857 double mutation (Figure 3E), which suggests that
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Figure 2. TopBP1 Interacts with PHF8 through residue R1314 of TopBP1. (A) Schematic presentation of WT and deletion mutants of TopBP1 used in
this study. (B) The BRCT7+8 domain of TopBP1 is required for TopBP1-PHF8 interaction. HEK 293T cells were transfected with plasmids encoding SFB-
tagged PHF8 along with plasmids encoding WT and deletion mutants of Myc-tagged TopBP1. Precipitation reactions were conducted with S beads and
subjected to western blotting with the indicated antibodies. (C) Endogenous TopBP1 interaction with PHF8 decreased after calcein-AM treatment. HeLa
cells were treated with calcein-AM (2.5 �M) or DMSO for 5 h before harvest. Control and anti-TopBP1 immunoprecipitates were immunoblotted with the
indicated antibodies. (D) The R1314Q mutant of TopBP1 reduced the interaction with PHF8. HEK 293T cells were transfected with plasmids encoding
SFB-tagged PHF8 along with plasmids encoding the S1273A, R1280Q or R1314Q mutants of Myc-tagged TopBP1. Immunoprecipitation reactions were
conducted with S beads and subjected to western blotting with the indicated antibodies.

the Ser854 site is the major phosphorylation site involved in
the TopBP1-PHF8 interaction. Indeed, the Ser854 residue
of human PHF8 is conserved in other species, suggesting
that this residue may be important for PHF8 function (Fig-
ure 3F). We generated a phospho-specific antibody raised
against a peptide containing PHF8 phospho-Ser854. This
antibody specifically recognized wild-type (WT) PHF8 but
failed to recognize the S854A mutant (Figure 3G and Sup-
plemental Figure S1).

To further confirm that the Ser854 phosphorylation site
on PHF8 is required for its interaction with TopBP1, we
synthesized phosphorylated and un-phosphorylated Ser854
peptides as well as phosphorylated Ser857 to perform pull-
down experiments. As a result, both overexpressed TopBP1
and endogenous TopBP1 could be pulled down by the phos-
phorylated Ser854 peptide of PHF8 but not by the con-
trol un-phosphorylated peptide or phosphorylated Ser857
peptide (Supplemental Figure S2A-2B). Moreover, we per-
formed a peptide competition assay. Only the phosphory-
lated PHF8 peptide, but not the unphosphorylated control
peptide, competed with endogenous PHF8 for binding to
the tandem BRCT7+8 domains of TopBP1 (Supplemental
Figure S2C). In addition, we observed that the phospho-
rylated PHF8 peptide could disrupt the TopBP1/PHF8 in-
teraction, whereas the un-phosphorylated peptide failed to
do it (Supplemental Figure S2D), further confirming that

TopBP1 binds selectively to the phosphorylated Ser854 site
of PHF8.

