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Abstract

The TopBP1-ATR axis is critical for maintaining genomic stability during DNA replication stress, yet the precise regulation of TopBP1 in replication
stress responses remains poorly understood. In this study, we identified PHD and Ring Finger Domains 1 (PHRF1) as an important ATR activator
through its interaction with TopBP1. Our analysis revealed a correlation between PHRF1 and genomic stability in cancer patients. Mechanistically,
PHRF1 is recruited to DNA lesions in a manner dependent on its PHD domain and histone methylation. Subsequently, PHRF1 mono-ubiquitinates
TopBP1 at lysine 73, which enhances the TopBP1-ATR interaction and activates ATR. Depletion of PHRF1 disrupts ATR activation and sensitizes
cells to replication stress-inducing agents. Furthermore, conditional knockout of Phrf7in mice leads to early lethality and impaired ATR-Chk1 axis
signaling. Collectively, our findings establish PHRF1 as a novel E3 ligase for TopBP1, coordinating the replication stress response by enhancing
TopBP1-ATR signaling.
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Introduction the accumulation of DNA damage. If not properly resolved,
DNA replication is a finely tuned and tightly regulated process ~ such replication stress can lead to mutations, chromosomal
essential for the accurate duplication of the genome. However,  aberrations, and ultimately, genome instability, a hallmark of
this process is constantly exposed to both endogenous and ex- various human diseases, including cancer [1, 2]. To counter-
ogenous stressors that can stall replication forks, resulting in  act these threats, eukaryotic cells have evolved a sophisticated
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DNA damage response (DDR) network that safeguards ge-
nomic stability by orchestrating the detection, signaling, and
repair of DNA lesions [3, 4].

Central to the cellular response to replication stress is
the ATR-TopBP1-Chk1 axis, an essential signaling path-
way activated in response to replication fork stalling. ATR
(ataxia telangiectasia and Rad3-related) kinase, recruited
and activated by TopBP1 (topoisomerase II binding pro-
tein 1), plays a pivotal role in stabilizing and restarting
stalled replication forks, preventing fork collapse, and fa-
cilitating cell cycle progression [5-9]. Activation of ATR
is initiated when single-stranded DNA (ssDNA) generated
at stalled forks is rapidly coated by replication protein A
(RPA), forming an RPA-ssDNA complex that serves as a
platform for the recruitment of key factors, including ATR-
ATRIP, the Rad17-RFC-9-1-1 complex, and ETAA1 [8, 10-
15]. The assembly and activation of this signaling cascade are
highly regulated by post-translational modifications (PTMs),
such as phosphorylation and ubiquitination, which fine-tune
the functions of DDR components under stress conditions
[16-18].

TopBP1, as a scaffold protein, is indispensable for ATR ac-
tivation. It not only interacts with ATR via its BRCT domains
but also undergoes dynamic regulation through PTMs. For
instance, studies have shown that TopBP1 is ubiquitinated by
the E3 ubiquitin ligase hHYD and deubiquitinated by USP13,
while its phosphorylation enhances its recruitment to DNA
damage sites [18, 19]. Despite these insights, the precise reg-
ulatory mechanisms underlying TopBP1’s role in replication
stress and the functional relevance of its ubiquitination remain
incompletely characterized [18, 19].

Emerging evidence implicates PHD and Ring Finger Do-
mains 1 (PHRF1) as a critical regulator of genome stability.
PHRF1, an E3 ubiquitin ligase, has been identified as a tumor
suppressor that modulates various cellular processes, includ-
ing TGF-B signaling, cytoplasmic relocation of the promyelo-
cytic leukemia protein, and the repair of DNA double-strand
breaks through non-homologous end joining [20-23]. While
PHRF1’s involvement in these pathways highlights its role in
maintaining genomic integrity, its function in the replication
stress response remains largely unexplored.

In the current study, we elucidate a novel role of PHRF1
in replication-related DDRs. We demonstrate that PHRF1
localizes to stalled replication forks, interacts with TopBP1,
and promotes TopBP1 mono-ubiquitination, thereby enhanc-
ing TopBP1-dependent ATR activation. Furthermore, PHRF1
deficiency causes compromised ATR axis signaling, delayed
restart of stalled replication fork in response to replica-
tion stresses, and sensitizes cells to replication stress-inducing
agents. Moreover, Phrf1 knockout mice exhibit increased ge-
nomic instability, while low PHRF1 expression correlates with
chromosomal instability (CIN) in human cancers. Overall,
our findings established PHRF1 as a key regulator of repli-
cation stress response by facilitating TopBP1-mediated ATR
activation.

Materials and methods

Cell culture

HEK293T (CRL-3216), HCT116 (CCL-247), and U20S
(HTB-96) cell lines were purchased from ATCC and were cul-
tured in Dulbecco’s modified Eagle’s medium or McCoy’s SA

medium supplemented with 10% fetal bovine serum at 37°C
in 5% (v/v) CO,.

Plasmids and antibodies

pcDNA3-LacR-TopBP1 (#31317) vector was purchased
from Addgene. Constructs of SFP-TopBP1 (WT, ABRCT1,
ABRCT2, ABRCT3, ABRCT4, ABRCTS, ABRCTS,
ABRCT7, and ABRCTS) were gifts from Dr Junjie Chen
and were sub-cloned into pLVX3, pLVX6 vectors. Flag-
PHRF1 vector was a gift from Dr Junjie Chen. PHRF1 was
sub-cloned into pLVX3 vector. All truncated or site mu-
tants of TopBP1 or PHRF1 were generated by site-directed
mutagenesis (Agilent).

Anti-PHRF1-N antibody was generated by Cocalico
Biologicals. The following antibodies were used: anti-
PHRF1 (Abcam: ab85974, 1:2000), anti-yH2AX (Millipore:
2884537, 1:1000, Bethyl Laboratories: A300-081A, 1:1000),
anti-H3 (Proteintech: 17168-1-AP, 1:5000), anti-H3K9me3
(Millipore: 07-442, 1:1000, Thermo Fisher: MAS5-42567,
1:2000), anti-H3K36me3 (Cell signaling: 4909, 1:1000), anti-
Phospho-ATM/ATR Substrate Motif [(pS/pT)QG] (Cell sig-
naling: 69668, 1:2000), anti-Rad17 (Santa Cruz: sc-17761,
1:1000), anti-Rad9 (Santa Cruz: sc-8324, 1:1000) anti-
TopBP1 (Bethyl Laboratories: A300-111A, 1:1000), anti-
Flag (Sigma: F1804, 1:2000, F7425, 1:2000), anti-His (Santa
Cruz: sc-8036,1:2000), anti-phospho ATR (T1989) (Gene-
tex: GTX128145, 1:1000), anti-ATR (Cell signaling : 13934,
1:1000), anti-phospho Chk1 (S345) (Cell signaling : 2348,
1:1000), anti-Chk1 (Santa Cruz: sc-8408, 1:2000), anti-
phospho RPA32 (S33) (Bethyl Laboratories: A300-246A-M,
1:2000), anti-RPA32 (Santa Cruz: sc-56770, 1:2000), anti-Ub
(Santa Cruz: sc:8017, 1:2000), anti-a-tubulin (Sigma: T6557,
1:5000), anti-GAPDH (Proteintech: 60004—1-Ig, 1:2000),
anti-B-actin (Sigma: A2228, 1:2000), anti-GFP (Santa Cruz:
$c-9996, 1:1000), anti-HA (Sigma: H6908, 1:2000), anti-S-
tag (Abcam: ab78281, 1:2000), anti-BrdU (BD Bioscience:
347580, 1:200, Abcam: ab6326, 1:2000), anti-CD71 (eBio-
science: 11-0711-82, 1:100).

shRNAs, sgRNAs, and siRNA

Nontarget control shRNA and PHRF1 shRNAs
were purchased from Sigma. PHRF1 shRNA #1:
TTGATAGTTCTTCGGTCATAG, PHRF1 shRNA #2:
GACATGAAGTTTGAGTATTTG. PHRF1 knockout

HCT116 and U20S cells were generated using CRISPR /Cas9
with two sgRNAs: sgRNA #1: TCCGAGGATTCTGAA-
GACGA and sgRNA #2: GCATTCAGAGACCAGGC-
CGTGGG (Thermo Fisher). TopBP1 siRNA was purchased
from Thermo Fisher (Cat: 4392420).

