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Abstract 

High-grade serous o v arian cancer (HGSC) is a lethal malignancy with ele v ated replication stress (R S) le v els and defectiv e R S and R S-associated 
DNA damage responses. Here we demonstrate that the bromodomain-containing protein BRD1 is a RS suppressing protein that forms a replica- 
tion origin regulatory complex with the histone acetyltransferase HBO1, the BRCA1 tumor suppressor, and BARD1, OR igin FI ring U nder S tress 
(ORFIUS). BRD1 and HBO1 promote e v entual origin firing by supporting localization of the origin licensing protein ORC2 at origins. In the ab- 
sence of BRD1 and / or HBO1, both origin firing and nuclei with OR C2 f oci are reduced. BRCA1 regulates BRD1, HBO1, and ORC2 localization 
at replication origins. In the absence of BRCA1, both origin firing and nuclei with BRD1, HBO1, and ORC2 foci are increased. In normal and 
non-HGSC o v arian cancer cells, the ORFIUS complex responds to ATR and CDC7 origin regulatory signaling and disengages from origins during 
R S. In BR CA1 -mutant and sporadic HGSC cells, BRD1, HBO1, and ORC2 remain associated with replication origins, and unresponsive to RS, 
DNA damage, or origin regulatory kinase inhibition. ORFIUS complex dysregulation may promote HGSC cell survival by allowing for upregulated 
origin firing and cell cycle progression despite accumulating DNA damage, and may be a RS target. 

Gr aphical abstr act 

Introduction 

High-grade serous ovarian cancer (HGSC) is a lethal ma- 
lignancy, with 70% of patients succumbing to their disease 
within five years of diagnosis ( 1 ). Limited therapies beyond 

chemotherapy and surgery exist ( 1 ). Genomic analyses sug- 
gest that many HGSCs may have either (i) increases in, 
and / or (ii) defects in the response to replication fork slow- 
ing or stalling, which is currently broadly referred to as repli- 

cation stress (RS), making RS therapies additional options 
( 2–5 ). 

The mechanistic understanding of responding to and target- 
ing RS is a rapidly evolving field ( 3–5 ). There are many sources 
of RS in HGSC including but not limited to unrepaired DNA 

damage which blocks fork progression, and RS can be exacer- 
bated by many factors such as dysregulated replication origin 

firing ( 3 ,4 ). Once a replication fork stalls, the RS response led 
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by the ATR kinase is activated to help stabilize and restart 
the fork ( 3 ). If a stalled fork is not stabilized or restarted, the 
replication machinery can be misplaced on or separated from 

the DNA and the fork can collapse, potentially causing DNA 

damage ( 3–5 ). The majority of HGSCs harbor alterations in 

(i) DNA damage repair (DDR) genes, particularly in BRCA1 

stalled replication fork protection pathways, which may cause 
repair defects which both increase fork stalling and prevent 
stabilization, restart, or repair of stalled or possibly collapsed 

forks; and / or (ii) alterations in cell cycle regulatory genes like 
RB1 or TP53, or oncogenes like CCNE1 , which can increase 
or exacerbate RS by causing defective cell cycle checkpoints 
or altering S phase entry or progression ( 2 , 6 , 7 ). HGSCs har- 
boring such genomic alterations may have increased basal RS 
and / or defects in responding to RS and therefore be more 
sensitive to therapies which stall forks, such as carboplatin 

or P ARP inhibitors (P ARPi), or block the RS response, such 

as ATR inhibitors, amongst others ( 2 ). However, only some 
HGSC patients respond to RS therapies, and even those who 

do respond develop resistance ( 1 ,8–10 ). Additional RS thera- 
pies are needed. 

There has recently been a focus on targeting bromodomain 

(BRD)-containing proteins in HGSC, because, amongst their 
many diverse functions in transcription and chromatin mod- 
ification, they have multiple roles in preventing or modulat- 
ing the response to RS ( 11 ). The BRD and extra-terminal 
domain (BET) family of BRD-containing proteins, in par- 
ticular BRD4, is most heavily studied in this regard. BRD4 

inhibition has been shown to sensitize HGSC cells to RS- 
inducing PARPis through transcriptional downregulation of 
DDR pathways ( 12–14 ). In addition, BRD4 inhibition can 

directly lead to RS by causing DNA / RNA hybrid (R loop) 
formation which creates obstacles in the DNA and causes 
replication / transcription collisions ( 15 ). 