Interaction between TopBP1 and PHF8 is cell-cycle and
phosphorylation-dependent

Because TopBP1 functions mainly in the S and G2 phases,
we determined whether its binding with PHF8 is cell cycle-
dependent. As shown in Figure 4A, the PHF8-TopBP1 in-
teraction reached a maximum in S phase. Altogether, these
data indicate that the interaction between TopBP1 and
PHF8 is dissociated following replication stress and is cell
cycle-dependent. Importantly, phosphorylation of PHF8 at
Ser854 was significantly enriched during S phase, an event
that appears to correlate with its interaction with TopBP1
(Figure 4B) and indicates that Ser854 of PHF8 is indeed
phosphorylated in vivo and this phosphorylation is cell cycle
regulated. The BRCT domain is a phosphoprotein-binding
domain (30,31). To determine whether the interaction be-
tween TopBP1 and PHF8 is phosphorylation-dependent,
we treated cell lysates with � protein phosphatase in a MBP
pull-down assay. The interaction between MBP-TopBP1-
BRCT7+8 and endogenous PHF8 decreased after treat-
ment with � protein phosphatase, suggesting that the in-
teraction between TopBP1 and PHF8 is phosphorylation-
dependent (Figure 4C). To further confirm that the PHF8
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Figure 3. The Ser854 residue of PHF8 is required for its interaction with TopBP1. (A) Schematic presentation of WT and deletion mutants of PHF8
used in this study. (B, C) The C-terminal region of PHF8 is responsible for its interaction with TopBP1. HEK 293T cells were transfected with plasmids
encoding SFB-tagged PHF8 WT and deletion mutants along with Myc-tagged TopBP1. Immunoprecipitation reactions were conducted with S beads and
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were co-transfected with plasmids encoding Myc-tagged TopBP1 along with plasmids encoding SFB-tagged PHF8 WT and potential phospho-mutants.
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Figure 4. Interaction between TopBP1 and PHF8 is cell-cycle and phosphorylation dependent. (A) The interaction between TopBP1 and PHF8 is cell-
cycle dependent. HeLa cells were synchronized by double thymidine block, released in fresh medium without thymidine, and collected at the indicated time
points. Cell lysates were prepared, and immunoprecipitation and immunoblotting experiments were performed with the indicated antibodies. Samples were
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HeLa cells were synchronized by double thymidine block, and then released in fresh medium without thymidine and harvested at the indicated time points.
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Ser854 phosphorylation site is required for its interaction
with TopBP1, � phosphatase treatment markedly decreased
the signal detected by western blotting with this phospho-
specific antibody, indicating that PHF8 Ser854 is indeed
phosphorylated in vivo, and this S phase-specific phospho-
rylation of Ser854 is required for TopBP1-PHF8 interac-
tion (Figure 4C). Collectively, these data suggest that the
interaction between PHF8 and TopBP1 was cell-cycle and
phosphorylation-dependent and phosphorylation of PHF8
at Ser854 is essential for their interaction.

CK2 kinase phosphorylates PHF8 on Ser854

To further explore which kinase is responsible for PHF8
phosphorylation at the Ser854 site, we found that this
site (Ser854) fits well with the consensus motif (SXE/D,
SXXE/D) that is phosphorylated by the CK2 kinase (Fig-
ure 5A). To test whether CK2 phosphorylates PHF8 on
Ser854, we performed an in vitro phosphorylation assay us-
ing a bacterially expressed and purified MBP- or GST-fused
PHF8 fragment containing Ser854 (760–954aa). Ser854
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Figure 5. The CK2 kinase is responsible for PHF8 phosphorylation at Ser854. (A) PHF8 has the consensus sequence for CK2 kinase. (B) CK2 kinase
phosphorylates PHF8 at Ser854 in vitro. Bacterially expressed and purified MBP-PHF8 fragment F1 (760–954aa) fusion proteins were incubated with
or without bacterially expressed CK2. Immunoblotting experiments were performed using antibodies as indicated. (C) Phosphorylation of PHF8 by
CK2 kinase increases its binding to TopBP1. Bacterially expressed and purified GST - PHF8 fragment F1 (760–954aa) fusion proteins were incubated
with or without bacterially expressed CK2. Then beads coated with bacterially expressed MBP-TopBP1 BRCT7+8 fusion protein were added to the
reaction and incubated. Beads were washed and boiled, and then subjected to western blotting using the indicated antibodies. (D) CK2 phosphorylates
PHF8 at Ser854 in vivo. CK2�-stable knockdown (KD) Hela and HEK 293T cells were generated with CK2� shRNA lentivirus, then transfected with a
plasmid encoding SFB-tagged PHF8. Beads coated with bacterially expressed MBP-TopBP1 BRCT7+8 fusion protein were incubated with cell lysates.
Immunoblotting experiments were carried out using indicated antibodies. (E) The CK2 inhibitor CX-4945 inhibits PHF8 phosphorylation at Ser854.
HEK 293T cells were transfected with a plasmid encoding SFB-tagged PHF8 and then incubated with or without CX-4945 (10 �M) for 24 h. Beads coated
with bacterially expressed MBP-TopBP1 BRCT7+8 fusion protein were incubated with cell lysates. Immunoblotting experiments were carried out using
indicated antibodies. * non-specific band. (F) CX-4945 inhibits CK2-mediated PHF8 phosphorylation at Ser854. HEK 293T cells were transfected with a
plasmid encoding SFB-tagged PHF8 and then incubated with or without CX-4945 (10 �M) for 24 h. Cells were lysed with NTEN buffer. Clear cell lysates
were incubated with streptavidin beads. Then the streptavidin beads were eluted with 2 mg/ml biotin in NTEN buffer. The eluates were further incubated
with or without bacterially expressed CK2. Immunoblotting experiments were carried out with the indicated antibodies.
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phosphorylation on PHF8 was detected in an ATP- and
CK2-dependent manner (Figure 5B and C). Moreover,
the binding of the GST-PHF8 fragment to MBP-TopBP1
BRCT7+8 increased in a phosphorylation-dependent man-
ner (Figure 5C). To determine whether CK2 phosphorylates
PHF8 on Ser854 in vivo, we examined the status of PHF8
phosphorylation on Ser854 when SFB-PHF8 was overex-
pressed in CK2� stably depleted HeLa cells. As shown in
Figure 5D and Supplemental Figure S3, CK2� knockdown
led to a significant decrease in PHF8 phosphorylation on
Ser854. Next, we tested whether phosphorylation of PHF8
on Ser854 could be inhibited in vitro and in vivo by a highly
specific inhibitor of CK2, CX-4945. After treatment with
CX-4945, PHF8 phosphorylation on Ser854 was abolished
in HEK 293T cells overexpressing SFB-PHF8. In addi-
tion, the binding of SFB-PHF8 or PHF8pS854 to TopBP1
BRCT7+8 strongly decreased in the presence of CX-4945
(Figure 5E). Furthermore, CK2-mediated PHF8 phospho-
rylation on Ser854 was inhibited by treatment with CX-
4945, and the phosphorylation could be recovered by incu-
bation with bacterially expressed CK2 kinase (Figure 5F).
Together, these results demonstrate that CK2 phosphory-
lates PHF8 on Ser854, which is critical for the TopBP1-
PHF8 interaction.