DNA transfections were performed using TransIT-X2
(MIRUS Bio). Lentiviruses for infection of HCT116 and
U20S cells were packaged in HEK293T cells. Medium con-
taining lentivirus was collected 48 h after transfection. This
harvested medium was then added to the target cells for sub-
sequent experiments, with 8 pug/ml polybrene included to en-
hance infection efficiency.

Chromatin instability signature
PHRF1 expression (as log-RPKM) and somatic mutation
calls by MuSE, MuTect2, SomaticSniper, and VarScan2 in

breast cancer were downloaded from UCSC XenaBrowser
(https://xenabrowser.net) GDC-TCGA-BRCA cohort. High
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confident mutation counts were calculated from consistent
calls between at least two callers. Homologous recombina-
tion deficiency (HRD) scores and HRD subcomponent scores
(LST: large scale transition, TAI: telomeric allelic imbalances,
and LOH: loss of heterozygosity) [24], and weighted genomic
integrity index (wGII) [25] were downloaded from previous
publications. Samples were categorized by PHRF1 expression
using upper 33% and lower 33% as cutoffs based on sample
availability for each score. Statistical significance was tested
using the Mann—Whitney—Wilcoxon test.

Comet assay

The Comet Assay Single-Cell Gel Electrophoresis Assay Kit
(Trevigen) was used according to the manufacturer’s proto-
col. Briefly, cells were collected and rinsed twice with ice-
cold phosphate buffered saline (PBS); 1 x 10° cells/ml were
mixed with 1% low melting agarose at 37°C at the ratio of
1:10 (v/v) and immediately pipetted onto slides. The slides
were immersed in the lysis buffer overnight at 4°C. Then, the
slides were subjected to electrophoresis at 21 V for 45 min and
stained with propidium iodide (PI) for 20 min. Images were
taken using a fluorescence microscope and analyzed using
Image].

Immunofluorescence

U20S cells were seeded on coverslips 24 h prior to the
experiment. After treatment, the cells were fixed with a
methanol:acetone mixture (1:1) at —20°C for 20 min. Follow-
ing fixation, the cells were washed twice with PBS. To block
nonspecific binding, cells were incubated with 5% goat serum
for 30 min at RT (room temperature). Primary antibodies, di-
luted in PBS containing 1% bovine serum albumin (BSA), were
applied to the cells and incubated for 1 h at RT. After washing
with PBS, secondary antibodies, also diluted in PBS contain-
ing 1% BSA, were added and incubated for 1 h at RT. Cells
were subsequently washed three times with PBS. For nuclear
counterstaining, cells were incubated with DAPI for 5 min at
RT, followed by two additional washes with PBS. Finally, cells
were mounted with an anti-fade mounting solution and visu-
alized using an ImageXpress pico or Micro confocal micro-
scope (Molecular Devices).

Laser micro-irradiation

For laser micro-irradiation, U20S cells were incubated in
glass-bottom dishes (MatTek Corporation). Laser micro-
irradiation was performed using a Micropoint Laser Illumina-
tion and Ablation system (ANDOR). After 10 min, cells were
fixed and stained with the indicated antibodies.

Cell cycle analysis

WT (wild-type) or PHRF1 knockout cells were treated with 2
mM hydroxyurea (HU) for 24 h. After incubation, cells were
washed and replaced with fresh media. Cells were harvested at
the indicated time points, fixed in 70% ice-cold ethanol, and
stained with PI/RNase solution (Thermo Fisher). Cell cycle
distribution was analyzed on an Attune Nxt Flow cytometry
(Thermo Fisher), and the data were processed using Flow]o
software.
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isolation of proteins on nascent DNA

iPOND (isolation of proteins on nascent DNA) assay was
performed according to a published protocol [26]. Briefly,
cells were labeled with 10 uM EdU for 20 min, followed
by washing with washing buffer (0.5% bovine serum albu-
min in PBS). After washing, cells were incubated in medium
containing HU for 2 h. Cells were then harvested, permeabi-
lized with 0.25% Triton X-100 in PBS for 30 min, and in-
cubated with click reaction buffer (1 mM biotin-azide, 100
mM CuSOy4, 20 mg/ml sodium L-ascorbate in PBS). After the
click reaction, cells were sonicated with lysis buffer (1% SDS
in 50 mM Tris-HCI, pH 8.0) and centrifuged at 14 000 rpm
for 10 min. Biotin-labeled lysates were incubated overnight
at 4°C with streptavidin beads. After incubation, the beads
were rinsed with cold lysis buffer, followed by a wash with
1 M NaCl, and then a final wash with cold lysis buffer, with
each wash lasting 5 min. Beads were then heated at 95°C in
2x Laemmli buffer for 30 min, loaded onto sodium dode-
cyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE),
and immunoblotted with the indicated antibodies.

Immunoprecipitation and immunoblotting

For immunoprecipitation, cells were lysed with NETN
buffer (20 mM Tris—-HCI, pH 8.0, 100 mM NaCl, 1 mM
EDTA, and 0.5% NP-40) for 10 min on ice. Whole cell lysates
were centrifuged at 12 000 rpm for 10 min. Cell lysates were
incubated with either an antibody and protein A beads (Amer-
sham Biosciences) or Flag-, HA-, and S-beads at 4°C for 2
h or overnight. After incubation, beads were washed three
times with NETN buffer. The bound proteins were eluted with
2x Laemmli buffer. For immunoblotting, cells were lysed in
NETN buffer for 10 min on ice, followed by centrifugation at
12 000 rpm for 10 min. Supernatants were heated at 95°C for
10 min in 2x Laemmli buffer. Cells were lysis by sonication
and then centrifuged at 12 000 rpm for 10 min. After centrifu-
gation, the supernatants were heated at 95°C for 10 mins in
2x Laemmli buffer, loaded to SDS-PAGE, and immunoblot-
ting with the indicated antibodies.

Denaturing his pull-down

Transiently transfected or virus-infected cells were harvested
and washed once with PBS. The cells were then lysed in a dena-
turing urea lysis buffer containing 8 M urea, 0.1 M NaH, POy,
30 mM NaCl, and 10 mM Tris (pH 8.0). The lysates were son-
icated and incubated with Ni-NTA agarose beads (QIAGEN)
for 1-2 h at RT to allow binding of the target protein to the
beads. After incubation, the beads were washed three times
with urea washing buffer (8 M urea, 0.1 M NaH,PO4, 300
mM NacCl, and 10 mM Tris, pH 8.0) to remove nonspecifi-
cally bound proteins. The input samples and bead-bound pro-
teins were then boiled in Laemmli sample buffer, separated by
SDS-PAGE, and analyzed by immunoblotting.

Proximity ligation assay

Cells were washed in ice-cold PBS and fixed with
methanol:acetone (1:1) at —20°C for 20 min. Proximity
ligation assay (PLA) was then performed using a Duo-link
in situ PLA kit (Sigma) according to the manufacturer’s
instructions. Briefly, samples were blocked in blocking solu-
tion at 37°C for 1 h and then incubated with a mixture of
primary antibodies (1:1000) at 4°C overnight. Then, the cells
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were incubated with probes at 37°C for 1 h, followed by
hybridization, ligation, amplification, and detection. Nuclei
were stained with DAPI. The coverslips were mounted onto
glass slides with the anti-fade solution and visualized using
an ImageXpress Micro confocal microscope (Molecular
Devices).