Given these promising results with BRD4, it is exciting that 
there are at least 42 known human BRD-containing proteins, 
many of which are structurally unrelated to BRD4 ( 11 ). Most 
non-BET BRD-containing proteins have as yet unstudied roles 
in replication or the RS response and may represent novel ther- 
apeutic targets in HGSC with distinct functions ( 11 ). Given 

this possibility, in an attempt to expand the targetable BRD- 
containing protein repertoire in HGSC, we focused here on 

the non-BET BRD-containing protein BRD1 (also referred to 

as BRPF2) which is a member of the BRD and plant home- 
odomain finger (BRPF) family of BRD-containing proteins 
( 16 ,17 ). We specifically chose to focus on BRD1 because (i) 
it is already known to be essential in mice, suggesting it may 
be important in human cells; (ii) depletion of BRD1 leads 
to decreased proficiency in the repair of double strand DNA 

breaks by homologous recombination (HR), increased gamma 
irradiation sensitivity, and increased micronuclei formation, 
suggesting it likely has a role in DDR ( 18 ); (iii) BRD1 affin- 
ity purification-mass spectrometry analysis identified BRCA1, 
which functions in both RS and HR, as part of a larger BRD1 

interactome ( 18 ); and (iv) it and other BRPF family members 
interact with the HBO1 histone acetyltransferase which func- 
tions in regulation of replication origins and has also been 

linked to DNA damage ( 17 ,19–22 ). Taken together, these re- 
sults suggest that BRD1 may have a role in DDR or RS sup- 
pression, possibly together with HBO1 and / or BRCA1, and 

given the link to HBO1, potentially through replication origin 

regulation. This possibility is exciting since (i) replication ori- 
gin activation is a known source of DNA damage at baseline 

( 23 ), and (ii) dysregulation of replication origins is a known 

source of RS ( 3 ,4 ). 
Replication origin regulation is a multi-step process. In G1 

phase, origins are licensed when the pre-replication complex 

(pre-RC) consisting of origin recognition complex (ORC) pro- 
teins, mini-chromosome maintenance (MCM) proteins 2–7, 
and HBO1, among other factors, assembles on chromatin 

( 20 , 24 , 25 ). At the G1-S transition, origin firing occurs when 

the pre-RC is phosphorylated by the CDC7 and / or possibly 
CDK1 kinase followed by cyclin E-CDK2 ( 26 ,27 ), and addi- 
tional proteins which form the pre-initiation complex (pre-IC) 
are loaded at the origins, ultimately resulting in an active bidi- 
rectional replisome ( 24 ,25 ). Upregulated replication origin fir- 
ing can cause or exacerbate RS by (i) depleting nucleotide 
pools required for fork progression, and (ii) allowing repli- 
cation activation even in the setting of RS or DNA damage 
( 3–5 ,28 ). Given the links between (i) BRD1 and DNA dam- 
age, (ii) BRD1 and HBO1, and (iii) replication origins and RS, 
we hypothesized that BRD1 may play a role in RS suppres- 
sion or the RS response linked to replication origin regulation 

which is distinct from the BET family and other BRPF fam- 
ily members and may be therapeutically targetable in HGSC 

( 17 , 18 , 22 ). We utilized functional, immunofluorescence, and 

sequencing assays in a panel of HGSC precursor and BRCA1 

mutant and wildtype ovarian cancer cell lines to test this hy- 
pothesis and also to test for links between BRD1 and BRCA1 

in suppressing or responding to RS given the role of BRCA1 

in protecting stalled replication forks ( 4 ,7 ). 
Here, we show that BRD1 forms a RS suppressing complex 

with HBO1, BRCA1, and the BRCA1 stoichiometric bind- 
ing partner BARD1, OR igin FI ring U nder S tress (ORFIUS), 
which regulates replication origins both at baseline and dur- 
ing RS. We show that the ORFIUS complex promotes even- 
tual replication origin firing through BRD1 and HBO1 sup- 
ported localization of the core replication origin licensing pro- 
tein ORC2 at nuclear foci in a BRCA1 regulated manner. Upon 