PHF8 regulates the TopBP1 protein level through UBR5-
mediated ubiquitination

Given that TopBP1 interacts with PHF8, we explored the
functional significance of this interaction. We observed that
knockdown of PHF8 led to a strong decrease in TopBP1
protein level in both breast cancer MCF-7 and MDA-
MB-231 cells (Figure 6A), suggesting that PHF8 regulates
the protein level of TopBP1. Because a major function of
TopBP1 is to regulate the replication checkpoint, we asked
whether PHF8 has a similar function in checkpoint control.
Indeed, knockdown of PHF8 inhibited hydroxyurea (HU)-
induced Chk1 phosphorylation (Figure 6A).

To better understand how PHF8 regulates TopBP1 ex-
pression in the cell, we established MCF10A-derived PHF8-
KO cells and treated them with the proteasome inhibitor
MG132. We found that TopBP1 expression was restored
(Figure 6B), suggesting that TopBP1 protein levels decrease
through proteasomal degradation. It has been shown that
the E3 ligase UBR5 (also named EDD1) promotes ubiq-
uitination of TopBP1 (32). UBR5 contains two conserved
domains, a HECT domain that is likely an E3 ubiquitin lig-
ase and a PABC domain that is a protein-protein interaction
domain. Expression of WT UBR5 led to reduced TopBP1
protein, a change that was completely reversed by the
proteasome inhibitor MG132, whereas the UBR5�HECT
deletion mutant did not affect TopBP1 protein level (Figure
6C), indicating that E3 ligase UBR5 is required for TopBP1
ubiquitination and degradation through its HECT domain.
We also performed cycloheximide (CHX)) treatment ex-
periments and showed that the half-life of TopBP1 with
WT UBR5 was significantly shorter than that of TopBP1
with UBR5-�HECT, again supporting the idea that UBR5
mediated TopBP1 ubiquitination and degradation through
its HECT domain (Figure 6D). To address how PHF8
regulates the UBR5-mediated degradation of TopBP1, we