DNA fiber assay

To assess the restart efficiency of stalled replication forks, cells
were labeled with 25 pM IdU for 20 min and then washed
twice with medium. The cells were then treated with 4 mM
HU for 2 h. After a subsequent washing with medium, cells
were recovered in fresh medium with 200 uM CIdU for the
indicated duration. Cells were then trypsinized, resuspended
in PBS to a density of 2.5 x 103 cells/ml and diluted 1:40
with unlabeled cells at the same density. A 5 ul aliquot of cells
was mixed with 15 ul of lysis buffer (200 mM Tris-HCI, pH
7.4,50 mM EDTA, and 0.5% SDS) on a clean glass slide. After
8 min of incubation, the slides were tilted at 15° to horizontal,
allowing the lysate to slowly flow down along the slide. The
slides were then air-dried, fixed in 3:1 methanol/acetic acid,
and stored at 4°C overnight. The slides were treated with 2.5
M HCl for 1 h, neutralized in 0.1 M Na,;B407, pH 8.5, and
rinsed three times in PBST (PBS with 0.1% Tween-20). The
slides were then blocked in blocking buffer (PBST containing
1% BSA) for 20 min and incubated with anti-BrdU antibodies
(BD Bioscience: 347580, Abcam: ab6326) in blocking buffer
at 37°C for 1 h. After washing, secondary antibodies were di-
luted in PBS containing 1% BSA and incubated with the cell at
RT for 1 h. After incubation, the slides were washed once with
low-salt TBST (36 mM Tris-HCI pH 8.0, 50 mM NaCl, 0.5%
Tween-20) and three times with PBST. After washing, cells
were mounted with anti-fade solution and visualized using a
Nikon eclipse 80i fluorescence microscope. All fiber lengths
were measured using Image].

Flow cytometry analysis

For cell cycle or sub-G1 analysis, WT cells or PHRF1 knock-
out cells were treated with 2 mM HU. After 24 h, cells
were washed, replaced with fresh medium, and harvested by
trypsinization at the indicated time points. Cells were fixed
in 70% ice-cold ethanol, stained with PI/RNase solution
(Thermo Fisher), and analyzed using an Attune Nxt Flow cy-
tometer (Thermo Fisher). For immunostaining, WT cells or
PHRF1 knockout cells were fixed with 70% ice-cold ethanol
and then permeabilized with 0.25% Triton X-100 in PBS.
Cells were incubated with the indicated primary antibodies
for 3 h at RT, followed by incubation with the appropriate
secondary antibodies for 1 h at RT. Cells were treated with
PI/RNase solution (Thermo Fisher) and analyzed on an At-
tune Nxt Flow cytometer (Thermo Fisher), and data were an-
alyzed using Flow Jo.

Colony formation assay

Five hundred to one thousand cells were plated in triplicate
in each well of six-well plates. Sixteen hour later, cells were
treated with camptothecin (CPT), HU, ultraviolet (UV), or flu-
orouracil (5-FU), and cultured for 10-14 days at 37°C to al-
low colony formation. Colonies were stained with Giemsa and
counted. Results were normalized to plating efficiencies.

Generation of Phrf1~/— Mouse

Phrf1 knockout mice were generated by Casgene Biotech Co.,
Ltd. Zygotes were collected from mating superovulated
C57BL/6 females with males and were injected with a mix-
ture of Cas9 mRNA (80 ng/ul), sgRNA (40 ng/ul), and
donor vector (8 ng/ul). Microinjections were performed
into the male pronucleus of fertilized oocytes. The injected
zygotes were transferred into pseudopregnant CD1 female
mice, resulting in the birth of viable adult mice were ob-
tained. The correctly targeted mice were determined by
polymerase chain reaction (PCR) or sequencing. Primer
sequences used for genotyping wereas follows: primer-F:
GGTTTAGTCATTAGCACCATCTTCTCTGA;  primer-R:
CGTTGCCATTTCTACTCCATCTTCTG. Two loxP ele-
ments flanking exon 4 were introduced into a murine Phrf1
gene using the CRISPR/Cas9 method. Homozygous floxed
male and female mice (Phrf1%f) were then crossed with
B6.129-Gt (ROSA)26Sort™! (cre/ERT2ITyi/) transgenic mice to
generate Phrf1~/~ mice. In the current study, 6-10-week-old
mice of both sexes were used. All animal procedures were
approved by the Mayo Clinic Institutional Animal Care and
Use Committee (IACUC).

Preparation of mouse splenocyte for flow
cytometry and metaphase spread

Spleens were harvested from mice aged 6-12 weeks and ho-
mogenized using 70 pm meshes. For quantification of ge-
nomic instability, harvested splenocytes were fixed with 70%
ethanol at 4°C overnight. Fixed cells were permeabilized by
0.25% Triton X-100 in PBS at 4°C for 10 min. After perme-
abilization, cells were then washed with PBS and stained with
YH2AX antibody (Millipore) at RT for 2 h. Following wash-
ing, cells were stained with FITC-conjugated secondary anti-
body (Jackson ImmunoResearch) at RT for 1 h. After stain-
ing, cells were washed and incubated with PI/RNase solution
(Thermo Fisher) at RT for 30 min. The samples were analyzed
using an Nxt Attune flow cytometry (Thermo Fisher), and
data were analyzed using Flow]o. For metaphase spread, har-
vested splenocytes were incubated with concanavalin A (2.5
pg/ml) for 72 h and then treated with colcemid (Gibco). After
incubation, cells were swollen by incubating in prewarmed 75
mM KCI at 37°C for 20 min. Following centrifugation, cells
were fixed with Carnoy’s buffer (3:1 methanol:acetic acid) at
RT for 10 min. The cells were spun down for 4 min at 1000
rpm, and the supernatant was aspirated. The cells were resus-
pended with Carnoy’s buffer twice before being dropped on
the slide and allowed to air dry for at least 10 min. Finally, the
slides were stained with Giemsa solution (Sigma).

Micronucleus assay

The micronucleus assay was performed using mice aged 6-12
weeks. Mouse blood was collected and mixed with 100 ul of
PBS supplemented with 1000 U/ml of heparin (Calbiochem).
The blood suspension was then added to 1 ml of methanol
and stored at —80°C overnight. Fixed blood cells were washed
with bicarbonate buffer (0.9% NaCl, 5.3 mM NaHCOQO3). The
cells were then suspended in 100 pl of bicarbonate buffer and
incubated with 1 pl of FITC-conjugated CD71 antibody (Gen-
tex) at 4°C for 45 min. After incubation, the cells were washed
with bicarbonate buffer and resuspended in PI/RNase solu-
tion (Thermo Fisher) at RT for 30 min. The samples were an-



alyzed using an Attune Nxt Flow Cytometer (Thermo Fisher),
and data were analyzed with Flow]Jo software.

Statistics and reproducibility

Data in bar and line graphs are presented as mean + standard
error of mean of at least three independent experiments. All
western blot assays shown were successfully repeated at least
three times.

Results

PHRF1 expression correlates with genomic stability

PHRF1, a ring finger family protein, has been linked to sys-
temic lupus erythematosus [27]. However, the role in cancer
biology remains poorly understood. To investigate its poten-
tial involvement in genomic stability, we examined the rela-
tionship between PHRF1 expression and various genomic in-
tegrity markers in breast cancer patient samples from The
Cancer Genome Atlas (TCGA). Samples were categorized
based on PHRF1 expression, using the upper and lower 33%
as cutoffs for high and low expression groups, respectively,
based on available data for each score. Our analysis re-
vealed a significant inverse correlation between PHRF1 ex-
pression and genomic instability. Specifically, patients with
low PHRF1 expression exhibited higher levels of genomic in-
stability, as indicated by increased wGII, HRD score, LST, TAIL,
and LOH (Fig. 1A-E). Additionally, low PHRF1 expression
was associated with a higher number of somatic mutations per
genome (Nmut) (Fig. 1F). These findings suggest that lower
PHRF1 expression correlates with increased CIN and muta-
tion burden in cancer patients, supporting the hypothesis that
PHRF1 may play a role in maintaining genomic stability.