BRCA1 mutation or depletion, basal origin firing and nuclei 
with BRD1, HBO1, and ORC2 foci increase; whereas, upon 

BRD1 or HBO1 depletion, basal origin firing and nuclei with 

ORC2 foci decrease. In normal or non-HGSC ovarian cancer 
cells, the ORFIUS complex disengages from origins and stops 
promoting localization of ORC2 to nuclear foci after DNA 

damage and / or RS. In BRCA1 mutant and sporadic HGSC 

cells, the ORFIUS complex is dysregulated, present in excess 
in nuclear foci at baseline, and remains associated with repli- 
cation origins promoting ORC2 localization in nuclear foci, 
even in the setting of DNA damage and / or RS. Reconstitu- 
tion of BRCA1 expression in BRCA1 mutant cells rescues this 
dysregulation. These findings suggest that ORFIUS complex 

dysfunction may represent a novel RS target in HGSC. 

Materials and methods 

For additional and more detailed Materials and methods, see 
Supplementary Materials and methods. 

Tissue culture 

Cell lines were purchased from American Type Culture Collec- 
tion and validated by STR profiling in the Center for Patient- 
Derived Models at Dana-Farber Cancer Institute. Cell lines 
were utilized at low passage number and tested negative for 
mycoplasma by PCR. FT194 and FT237 cells were grown in 
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Dulbecco’s Modified Eagle Medium (DMEM) / Nutrient Mix- 
ture F-12 (1:1) (Gibco Cat. #11320-033), 10% FBS (Sigma 
Cat. #F2442), and 1% penicillin streptomycin (P / S). OV- 
CAR8, SKO V3, CaO V3, and CaO V4 cells were grown in 

Roswell Park Memorial Institute (RPMI) 1640 (Gibco Cat. 
#11875-093), 10% FBS, and 1% P / S. OVCAR3 cells were 
grown in RPMI 1640, 20% FBS, 0.01 mg / ml bovine insulin, 
and 1% P / S. UWB1.289 parent and UWB1.289 BRCA1 re- 
constituted cells were grown in 1:1 ATCC formulation RPMI 
1640 (Gibco Cat. #A1049101) / Mammary Epithelial Cell 
Growth medium (MEGM) without amphotericin B (Lonza 
Cat. #CC-3150), 3% FBS, and 1% P / S. The reconstituted 

line was also grown in the presence of 200 μg / ml G-418 

(Gibco Geneticin Cat. #10131-035). 293T cells were grown 

in DMEM (Gibco Cat. #11965-092), 10% FBS, and 1% P / S. 

Oligonucleotide (oligo), short interfering RNA 

(siRNA), and short hairpin RNA (shRNA) sequences 

Sequences for all oligos, siRNAs, and shRNAs are provided in 

Supplementary Materials and methods in either a list format 
or in Supplementary Tables S1 , S2, or S3 . 

Immunofluorescence staining using 

methanol / acetic acid fixation 

For transfection experiments, cells were transfected and plated 

on coverslips (Electron Microscopy Sciences Cat. #72228-01) 
and then either (i) fixed and stained, or (ii) treated with DMSO 

or 1 μM Olaparib (MedChemExpress Cat. #HY-10162) and 

fixed at the appropriate timepoints. For non-transfected cells, 
the cells were plated on coverslips the night before, and then 

either (i) fixed and stained the next day or the following day, 
or (ii) treated with either (a) DMSO or 1 μM Olaparib for 24 h 

or (b) DMSO, 1 μM AZD6738 (MedChemExpress Cat. # HY- 
19323), 1 μM XL-413 (MedChemExpress Cat. #HY-15260), 
or 1 μM Olaparib for 2–24 h, and then fixed and stained. 
On the day of staining, a 3:1 mixture of methanol:glacial 
acetic acid was prepared and chilled on ice for 20 min prior 
to use (Fisher Cat. #A412-4 and A38-500). The media was 
aspirated from the cells and the methanol / acetic acid solu- 
tion was added for 15 minutes at 4 