showed that depletion of UBR5 restored TopBP1 protein
level in PHF8 KO cells (Figure 6E). Moreover, the CHX-
chase method was performed to measure TopBP1 protein
stability in the presence of WT and S854A mutant of PHF8.
WT PHF8, but not the Ser854A mutant of PHF8, stabilizes
the TopBP1 protein (Supplemental Figure S4), suggesting
that PHF8 binding to TopBP1 may protect TopBP1 from
degradation by UBR5. Next, we sought to identify ubiq-
uitination sites on TopBP1. As shown in Figure 6F, only
the N-terminus of TopBP1 was ubiquitinated by UBR5.
To further map the ubiquitination sites, we will generate
a series of truncation and deletion mutants, to identify the
lysine residue(s) responsible for TopBP1 ubiquitination by
UBR5. Altogether, PHF8 loss destabilizes TopBP1 protein
level through UBR5-mediated TopBP1 ubiquitination and
degradation.

The PHF8–TopBP1 interaction is involved in DNA replica-
tion

Because the level of TopBP1 protein markedly decreased
with loss of PHF8 (Figure 6A and B) and PHF8 phospho-
rylation at Ser854 is critical for its interaction with TopBP1,
we next investigated how PHF8 phosphorylation affects the
TopBP1 protein level in PHF8-KO cells. Indeed, expres-
sion of WT PHF8, but not the S854A mutant of PHF8, re-
stored the TopBP1 protein level in PHF8 KO cells (Figure
7A), indicating that the phosphorylation-dependent PHF8–
TopBP1 interaction is required for TopBP1 expression. As
shown in Figure 7A, downregulation of PHF8 inhibited
APH-induced Chk1 phosphorylation. The expression of
WT PHF8 fully restored Chk1 activation. However, the
S854A mutant, which does not interact with TopBP1, failed
to rescue Chk1 activation following APH treatment (Figure
7A). In addition, when we overexpressed TopBP1 in PHF8
KO cells, Chk1 activation was rescued in these cells (Supple-
mental Figure S5), indicating that PHF8’s effect on DNA
replication is at least partially through TopBP1.

To understand whether TopBP1 and PHF8 participate
in replication fork progression, we used a DNA fiber
assay to measure stalled replication forks and replica-
tion fork restart (Figure 7B). The DNA fiber assay al-
lows for the labelling of actively progressing replication
forks in vivo and the sequential incorporation of the two
different halogenated nucleotides, IdU and CldU, into
the nascent DNA strands to provide information about
replication directionality (26,27). To monitor the natu-
ral dynamics of replication forks, we performed a DNA
fiber assay in TopBP1LoxP/LoxP;CreTM MEF cells (24). As
shown in Figure 7C, 4-hydroxytamoxifen (4-OHT) effec-
tively depleted TopBP1 in TopBP1LoxP/LoxP;CreTM MEFs.
In TopBP1LoxP/LoxP(4-OHT) cells, the majority of forks re-
sumed DNA synthesis, as manifested by red and green
tracks (Figure 7B). In contrast, TopBP1LoxP/LoxP;CreTM