To test this hypothesis, we knocked out PHRF1 in HCT116
cells and observed that depletion of PHRF1 increased CIN in-
cidents such as SCE, Holliday junctions, and chromosome
break. (Fig. 1G—J and Supplementary Fig. S1A). Further inves-
tigation into spontaneous DNA damage using comet assays
and multinucleated cell analysis revealed that PHRF1 knock-
out cells accumulated DNA damage (Fig. 1K-O). The flow
cytometry analysis showed a dramatic increase in YH2AX
(a DNA damage marker) fluorescence intensity in PHRF1
knockout cells compared to WT cells (Fig. 1P and Q). These
results provide strong evidence that PHRF1 is involved in
maintaining genomic stability.

PHRF1 is recruited to replication forks

To elucidate the role of PHRF1 in DDR, we first exam-
ined its cellular localization following DNA damage. PHRF1
was recruited to DNA damage sites induced by laser micro-
irradiation or HU treatment, indicating its involvement in
DDR (Fig. 2A-C). Additionally, we observed that unstressed
PHRF1 knockout cells exhibited increased S-phase popula-
tion compared to WT cells (Fig. 2D and E), implying a po-
tential role for PHRF1 in DNA replication-associated DDR
mechanisms.

To further investigate this, we assessed the recruitment of
PHRF1 to stalled replication forks using the native iPOND as-
say. This technique allows for the identification of replication-
associated proteins by isolating nascent DNA-binding pro-
teins [28]. Nascent DNA at replication forks was labeled with
EdU, followed by biotin conjugation to EdU via a click reac-
tion. Subsequently, nascent DNA-binding proteins were en-
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riched through affinity purification (Fig. 2F). As shown in
Fig. 2G, PHRF1 localizes to replication forks. This localiza-
tion was enhanced upon HU treatment, reinforcing the hy-
pothesis that PHRF1 is involved in the replication-related
DDR (Fig. 2H).

Next, we sought to understand how PHRF1 is recruited
at stalled replication forks. Previous studies showed that the
PHD finger domain acts as a reader for histone modifica-
tions (e.g. H3K9me3, H3K4me3, and H3K4me0) [29]. In
addition, it has been reported that histone H3 methylation,
like H3K9me3, is elevated at stalled replication forks [30].
Based on this, we hypothesized that PHRF1 might be re-
cruited at the DNA damage sites by interacting with mod-
ified histone marks through its PHD domain. To test this,
we first examined whether H3K9me3 is involved in DDR.
As shown in Supplementary Fig. S1B, H3K9me3 accumu-
lated and colocalized with yYH2AX upon micro-irradiation,
in line with previous findings [31]. Given this observation,
we investigated the role of histone modifications in PHRF1
recruitments under replication stress. Strikingly, chaetocin
(an inhibitor of H3K9 methylation transferase SUV39H1)
treatment completely abolished PHRF1 recruitment to stalled
replication forks as well as micro-irradiation or HU induced
DNA damage sites and inhibited ATR activation (Fig. 2H, 1
and Supplementary Fig. SIC-E).

To further confirm that PHRF1 directly binds to methy-
lated histone, we performed an in vitro pull-down assay us-
ing biotin-labeled histone peptides. PHRF1 showed a strong
binding affinity for H3K9me3 and H3K36me3, but a weaker
interaction with H3K27me3, and no binding to unmodified
H3 or H4 peptides (Fig. 2] and Supplementary Fig. STF-H).
This interaction was also confirmed by coimmunoprecipita-
tion (colP) of PHRF1 with histones containing H3K9me3,
which was further enhanced upon HU treatment (Fig. 2K). To
determine the specific histone modification critical for PHRF1
recruitment, we analyzed histone modifications in chromatin
fractions. The immunoprecipitation assays using chromatin
fraction revealed that PHRF1 interacts with H3K9me3 and
chaetocin treatment reduced this interaction (Fig. 2K). More-
over, the PHD domain of PHRF1 was crucial for its in-
teraction with H3K9me3, as a PHRF1 mutant lacking the
PHD domain showed no binding to either H3K9me3 pep-
tides or chromatin (Fig. 2J-L). Although PHRF1 also binds to
H3K36me3, we evaluated the H3K36me3 levels at the repli-
cation fork with or without chaetocin treatment. As shown in
Fig. 2H, both PHRF1 and H3K9me3 decreased at the repli-
cation fork under chaetocin treatment, whereas H3K36me3
levels remain unchanged. Furthermore, total H3K36me3 is
unaffected by 24 h chaetocin treatment (Supplementary
Fig. S1E). These findings indicate that PHRF1 interacts with
H3K9me3 via its PHD domain, and this interaction is cru-
cial for the recruitment of PHRF1 to stalled replication
forks.

We next investigated whether PHRF1 undergoes PTMs in
response to replication stress. As shown in Fig. 2M and N,
upon HU treatment, PHRF1 was phosphorylated at consen-
sus ATM/ATR phosphorylation motifs (S/TQ sites). This was
further diminished by pretreatment with VE-822, a selective
ATR inhibitor, indicating that PHRF1 is a potential phospho-
rylation target of ATR. To identify potential ATR phosphory-
lation sites on PHRF1, we consulted a public database (www.
phosphosite.org) and found two potential serine residues
(S925 and S1389). Specifically, mutation of S925 to alanine


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
http://www.phosphosite.org
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Figure 1. PHRF1 expression highly correlates with genomic stability. TCGA Breast Cancer database was analyzed to evaluate genomic instability. The
analysis examined the association of PHRF1 expression levels with chromosomal instability characteristics, including wGlI (A), HRD score (B), LST (C),
TAI (D), LOH (E), and the Total Number of Somatic Exome Mutations per genome (Nmut) (F). Samples were categorized by PHRF1 expression using
upper 33% and lower 33% as cutoffs based on sample availability for each score. Statistical significance was tested using the Mann-\Whitney—Wilcoxon
test. (G-1) Metaphase spreads were generated in PHRF1 knockout and WT HCT116 cells. Sister chromatin exchanges (SCEs) and abnormal
chromosomes were determined. The graphs in panels (H, ) represent mean =+ standard error of mean, two-tailed, unpaired t-test; n > 3 independent
experiments. (J) PHRF1 knockout efficiency in panels (G-I) was evaluated using western blotting (WB). (K) Spontaneous DNA damage accumulation
was measured in PHRF1 knockout or WT HCT116 cells using a comet assay. (L) The comet tail movement was measured from 100 cells in each group.
The graph represents mean =+ standard error of mean, two-tailed, unpaired t-test. (M) PHRF1 knockout or WT HCT116 cells were stained with DAPI to
detect micronuclei. Scale bars, 10 um. (N) Quantification of the percentage of cells with micronuclei. The graph represents mean =+ standard error of
mean, two-tailed, unpaired t-test. n > 3 independent experiments. (0) PHRF1 knockout efficiency in panels (K-N) was evaluated using WB. (P) PHRF1
knockout or WT HCT116 cells were stained with an anti-yH2AX antibody to detect spontaneous DNA damage accumulation in chromatins. yH2AX
intensity was quantified by flow cytometry and normalized to the WT cells group. The graph represents mean =+ standard error of mean, two-tailed,
unpaired t-test. n = 3 independent experiments. (Q) PHRF1 knockout efficiency in panel (P) was evaluated using WB.

(S925A) diminished phosphorylation of PHRF1 upon HU
treatment (Fig. 20), while mutation of S1389 had no effect.
Consistently, S925A mutation significantly reduced PHRF1
localization at stalled replication forks and damaged chro-
matin (Fig. 2P), highlighting the importance of S925 phos-
phorylation for PHRF1 recruitment to replication forks in re-
sponse to HU-induced replication stress. In conclusion, our
data suggest that PHRF1 is recruited to the replication fork in
a histone methylation and S925 phosphorylation-dependent
manner.