◦C. The cells were washed 

twice with PBS. Cells were then blocked for 30 min at 37 

◦C 

in 1 mg / ml BSA, 5% normal goat serum, 1% Triton X-100, 
and PBS. The coverslips were then placed directly in primary 
antibody mixed with 1 mg / ml BSA, 5% normal goat serum, 
1% Triton X-100, and PBS for 45 min at 37 

◦C. The coverslips 
were washed twice in PBS and then incubated with secondary 
antibody mixed in 1mg / ml BSA, 5% normal goat serum, 1% 

Triton X-100, and PBS for 30 min at 37 

◦C. The coverslips 
were washed twice in PBS and then mounted in mounting 
medium with DAPI (Vector Labs Cat. #H-2000) and sealed 

on a slide. Primary antibodies included BRD1 (Abcam Cat. 
#181060), HBO1 (Cell Signaling Technology Cat. #58418), 
HBO1 (Santa Cruz Biotechnology Cat. #sc-398346), ORC2 

(Cell Signaling Technology Cat. #4736), and γH2AX (Milli- 
pore Sigma Cat. #05-636). Secondary antibodies included 488 

anti-rabbit (Abcam Cat. #150077), 594 anti-mouse (Abcam 

Cat. #150116), and 555 anti-rat (Cell Signaling Technology 
Cat. #4417). For foci analysis, the percentage of nuclei with 

greater than or equal to three individual or co-localizing foci 
was quantified from at least 100 nuclei for each cell line or 
treatment in each individual experiment, and the average per- 
centage of nuclei with greater than or equal to three foci is 

depicted in bar graphs in each figure as described in figure 
legends. 

Immunofluorescence images 

All immunofluorescence stained cells were photographed on a 
Zeiss Axio Imager M2 microscope with a Zeiss Axiocam 705 

Mono Camera. Images were taken at 63 × and 100 ×. For rep- 
resentative images, representative nuclei were cropped from 

a 63 × or 100 × image in Adobe Photoshop to demonstrate 
representative foci ( Supplementary Figures S1 E and S1 F). If 
brightness and contrast were adjusted, they were adjusted in 

PowerPoint with the same manipulation performed on every 
image in a panel. All images for every experiment are avail- 
able upon request. For the γH2AX exposures only in Figures 
1 G–I and 2 E–G, the exposure time was lower for UWB1.289 

parent and reconstituted cells versus OVCAR8 because of the 
high γH2AX signal in UWB1.289 cells. Thus, the UWB1.289 

parent and reconstituted γH2AX foci counts in these figures 
can all be compared to each other, but the OVCAR8 data was 
taken at a higher exposure. The exposures utilized individually 
for BRD1, HBO1, and ORC2 were held constant across all cell 
lines and all panels in every figure throughout the manuscript 
including the above panels. 

DNA fiber assay 

OVCAR8 or FT194 cells were plated on day zero, transfected 

on days one and two, split one to two on day three, and then 

on day four (72 h post the first transfection), they were labelled 

for DNA fiber analysis. UWB1.289 parent and reconstituted 

cells were plated on day zero and labelled for DNA fiber anal- 
ysis the following day. Cells were first pulsed with 0.2 mM 

CldU (5-chloro-2 

′ -deoxyuridine) (Sigma Cat. #C6891) for 30 

min at 37 

◦C. Cells were then washed twice with pre-warmed 

PBS. Cells were then pulsed with 0.25 mM IdU (5-iodo-2 

′ - 
deoxyuridine) (Sigma Cat. #I7125) for 30 min at 37 

◦C. Cells 
were washed with pre-warmed PBS twice. Cells were combed 

and stained as described previously ( 29 ). For a detailed stain- 
ing protocol, please see Supplementary Materials and meth- 
ods. The fibers were photographed at 40 × and scored as de- 
scribed below. All fiber scoring was performed by two indi- 
viduals counting independently from each other, with the re- 
sulting percentages within two percent of each other’s counts. 