MEFs cells treated with 4-OHT exhibited a markedly in-
creased frequency of stalled forks (red tracks only) and de-
creased frequency of restarted forks (IdU/CIdU), as sum-
marized in Figure 7D. The DNA fiber assay revealed that
the frequency of stalled forks increased and restart de-
creased in MCF10A-derived PHF8-KO cells (Figure 7E),
suggesting that loss of PHF8 caused defects in replication
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Figure 6. PHF8 regulates the TopBP1 protein level through UBR5-mediated ubiquitination. (A) TopBP1 protein level decreased in PHF8 KD cells. MCF-
7/MCF-7 PHF8 KD and MDA-MB-231/MDA-MB-231 PHF8 KD cells were treated with HU (10 mM) for 1 h. Cells were harvested and immunoblotted
with the indicated antibodies. (B) TopBP1 was degraded via a proteasome-mediated pathway in PHF8 KO cells. MCF10A-derived PHF8 KO cells were
treated with 20 �M MG132 for 6 h. Cell lysates were subjected to western blotting with the indicated antibodies. (C) The HECT domain of UBR5
is required for TopBP1 degradation. HEK 293T cells were transfected with constructs encoding SFB-TopBP1 together with vector alone or constructs
encoding Myc-tagged WT UBR5 or the UBR5�HECT mutant. At 24 h after transfection, cells were treated with the proteasome inhibitor MG132 (20
�M in DMSO), for 4 h. Cell lysates were examined by western blotting using the indicated antibodies. (D) The half-life of SFB-TopBP1 with Myc-UBR5
was shorter than that of SFB-TopBP1 with Myc-UBR5-�HECT. HEK 293T cells were transfected with constructs encoding SFB-tagged TopBP1 along
with constructs encoding Myc-UBR5 or Myc-UBR5-�HECT. After treatment with cycloheximide (CHX, 10 �g/ml), cells were harvested at the indicated
times and immediately lysed with 2x Laemmli buffer. The lysates were immunoblotted with the indicated antibodies. (E) Depletion of UBR5 restores
TopBP1 expression in PHF8 KO cells. PHF8 KO cells were infected with control (CTR) shRNA, UBR5 shRNA#1 and UBR5 shRNA#2. Cell lysates
were immunoblotted with the indicated antibodies. (F) The TopBP1 N-terminus is ubiquitinated by the E3 ligase, UBR5. HEK 293T cells were transfected
with constructs encoding HA-ubiquitin, and Myc-UBR5 along with constructs encoding the SFB-TopBP1 N-terminus (1 aa–810 aa) or C-terminus (785
aa–1522 aa). Cell lysates were prepared and precipitated with streptavidin sepharose beads and subjected to western blotting with the indicated antibodies.
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Figure 7. The PHF8-TopBP1 interaction is involved in DNA replication. (A) The PHF8-TopBP1 interaction is required for TopBP1 protein stability and
DNA replication checkpoint activation. MCF10A and its derived PHF8 KO cells were reconstituted with WT or the S854A mutant of SFB-PHF8. Cells
were treated with or without aphidicolin (APH, 20 �M) for 1 h. Cells were lysed with NTEN buffer and immunoblotted with the indicated antibodies.
(B) Schematic of different replication events that can be studied by DNA fiber analysis and a representative image of the DNA fiber tracks are shown. (C)
TopBP1 is depleted in TopBP1LoxP/LoxP;CreTM MEF after 4-OHT administration. * non-specific band. (D, E) Loss of PHF8 caused defects in replication
fork restart in response to HU treatment. Quantification of the restarted forks (IdU/CIdU) and stalled forks (%) by DNA fiber analysis in TopBP1LoxP/LoxP

MEF and TopBP1LoxP/LoxP;CreTM MEF inducible with 4-OHT (D); MCF10A and MCF10A-derived PHF8 KO cells (E). Briefly, cells were treated with
IdU, HU, and CIdU, as described in Materials and Methods. The ratio of IdU/CIdU tract length from three independent experiments was plotted as mean
± s.d. Data for stalled replication forks (%) are calculated using mean ± s.d. of three independent experiments. WT and KO groups were compared using
a paired t-test. * P < 0.01, ** P < 0.001. (F) A proposed model representing the regulation of TopBP1 by PHF8 under normal condition. Under normal
condition, PHF8 regulates the protein level of TopBP1. E3 ligase UBR5 mediates TopBP1 ubiquitination and degradation in the soluble cellular fractions.
Our data provided novel insights into the regulation of protein level of TopBP1 under normal conditions.
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fork restart in response to HU treatment. Similar results
were obtained in PHF8 KO of MDA-MB-231 breast cancer
cells with PHF8 KO (Supplemental Figure S7). Together,
these results indicate that TopBP1 and PHF8 promote the
restart of the replication fork after replication stress.