The regulation of replication stress responses by
PHRF1 is TopBP1-dependent

To identify potential partners of PHRF1 in the regulation
of stalled fork restart, we expressed FLAG-tagged PHRF1 in
HEK293T cells and conducted colP experiments. Our results
revealed a direct interaction between PHRF1 and TopBP1
(Figs 2M and 3A and Supplementary Fig. 2A). Notably, this
interaction is increased following replication stress induced by

HU (Fig. 3B). However, the PHRF1 S925A mutant exhibited
a marked reduction in this interaction (Fig. 3B), likely due to
impaired PHRF1 recruitment to chromatin.

To map the interaction between PHRF1 and TopBP1,
we generated a series of truncated mutants of both pro-
teins: PHRF1 (WT, ARING, and APHD) and TopBP1
(WT, ABRCT1, ABRCT2, ABRCT3, ABRCT4, ABRCTS,
ABRCT6, ABRCT7, and ABRCT8). Immunoprecipitation as-
says demonstrated that the PHD domain of PHRF1 and the
fourth BRCT domain of TopBP1 were both required for their
interaction (Fig. 3C, D and Supplementary Fig. S2B).

Given these findings and the involvement of PHRF1 in the
DDR, we next examined its impact on ATR-Chk1 activation.
As shown in Fig. 3E-G and Supplementary Fig. S2C, both
PHRF1 knockdown or knockout cells exhibited reduced ATR-
dependent phosphorylation of RPA32 (S33) or Chk1 (S345)
following HU or CPT treatment. These results suggest that
PHRF1 is important for efficient ATR signaling. Importantly,
the defect in ATR activation was restored by the ectopic ex-
pression of WT PHRF1 but not the ARING or APHD mutant,


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
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A C
L 55
£ 82
o =
) 83
o %
gs
I
8
3 35
I © 9
=] 33
F —_
. ™ JITITITINNTY
oo T g EdU-labeled DNA
Replication fork labeled with EdU
v
<) %m DOV TR
«m ¢ I Proteins
EdU is biotinylated by click reaction
'
‘ > Biotin
D l. w
Q‘Z:g; "n Streptavidin
Sonication interrupts DNA and pulldown
of biotin-EdU by streptavidin beads
J
Biotin-peptide H3 H3K9me3  H3K27me3 H4
Flag-PHRF1 - WTAPHD - WTAPHD - WTAPHD - WTAPHD (kDa)
& 180
Flag (] 1%
K L
Flag-PHRF1 - WT WT APHD
Flag-PHRF1 - + + + HU - - + + (0a)
HU - - + + H3K9me3 - 17
Chaetocin - - - + (kDa) Flag - 18
H3K9me3 - 1 : Chromatin Fraction
Flag| mmdmsas] oo|8 Hakome3 [ 7
FI 180
S Chromatin Fraction
€
Fg| =& =il Flag %

Chromatin Fraction

Whole Cell Lysate

3

ul
>
Q

ndu|

P <0.0001

Flag-PHRF1

80 . P<0.0001

60

Cell Cycle Portion (%)

G1

+ -+ (kDa)

Flag | R 152

H3

— — 17

Flag | e o 180

180

H3 | o s s |- 7

1I9G  PHRF1
HU - -+ (kDa)
180
180| 0
180 | T
S BT v
180
opep1 [ o s«
S
135
N
Flag-PHRF1 PO
HU + o
VE822 + (kDa)

pSQ/TQ

Flag

|

Chaetocin

aNod

ndu|

180
135

PHRF1 Enhances ATR Activation

o WT
* PHRF1 KO #1

(0]

PHRF1 KO #2

G2/IM

PHRF1 | s

B- actin [ s -

PHRF1 KO
WT #1 #2 (

Chaetocin EdU HU

1h

Chaetocin

HU -

PHRF1

' | No Click

kDa)

180
135

48

20 min 2h Harvest

Click

+

H3K9me3

H3K36me3

H3

RPA32

PHRF1

H3K9me3

H3K36me3

H3

RPA32

HA-PHRF1 -
HU -

+ S925A

+  + (kDa)

180
135

pSITQ

HA|

HA

HA-PHRF1
HA

H3

HA
H3

|No Click
Click

WT - WT S925A (Da)

= 180
135

Cdd Jutd

180

17

I

)
o
z
o

=3

ndi

anod!

jndu|

135 -
180 (L
135>
180
135

=3
S
s

7

Figure 2. PHRF1 is recruited to replication forks. (A) Flag-PHRF1 overexpressed U20S cells were stained with anti-Flag (PHRF1) and yH2AX antibodies

10 min post micro-irradiation. Scale bars, 10 um. (B, C) PHRF1 and yH2AX colocalization were evaluated by immunofluorescence assay. The graphs in

panels (B, C) represent mean =+ standard error of mean, two-tailed, unpaired t-test; n = 4 independent experiments. Scale bars, 10 um. (D, E) Cell cycle

distribution was determined by flow cytometry in PHRF1 knockout or WT HCT116 cells. The proportions of cells in each cell cycle phase were
determined using Modifit. The data in panel (D) are presented as mean =+ standard error of mean, with statistical significance assessed using a
two-tailed, unpaired t-test (n = 3 independent experiments). PHRF1 knockout efficiency in panel (D) was evaluated using WB (panel E). (F) Cartoon
scheme for iPOND assay. Image created in BioRender. Chenghui, C. (2025). https://BioRender.com/r260549. (G) HCT116 cells expressing Flag-PHRF1
were incubated with 10 uM EdU. Replication fork proteins were isolated by native-iPOND. (H) HCT116 cells were preincubated with 50 nM chaetocin,
followed by incubated with 10 uM EdU and 10 mM HU for the indicated durations. Replication fork proteins were then isolated by native-iPOND. (I)
U20S cells were pre-treated with 50 nM chaetocin for 1 h, followed by micro-irradiation. The cells were then costained with anti-PHRF1 and yH2AX
antibodies 10 min after micro-irradiation. Scale bars, 10 um. (J) Biotin-labeled histone peptides were incubated with the indicated 293T cell lysates,
captured with streptavidin beads, and analyzed by SDS-PAGE. (K) 293T cells were transfected with Flag-PHRF1 constructs for 48 h, then pretreated
with or without 50 nM chaetocin for 1 h, followed by treatment with 10 mM HU for 2 h. The chromatin fraction was immunoprecipitated using Flag
antibody-conjugated beads, and H3K9me3 and Flag-PHRF1 were detected by immunoblotting with the indicated antibodies. (L) 293T cells were
transfected with the indicated Flag-PHRF1 constructs for 48 h. The chromatin fraction was immunoprecipitated with Flag antibody-conjugated beads.
H3K9me3 and Flag were immunoblotted with the indicated antibodies. (M) 293T cells were treated with or without 10 mM HU for 2 h. Whole cell
lysates were immunoprecipitated with PHRF1 antibody and rabbit IgG. TopBP1, p-S/TQ, and PHRF1 were blotted with the indicated antibodies. (N)

293T cells were transfected with Flag-PHRF1 for 48 h, followed by pretreatment with 1 uM VE-822 for 1 h. After VE-822 treatment, cells were incubated

with 10 mM HU for 1 h. Whole cell lysates were immunoprecipitated using Flag antibody-conjugated beads. Flag and p-S/TQ were blotted with the

indicated antibodies. (0) 293T cells were transfected with HA-PHRF1 WT, S925A, S1389A, or 2SA (S925A/S1389A) for 48 h, followed by treatment with