Each distinct fiber was scored based on its replication struc- 
ture identified as the following, with the first pulse CldU 

stained green and the second pulse IdU stained red: (i) ongo- 
ing fork: adjacent green and red signal; (ii) bidirectional fork 

consisting of origin fired during the first pulse labeling: con- 
necting red-green-red signal; (iii) new origin fired during the 
second pulse labeling: red signal only; (iv) termination: con- 
necting green-red-green signal; (v) stalled fork: green signal 
only ( 30 ). At least 200 fibers were scored for each treatment, 
and each experiment was repeated independently three sepa- 
rate times. The percentage of new origins fired was calculated 

as follows, with origins being the sum of those origins fired 

during the first (CldU green) and the second (IdU red) pulse 
labeling (2 + 3 above) ( 26 ): 

% origins = origins / (origins + ongoing forks) 

Chromatin immunoprecipitation sequencing 

(ChIP-seq) 

Five 80% confluent plates of UWB1.289 parent cells were 
grown per antibody and media changed the day before the 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
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Figure 1. BRD1 suppresses replication stress at str uct ures susceptible to PARP inhibitor-induced DNA damage and / or replication stress. ( A ) Western 
blot analyses for BRD1 (top) and BRCA1 (bottom) were performed on lysates from a group of fallopian tube secretory epithelium and ovarian cancer cell 
lines (UWB1.289 reconstituted with full length BRCA1 = UWB1.289-R). The cell line type is denoted by color code on the top of the blot. Tubulin is 
shown as a loading control for each western. Please note, a single gel was run for the BRD1 and HBO1 western blots in Figures 1 A (top) and 2 A to allow 

for comparison of BRD1 and HBO1 from the same lysate at the same time. The membrane from the gel was first stained for BRD1, stripped and 
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experiment to basal media containing DMSO at 1:10,000, 
harvested 24 h later, chromatin prepared, and immunopre- 
cipitation carried out using the Cell Signaling SimpleChIP 

Enzymatic Chromatin IP Kit following the manufacturer’s 
protocol (Catalog #9003). Chromatin was prepared only 
once, and then that chromatin prep was divided into two 

aliquots, #1 and #2, to allow for later replicates. Two indi- 
vidual BRD1 or HBO1 IPs were performed for each of the 
#1 and #2 aliquots, and a separate input was saved from 

each of the #1 and #2 aliquots. Thus, there is a #1 and a 
#2 replicate for each IP antibody and each input. 5 μg of 
chromatin were used per IP. Antibodies for ChIP included 

HBO1 (Cell Signaling Cat. #58418) and BRD1 (Abcam Cat. 
#ab181060). Active Motif’s spike-in controls were used ac- 
cording to the manufacturer’s protocol (Cat. #61686 and 

53083). ChIP-seq libraries were prepared using IDT xGen 

DNA library prep reagents on a Beckman Coulter Biomek 

i7 liquid handling platform from approximately 1ng of DNA 

with 14 cycles of PCR amplification according to manufac- 
turer’s protocol. Finished sequencing libraries were quanti- 
fied by Qubit fluorometer and Agilent TapeStation 2200. Li- 
brary pooling and indexing was evaluated with shallow se- 
quencing on an Illumina MiSeq. Subsequently, libraries were 
sequenced on an Illumina NovaSeq6000 targeting 40 mil- 
lion 150 bp read pairs by the Molecular Biology Core fa- 
cilities at Dana-Farber Cancer Institute. Please see the Sup- 
plementary Materials and methods for details on ChIP-seq 

analysis. 

Statistics 

All experiments were performed in duplicate or in triplicate. P - 
values were generated using a standard paired two-tailed t -test 
for single comparisons and a one-way ANOVA or a two-way 
ANOVA with post-hoc multiple comparisons test as indicated 

in respective figure legends. All analyses were performed in 

GraphPad Prism. 