DISCUSSION

Human TopBP1 is a key scaffold protein that can inter-
act with many other proteins and play essential roles in a
diverse range of cellular pathways, including DNA repli-
cation initiation, checkpoint signaling, DNA repair, and
transcriptional control. Here, we identified and charac-
terized the interaction between TopBP1 and the histone
demethylase PHF8. We found that PHF8 interacts directly
with the BRCT domains 7 + 8 of TopBP1 via the PHF8
residue Ser854. Moreover, this interaction was enhanced in
the S phase of the cell cycle. More specifically, we asked
whether PHF8 is phosphorylated and, if so, which kinases
are responsible for the PHF8 phosphorylation, and whether
phosphorylation occurs at specific stages of the cell cy-
cle. Our evidence suggests that PHF8 is phosphorylated at
Ser854 by the protein kinase CK2 (Figure 7F). This conclu-
sion is supported by three lines of evidence. First, Ser854
forms a consensus site for CK2 kinase. Second, CK2 phos-
phorylates PHF8 at Ser854 in vitro and in vivo. Third, the
highly specific CK2 kinase inhibitor CX-4945 inhibits CK2-
mediated PHF8 phosphorylation at Ser854. Importantly,
phosphorylation of PHF8 at Ser854 site was significantly
enriched during S phase, which appears to correlate with its
interaction with TopBP1. While some studies reported con-
stant CK2 activity during the cell division cycle, there are
reports showing that the association of the adenomatous
polyposis coli (APC) with CK2 was cell cycle-dependent,
with the highest association in G2/M (33), and phosphory-
lation of eIF5 associated with CK2 only in G1 (34). More-
over, in mitosis, CK2 has been shown to phosphorylate
Topoisomerase II�/� and HDAC1/2 (35,36). These reports
suggest a cell cycle-dependent regulation of substrates by
CK2. Since CK2 binds to both PHF8 and TopBP1 (Sup-
plemental Figure S8A) and determines PHF8 phosphoryla-
tion, we therefore propose that CK2 associates with PHF8
phosphorylation in a cell cycle-dependent manner. More-
over, there is another possibility that CK2 might directly
interact with as-yet unidentified factor(s) that regulate the
cell cycle-dependent PHF8 phosphorylation. We will work
on this possibility to discover the underlying mechanism in
future studies.

Our data indicate that depletion of PHF8 led to a de-
crease in TopBP1 protein level in either normal MCF-10A
cell or in breast cancer cells. Treatment with the proteasome
inhibitor MG132 largely reversed the decrease in TopBP1
level, which raises the possibility that PHF8 may regulate
TopBP1 protein level by preventing its proteasomal degra-
dation. DNA-damage-induced ubiquitination and deubiq-
uitination are major regulators of a number of proteins in-
volved in the DNA-damage response, including TopBP1
and 53BP1 (37,38). It was reported that the E3 ligase UBR5
interacts with TopBP1 (32). Indeed, we found that UBR5
promoted the ubiquitination of TopBP1 and that the E3
ligase activity domain (HECT) of UBR5 is required for

UBR5-mediated TopBP1 ubiquitination and degradation.
Moreover, PHF8 WT, but not the Ser854A mutant, sta-
bilized TopBP1 protein expression. Together, these results
suggest that PHF8 binding to TopBP1 may protect TopBP1
from degradation by UBR5 under normal condition (Fig-
ure 7F).

The recovery from replication stress by restarting stalled
forks to continue DNA synthesis is crucial for maintain-
ing genome stability. Because loss of TopBP1 or PHF8 im-
paired DNA replication checkpoint activity, we hypothe-
sized that the increased genome instability in TopBP1- or
PHF8-deficient cells could arise from the defective restart
of stalled replication forks. Using the DNA fiber assay to
monitor replication fork progression under conditions of
HU-induced replication stress, we found that restarted forks
from TopBP1- or PHF8-deficient cells had significantly
shorter CIdU tracts, suggesting that forks in these cells were
unable to restart. A similar trend in deficient fork restart was
also observed in multiple cultured human cell lines. Thus,
it is possible that TopBP1 and PHF8 form a complex, act-
ing under replication stress to promote re-initiation of DNA
synthesis at stalled forks.

Taken together, our data provide novel insights into the
regulation of protein level and localization of TopBP1 un-
der both normal conditions and replication stress. However,
a number of questions arise from our work that will be ad-
dressed in future studies. In particular, it remains to be de-
termined how PHF8 and UBR5 would participate in the
regulation of TopBP1 protein level. Replication forks that
stall after encountering DNA lesions may undergo fork re-
versal that must be properly protected against degradation
of nascent DNA. Whether TopBP1 and PHF8 play a role in
replication fork protection is unknown. Because we show
that TopBP1 and PHF8 both function in replication fork
restart, whether fork restart and fork protection are func-
tionally connected needs further attention.
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