10 mM HU for 1 h. Whole cell lysates were immunoprecipitated using HA antibody-conjugated beads. HA and p-S/TQ were blotted with the indicated

antibodies. (P) HCT116 cells were transfected with HA-PHRF1 or HA-PHRF1 S925A for 48 h and then incubated with 10 uM EdU and 10 mM HU for 2 h.
Replication fork proteins were isolated by native-iIPOND. HA and H3 were immunoblotted with the indicated antibodies.
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Figure 3. PHRF1 is important for ATR-Chk1 activation. (A) 293T cells were transfected with Flag-PHRF1 for 48 h. Whole cell lysate was
immunoprecipitated with Flag antibody-conjugated beads and blotted with the indicated antibodies. (B) 293T cells were transfected with HA-PHRF1 WT
or S925A mutant for 48 h, followed by treatment with or without 10 mM HU for 2 h. Chromatin fraction was immunoprecipitated with HA
antibody-conjugated beads and blotted with the indicated antibodies. (C) 293T cells were transfected with Flag-PHRF1 WT, ARING, or APHD for 48 h.
Whole cell lysate was immunoprecipitated with Flag antibody-conjugated beads and blotted with the indicated antibodies. (D) Schematic representation
of SFP-TopBP1 WT and truncation mutants. 293T cells were transfected with SFP-TopBP1 WT or SFP-TopBP1 mutants for 48 h. Whole cell lysate was
immunoprecipitated with Flag antibody-conjugated beads and blotted with the indicated antibodies. (E) U20S cells were infected with lentivirus
expressing control shRNA or PHRF1 shRNA. The cells were treated with or without 10 mM HU for 2 h. Phospho-RPA32 (S33) foci formation was
assessed by immunofluorescence, and the percentage of phospho-RPA32 (S33) foci > 5 cells [phospho-RPA32 (S33) positive cells] was quantified and
plotted. The graph represents mean =+ standard error of mean, two-tailed, unpaired t-test; n = 5 independent experiments. Scale bars, 10 um. (F)
PHRF1 knockout and WT HCT116 cells were treated with or without 10 mM HU for 2 h, and DNA damage-related proteins were assessed by
immunoblotting. (G) PHRF1 knockout HCT116 cells were transfected with Flag-PHRF1 WT, ARING, or APHD for 48 h, followed by treatment with or
without 10 mM HU for 2 h. The indicated DNA damage-related proteins were then assessed by immunoblotting. t-Chk1: total Chk1, t-RPA32: total

RPA32. p-chk1: phosphorylated chk1 (S345), and p-RPA32: phosphorylated RPA32 (S33).

highlighting the importance of PHRF1’s E3 ligase activity and
chromatin recruitment for ATR activation (Fig. 3G). Taken
together, these data suggest that PHRF1 is necessary to the ef-
ficient activation of ATR-Chk1 activation through its RING
and PHD domains.

PHRF1 mono-ubiquitinates TopBP1

Next, we hypothesized that PHRF1 regulates TopBP1 through
its E3 ligase activity. To investigate this, we first checked
TopBP1 foci formation and protein level. However, no signifi-
cant changes in TopBP1 foci formation and protein level were

*indicates nonspecific bands.

observed following PHRF1 knockout (Fig. 4A and B). Addi-
tionally, PHRF1 KO does not affect TopBP1-Rad9 interaction
(Supplementary Fig. S3A).

We then assessed the ubiquitination status of TopBP1 us-
ing a denatured ubiquitination assay. After performing a His-
Ub pull-down, we observed a shifted TopBP1 band (Fig. 4C).
To confirm this result, we generated Flag-TopBP1-Ub-6xHis
expression vectors and performed a His pull-down assay.
The results demonstrated that TopBP1 could undergo mono-
ubiquitination, as indicated by the size of the Ub-conjugated
TopBP1 (Supplementary Fig. S3B). This mono-ubiquitination
was enhanced by PHRF1 overexpression or HU treatment


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf073#supplementary-data
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Figure 4. PHRF1 mono-ubiquitinates TopBP1 at K73. (A) WT or PHRF1 knockout U20S cells were treated with or without 10 mM HU for 2 h. TopBP1
foci formation was assessed by immunofluorescence and the percentage of cells with > 5 TopBP1 foci (TopBP1 positive cells) was quantified and
plotted. The graphs represent mean =+ standard error of mean, two-tailed, unpaired t-test; n = 3 independent experiments. Scale bars, 10 um. (B)
PHRF1 knockout and WT HCT116 cells were treated with 10 mM HU for 2 h. Chromatin fraction was isolated and immunoblotted using the indicated
antibodies. (C, D) HCT116 cells were transfected with His-Ub and Flag-PHRF1 vector for 48 h. The cells were then treated either with vehicle (C) or 10
mM HU for 2 h (D), followed by lysis in urea denaturation buffer. The ubiquitination of TopBP1 was assessed by His pull-down, and the samples were
immunoblotted with the indicated antibodies. (E) PHRF1 knockout and WT HCT116 cells were transfected with His-Ub vector for 48 h, followed by a His
pull-down assay. (F) PHRF1 knockout HCT116 cells were transfected with Flag-PHRF1 WT, CA, or S925A mutant and GFP-TopBP1 vectors for 48 h,
followed by a His pull-down assay. (G) HCT116 cells were transfected with His-Ub, HA-PHRF1, GFP-TopBP1 WT, and different KR mutant vectors for 48
h, followed by a His pull-down assay. (E-G) The cells were lysed using a urea denaturation buffer. The ubiquitination of TopBP1 was assessed by His
pull-down, and the samples were immunoblotted with the indicated antibodies.

(Fig. 4D) and reduced upon PHRF1 knockout (Fig. 4E).
To further validate this finding, we conducted a reconstitu-
tion assay using WT PHRF1, a catalytically inactive C108A
mutant, and an S925A mutant in PHRF1 knockout cells.
Only WT PHRF1 restored TopBP1 ubiquitination, whereas
neither the C108A nor S925A mutant was able to do so
(Fig. 4F). These results indicate that both the E3 ligase activ-

ity and phosphorylation of PHRF1 are essential for TopBP1
ubiquitination.

We next sought to identify the specific ubiquitination site on
TopBP1. Through a screen of potential ubiquitination sites,
we identified Lysine 73 (K73) as the primary site of mono-
ubiquitination by PHRF1 (Fig. 4G). Overall, our data sup-
ports that TopBP1 is mono-ubiquitinated by PHRF1 at K73.
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PHRF1 promotes the interaction between TopBP1
and ATR

Our results suggest that PHRF1 mediates the mono-
ubiquitination of TopBP1 without affecting its stability or
foci formation under replication stress (Fig. 4A and B). Previ-
ous studies have shown that the interaction between TopBP1
and ATR increases under replication stress [12-14]. We hy-
pothesize that PHRF1 regulates this interaction by mediating
TopBP1 ubiquitination. A colP assay reveals that TopBP1-
ATR interaction is impaired in PHRF1 knockout cells un-
der replication stress (Fig. SA). Further investigation demon-
strated that overexpression of WT PHRF1 enhanced the
TopBP1-ATR interaction under HU treatment, while the CA
mutant failed to do so in PHRF1 knockout (Fig. 5B). These
results suggest that PHRF1 is required for the efficient inter-
action between TopBP1 and ATR.

To determine if TopBP1 ubiquitination is critical for
the TopBP1-ATR interaction, we mutated K73 on TopBP1
(TopBP1 K73R). As shown in Fig. SC, while TopBP1-ATR in-
teraction is enhanced by HU treatment, K73R mutation re-
duced this interaction, supporting the idea that K73 ubiquiti-
nation promotes the TopBP1-ATR interaction. This led us to
speculate that the ubiquitination of K73 might induce a con-
formational change in TopBP1, exposing the ATR activation
domain (AAD), facilitating ATR binding.