Results 

BRD1 is expressed and promotes survival in 

ovarian cancer precursor and tumor cell lines 

We first asked whether BRD1 is widely expressed in ovarian 

cancer and if the expression is altered in BRCA1 mutant cells, 
since others have observed a potential interaction between 

BRD1 and BRCA1 and since BRCA1 has a role in protect- 
ing stalled replication forks ( 4 , 7 , 18 ). We tested the ovarian 

cancer precursor fallopian tube secretory epithelial (FTSEC) 
cell lines FT194 and FT237, the non-HGSC ovarian cancer 
cell line SKOV3, the sporadic HGSC cell lines O VCAR8, O V- 
CAR3, CaOV3, and CaOV4, and the BRCA1 mutant HGSC 

cell line UWB1.289 along with its full length BRCA1 recon- 
stituted clone (Figure 1 A) ( 31–36 ). Using an siRNA validated 

antibody ( Supplementary Figure S1 A), we were able to de- 
tect varying levels of BRD1 protein expression in all cell 
lines (Figure 1 A). Full length BRCA1 (p220) was detected 

in all lines except for the parental UWB1.289 line (Figure 
1 A, Supplementary Figure S1 B), which harbors a nonsense 
mutation in BRCA1 exon 11 preventing it from expressing 
p220 but allowing it to retain expression of the minimally 
functional �11 isoform ( Supplementary Figures S1 C, S1 D) 
( 32 ,37 ). BRD1 protein levels were reduced in the full length 

BRCA1 reconstituted UWB1.289 cells compared to the parent 
line (Figure 1 A). These results indicate that BRD1 is widely 
expressed in ovarian cancer and suggest possible regulation 

of BRD1 by BRCA1. 
We next addressed localization of BRD1 in HGSC cells. 