To test this hypothesis, we first examined whether the N-
terminal region of TopBP1 blocks AAD domain by interact-
ing with its C-terminus to form a “closed” conformation.
Immunoprecipitation results indicated that the N-terminal
and C-terminal regions of TopBP1 interact with each other,
with the C-terminal region being essential for ATR binding
(Fig. 5D). Moreover, a competition assay demonstrated that
the C-terminal region TopBP1 interacts with ATR, and this
interaction is disrupted by the N-terminal region in a dose-
dependent manner (Fig. SE).

PLA, which is a powerful tool that allows for the detec-
tion of protein interactions with high specificity and sensitiv-
ity, further supported these findings. Under unstressed con-
ditions, the PLA signals were strong, indicating robust in-
teraction between the N- and C-terminal regions of TopBP1
(Fig. SE, G and Supplementary Fig. S3C). However, HU treat-
ment reduced PLA signals, suggesting a dissociation between
the N-terminus and the C-terminus of TopBP1. Conversely,
PHRF1 knockdown led to enhanced PLA signals, suggest-
ing that PHRF1 facilitates the dissociation of the N- and
C-terminal regions of TopBP1. The TopBP1 K73R mutant,
which cannot be ubiquitinated by PHRF1, showed no de-
crease in PLA signal with HU treatment, further confirm-
ing that K73 ubiquitination regulates TopBP1 conformation
(Fig. SF and G).

These data suggest that K73 ubiquitination by PHRF1 in-
duces a conformational change in TopBP1, exposing its ATR-
activating domains and facilitating ATR interaction and acti-
vation (Fig. SH).

PHRF1 promotes stalled replication fork restart by
ubiquitinating TopBP1

The ATR-Chk1 axis signaling pathway is critical for DNA
replication and recovery of stalled replication. Since our re-
sults showed that lack of PHRF1 causes defects in ATR acti-
vation and ATR-TopBP1 interaction, we investigated whether
PHRF1 deficiency leads to the accumulation of DNA repli-

cation errors under replication stress. To investigate this, we
performed DNA fiber assays. PHRF1 knockout cells exhibited
slightly decreased replication speed in the absence of repli-
cation stress compared to WT cells (Fig. 6A). Additionally,
in the absence of replication stress, PHRF1 knockout cells
did not affect new origin firing and asymmetrical replication
(Supplementary Fig. S4A and B). Interestingly, under replica-
tion stress, PHRF1 knockout cells exhibited a significant re-
duction in replication strand lengths when compared to WT
cells (Fig. 6B), which can be reversed by the expression of
WT PHRF1, but not the ARING mutant and S925A mutant
(Fig. 6C).

Furthermore, we investigated whether TopBP1 ubiquitina-
tion affects replication fork restart. As shown in Fig. 6D and E,
TopBP1 deficiency reduced both replication speed and stalled
fork restart, and this phenotype can be rescued by ectopic
expression of TopBP1 WT, but not the K73R mutant that
compromised the Ub site. These findings suggest that PHRF1-
mediated ATR activation via TopBP1 ubiquitination is impor-
tant for stalled replication fork restart.

Given that PHRF1 is important for ATR-Chk1 activation,
replication fork stability, and stalled fork restart, we hypoth-
esized that PHRF1 knockout cells are more sensitive to repli-
cation stress-inducing agents than WT cells. To test this hy-
pothesis, we examined YH2AX signals and cell death after
HU treatment. As shown in Fig. 6F-K, PHRF1 knockout cells
accumulated more cellular DNA damage (YH2AX) and had
decreased viability (SubG1 population, marker as cell death)
as assessed by flow cytometry. Loss of PHRF1 results in hy-
persensitivity to HU, CPT, UV irradiation, and 5-FU. Taken
together, our results indicate that PHRF1 promotes TopBP1-
mediated ATR activation and is important for genomic stabil-
ity upon stalled replication stress response.

PHRF1 maintains genomic stability in vivo

Accumulated replication stress commonly leads to higher lev-
els of DNA damage and genomic instability. To investigate
whether PHRF1 deficiency induces genomic instability i vivo,
we generated Phrfl knockout mice (Phrf1=/~). We found that
constitutive Phrf1 knockout is embryonically lethal (data not
shown). Therefore, we generated conditional knockout mice
using an inducible Cre/loxP system. Tamoxifen was adminis-
tered intraperitoneally to induce whole-body Phrf1 knockout
in 1-month-old mice (Fig. 7A). Interestingly, Phrf1 knockout
mice exhibited growth retardation, hunched back, and early
death phenotype within 40 days (Fig. 7B and C).

To examine whether Phrf1 is involved in genomic stabil-
ity in vivo, we examined hematopoietic cells for evidence
of spontaneous CIN characterized by micronuclei formation
during NCEs differentiation [10]. Phrf1~/~ NCEs showed sig-
nificantly increased micronuclei compared to Phrfl*/* cells
(Fig. 7D and E). We also examined genomic stability by ana-
lyzing the ratio of yYH2AX positive population of splenocytes
in mice. Phrf1~/~ cells showed a higher proportion of yH2AX
positive cells compared to Phrf1*/* cells (Fig. 7F and G).

Additionally, we also prepared metaphase spreads of thy-
mocytes to assess genomic stability and found a significant
increase in spontaneous chromosome instability in Phrf1=/~
cells (Fig. 7H and I). As previously reported, UV exposure
damages the outermost layer of the skin, triggering rapid local
responses such as keratinocyte cell death, dermal inflamma-
tion and epidermal thickening. These responses are commonly
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Figure 5. PHRF1 promotes the interaction between TopBP1 and ATR. (A-C) The indicated vectors were transfected into PHRF1 knockout or WT HCT116
cells. 48 h later, the cells were then treated either with vehicle or 10 mM HU for 2 h. The interaction between ATR and TopBP1 was determined by
immunoprecipitation using the indicated antibodies. (D) HCT116 cells were transfected with S-TopBP1 C-terminus and Flag-TopBP1 N-terminus vectors
for 48 h. TopBP1 N-terminus and C-terminus interaction was determined by immunoprecipitation assay using S beads. (E) HCT116 cells were
transfected with Flag-TopBP1 N-terminus and S-TopBP1 C-terminus vectors for 48 h. The dose of N-terminus of TopBP1 vector for transfection ranges
from 0.5 to 4 ug in the indicated groups, while the dose of C-terminus is 1 pg in each group. Immunoprecipitation and immunoblotting were conducted
using the indicated antibodies. (F, G) PHRF1 knockout or WT U20S cells were transfected with the indicated vectors. 48 h later, the cells were treated
either with vehicle or 10 mM HU for 2 h as indicated in each group. The interaction between TopBP1 N-term and C-term was assessed by PLA. PLA foci
are shown in panel (F), and the percentage PLA signal positive cells (> 1 PLA foci) were quantified in the graph in panel (G). Eight hundred cells were
quantified for each independent experiment, n = 3 independent experiments. The graph represents mean =+ standard error of mean, two-tailed,
unpaired t-test. Scale bars, 10 um. (H) The graphic summary of TopBP1 regulation by PHRF1.

associated with DDR and the activation of the ATR signaling
pathway [32-34]. Next, we examined ATR pathway signaling
following UV irradiation in Phrfl knockout mice. As shown
in Fig. 7]-L, ATR signaling activation was impaired, and epi-
dermal thickness was significantly increased in UV-irradiated
Phrf1=/~ mice. Overall, our results suggest that Phrf1 plays a
crucial role in maintaining genomic stability iz vivo.

Discussion

Accurate DNA replication is essential for the longevity of life
and the transmission of genomic information to the next gen-
eration. However, DNA replication errors can lead to genomic
instability, closely associated with tumorigenesis. The mainte-
nance of replication fork stability is a critical aspect of en-
suring genomic stability. ATR plays an essential role in this
process, and it is critical to understand how ATR is recruited
and regulated at stalled replication forks or ssDNA damage
sites.

In this study, we identify PHRF1 as an important factor in
the restart of stalled replication forks and the maintenance
of genomic stability. We found that PHRF1 is recruited to
stalled replication forks in response to replication stress in hi-
stone methylation (specifically H3K9me3) and $925 phos-
phorylation (S925)-dependent manner. This recruitment al-
lows PHRF1 to function as a novel E3 ligase for TopBP1,
a key regulator of ATR activation. By mono-ubiquitinating
TopBP1 at lysine 73, PHRF1 induces a conformational change
in TopBP1 that facilitates its interaction with ATR, thereby
promoting ATR activation. Our data also demonstrate that
PHRF1 deficiency results in a failure to restart stalled replica-
tion forks, heightened sensitivity to replication stress-inducing

agents, and an increase in spontaneous CIN. Additionally,
the conditional knockout of Phrfl in mice resulted in early
lethality and impaired ATR-Chk1 signaling, underscoring
the critical role of PHRF1 in maintaining genomic stability
in vivo.

While ATR activation is essential for genome stability, the
mechanisms by which it is regulated at replication stress
sites remain an area of intense investigation. In previous
studies, it had been suggested that TopBP1 underwent sev-
eral PTMs, including phosphorylation or acetylation, during
DDR [17]. Moreover, the dynamic regulation of TopBP1 levels
has been linked to polyubiquitination by the E3 ligase hHYD-
mediated polyubiquitination and USP13-mediated deubiqui-
tination [18, 19]. In contrast, our study identifies a novel
role for PHRF1 mono-ubiquitinating TopBP1, an action that
promotes its conformational shift and enhances its ability to
bind ATR. This finding provides new insight into the post-
translational regulation of TopBP1 and ATR signaling, posi-
tioning PHRF1 as an important player in DNA replication
stress responses.

Our study also opens the door to potential therapeutic im-
plications. Given that PHRF1 acts as an E3 ligase for TopBP1
and enhances ATR signaling, pharmacological inhibition of
PHRF1’s mono-ubiquitination activity or its interaction with
TopBP1 could represent a novel therapeutic strategy for can-
cer. Replication stress is a well-known vulnerability in cancer
cells, and targeting the proteins that regulate this process, such
as PHRF1, could selectively sensitize tumor cells to DNA-
damaging agents. Moreover, combining such inhibitors with
traditional chemotherapy or targeted therapies could improve
treatment efficacy by further disrupting the DDR in cancer
cells while sparing normal cells.



12 Zhao et al.
IdU Cldu IdU HU Cldu 1dU HU Cldu 1dU Cldu IdU HU Cldu
20min 20min 20min  2h 20min 20min  2h 20min 20min 20min 20min  2h 20min
| | | | | | |
wash wash wash wash wash wash wash wash
150 P <0.0001 n.s P <0.0001 P <0.0001
150 - —_— 50 150 — 200+ i
. P<0.0001 ¢ 50001 P <0.0001 P<0.0001
= P =0.0015 - —~ T —~ P <0.0001
£ — s g 1. S [preeer Sl T
€ = S =l E
= 1004 = 100 =z . ~ 100 L x .
£ g § oo ¥ . - P i
£ N - | S od
& 2 3 20 Y H 2 . 3 .
x 507 o 504 o é . O 504 H o .
2 10 * = 50
@ ? - rs
0= ot 0 T T T T T 01— T 0——i—|—;—|—
WT WT ° o) Control @ O O O O Control sSRNA@ O O O Control sSRNA® O O O
PHRF1KO O ° PHRFIKO O ° PHRFIKOO @ ® @ @ TOPBPISRNAO @ @ @ TOPBP1SRNAO @ @ @
PHRFIWT O O @ O O TOPBPTWTO O @ O TOPBPIWTO O @ O
PHRFIARNG O O O @ O TOPBP1K73RO O O @ TOPBP1K73RO O O @
PHRF1S925A O O O O @
== WT — WT
100 — PHRFIKO 100 -4
mm PHRF1 KO PHRF1 KO + WT
R 807 P=0.002 — PHRF1KO + ARING
* - P=0.008 - — PHRF1KO + S925A =
P S S
3 Y 2
o 2 5 b
2 x © 5 104 glg
2 2 o[v 2 &R
o s glo <
o 5 2la =]
é %] alg 2]
o
N
T
=
. 10 : T T 1 T T T
RS N DN o 000 005 010 0.15 0.0 0.5 1.0 15
HU release HU (mM) CPT (nM)
== WT
100 100+ —wr
15, ™= PHRF1KO — PHRF1KO
g P=0.015 g o E 2
~ o
£ g 5l 3 v
el o 104 ® S o 104 I
2 & T 2
g 2 2 <]
> < N
-~ 5_ = =] ©
3 @ @
=]
(2]
0- 1 T T T 1 1 T T T T
& Ry 0 1 2 3 4 5 0 5 10 15 20
~ 5-FU (uM) uv (imd)

Figure 6. PHRF1 promotes stalled replication fork restart by ubiquitinating TopBP1. (A—-E) WT or PHRF1 knockout HCT116 cells were transfected with
the indicated vectors or siRNAs. 48 h later, cells were labeled with 25 uM IdU, followed by 200 uM CIdU in each experiment. Cells were incubated with
IdU for 20 min and then treated either with vehicle in panels (A, D) or 4 mM HU in panels (B, C, and E) for 2 h. After incubation, cells were labeled with
CldU for 20 min. DNA fibers were stretched on a microscope slide, stained with IdU and CldU antibodies, and imaged. Fork speed was determined by
measuring the length of the CldU track in panels (A, D) (n = 100). Stalled replication fork restart was assessed by measuring the length of the CldU track
in panels (B, C, and E) (n = 100). (F, G) PHRF1 knockout or WT HCT116 cells were treated with 2 mM HU for 24 h, followed by release at the indicated
times. Cells were collected, and yH2AX-positive in panel (F) and subG1 population (an indicator of cell death) in panel (G) were determined by flow
cytometry. (H-K) PHRF1 knockout or WT HCT116 cells were transfected with the indicated vectors and then seeded into 6-well plates. Cells were
treated with the indicated doses of HU (H), CPT (1), 5-FU (J), or UV (K). After 14 days, colony formation was assessed and the number of colonies was
counted. The graphs represent mean + standard error of mean, two-tailed, unpaired t-test; n = 3 independent experiments.

Our results also raise several important questions for future
investigation. Specifically, the precise mechanisms underlying
PHRF1 recruitment to stalled replication forks, particularly
the role of histone methylation, warrant further exploration.
While our in vitro binding assays demonstrate that PHRF1
binds to both H3K9me3 and H3K36me3, we observed that
H3K36 methylation does not change at stalled replication
forks under chaetocin treatment, and global H3K36me3 levels
remain unaffected by prolonged chaetocin exposure. Interest-
ingly, the Esashi group has reported that H3K36 methylation

is regulated by SETD2 during replication stress [35], while
Chang’s group has shown that PHRF1 recognizes H3K36me3
in the context of nonhomologous end joining [20]. These find-
ings suggest that H3K36 methylation may have a more com-
plex role in DDR. Further studies are needed to clarify the
role of H3K36 methylation in replication stress responses. Ad-
ditionally, given the frequent crosstalk between different his-
tone modifications, the role of histone methylation in regu-
lating replication stress may be more intricate than currently
understood.
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Additionally, understanding whether PHRF1’s mono-
ubiquitination of TopBP1 is the only or dominant mecha-
nism for enhancing ATR activation, or whether there are addi-
tional substrates involved, could provide a more comprehen-
sive understanding of PHRF1’s role in DNA replication stress
responses.

In conclusion, our findings establish PHRF1 as a key regula-
tor of ATR signaling, functioning as an E3 ligase for TopBP1
to promote the replication stress response and maintain ge-
nomic stability. By identifying PHRF1 as a crucial player in
ATR efficient activation, our study not only advances the un-
derstanding of replication stress responses but also suggests
new avenues for therapeutic intervention in cancer.
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