Immunofluorescent staining revealed that BRD1 forms dis- 
tinct nuclear foci across different ovarian cancer subtypes and 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
re-stained for Tubulin, and finally stripped and re-stained for HBO1. The BRD1 blot and Tubulin blot from that single gel are shown on the top of Figure 
1 A. The HBO1 blot along with the same Tubulin blot from that gel are shown in Figure 2 A for comparison. The BRCA1 western blot in Figure 1 A (bottom) 
is from a separate gel with its own respective loading control. ( B ) O V CAR8, SKO V3, UWB1 .289 parent, and UWB1 .289 reconstituted with full length 
BRCA1 (UWB1.289-R) cells were immunofluorescently stained for BRD1. DAPI was used as a nuclear st ain. Represent ative nuclei are shown with BRD1 
and DAPI o v erlaid in the top panel and BRD1 alone in the bottom panel. Scale bar = 10 μm. ( C ) FT194, O V CAR8, and UWB1.289 cell lines were 
transfected with either a control (siCon) or two different BRD1-specific siRNAs (siBRD1-#1 and siBRD1-#2) and plated for colony formation. Results are 
depicted as bar graphs showing the average percentage of colonies relative to the control for three individual experiments with error bars representing 
standard error of the mean. * P < 0.05 compared to the control by a standard t -test. ( D ) Immunofluorescence staining for γH2AX and phosphorylated 
RP A (pRP A) w as perf ormed on O V CAR8 cells transfected with a control siRNA (siCon) or two BRD1 -specific siRNAs (siBRD1 -#1 and siBRD1 -#2) 48 h 
after the first transfection. R epresentativ e images of nuclei for each stain for each treatment are shown on the left. Scale bar = 10 μm. Bar graphs 
representing the a v erage percentage of nuclei with greater than or equal to three pRPA, γH2AX, or co-localizing pRPA / γH2AX foci for each treatment 
from three independent experiments are shown on the right with error bars representing standard error of the mean. * P < 0.05 compared to the control 
by a standard t -test. ( E ) Cartoon illustrating the mechanism of action of different replication stress inducing agents which either (i) stall forks directly, like 
gemcitabine or h y dro xyurea (HU), or (ii) generate obstacles in the DNA which cause replication fork stalling, including crosslinks caused by carboplatin, 
bulky adducts caused by UV, and trapped PARP caused by PARP inhibitors (PARPi). (F) O V CAR8 cells were transfected with a control siRNA (siCon) and 
two BRD1 specific siRNAs (siBRD1-#1 and siBRD1-#2). For gemcitabine, carboplatin, HU, and the PARPi Olaparib, cells were plated and treated with 
dose curves of the respective agents or media with no drug for a small subset of wells. For the wells that received no drug, CellTiter-Glo was 
immediately added and the plate was read to generate a day one read for later growth rate correction. For the dose curve treated cells, survival was 
assessed five days later via CellTiter-Glo. Growth rate corrected dose curves were generated by mathematically comparing the day five reads to the day 
one read of untreated cells to correct for any growth rate differences. The sensitivities shown here were generated by calculating the area over the 
growth rate corrected dose curve for each agent shown (greater area = greater sensitivity to the agent). For UV treatment, transfected cells were plated 
at a suitable density for colony formation on day one and treated with a dose curve of UV irradiation. Seven days later the colonies were stained and 
counted, and survival curves were generated. The sensitivity was calculated as the area over the survival curve. The bar graphs represent the average 
from three separate experiments with error bars representing standard error of the mean. P -values were generated using a standard t -test, and 
* P < 0.05 compared to the control. NS = not significant compared to the control. Please also see Supplementary Figure S2 C for representative survival 
or dose curves. ( G–I ) O V CAR8, UWB1.289 parent, or BRCA1 reconstituted UWB1.289 (UWB1.289 + BRCA1) cells were treated with vehicle (DMSO) or 
1 μM of the PARP inhibitor (PARPi) Olaparib for 24 h and then immunofluorescently stained for γH2AX and BRD1. In each panel, representative images 
of nuclei with foci are shown on the left. Scale bars = 10 μm. Bar graphs representing the average percentage of nuclei with greater than or equal to 
three γH2AX, BRD1, or co-localizing γH2AX / BRD1 foci from three independent experiments are shown on the right. Error bars represent standard error 
of the mean. P -values were calculated using a standard t -test, and * P < 0.05 compared to DMSO. NS = not significant compared to DMSO. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
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Figure 2. BRD1 forms a complex with HBO1 which may help suppress replication stress in HGSC cells. ( A ) Western blot analysis for HBO1 was 
performed on lysates from a group of ovarian cancer precursor fallopian tube secretory epithelium cell lines and ovarian cancer cell lines (UWB1.289 
parent reconstituted with full length BRCA1 = UWB1.289-R). The cell line type is denoted by color code on the top of the blot. Tubulin is shown as a 
loading control. Please note, a single gel was run for the BRD1 and HBO1 western blots in Figures 1 A (top) and 2 A to allow for comparison of BRD1 and 
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genetic backgrounds (Figure 1 B, Supplementary Figures S1 E, 
S1 F). 

Next we assessed whether BRD1 is important for ovar- 
ian cancer precursor and tumor cell survival. BRD1 depletion 

caused reduced colony formation compared to a control in 

FT194, OVCAR8, and UWB1.289 cells (Figure 1 C). These re- 
sults suggest that BRD1 promotes survival in ovarian cancer 
precursor and tumor cells. 

BRD1 helps suppress RS linked to bulky adducts 

and PARP inhibitors 

Since others have noted that inhibition of BRD4 and other 
BET family members leads to RS and / or DNA damage, our 
next question was whether loss of BRD1 also does ( 12–15 ,18 ). 
W e stained O VCAR8 cells treated with control or BRD1 siR- 
NAs for γH2AX which can be a marker of DNA damage or 
RS, as well as Replication Protein A phosphorylated on ser- 
ine 33 (pRPA) which is a marker of single stranded DNA at 
stalled replication forks indicative of RS ( 3 ). After depletion 

of BRD1 in OVCAR8 cells, we noted an increased percent- 
age of nuclei with γH2AX, pRPA, and co-localizing γH2AX 

and pRPA foci (Figure 1 D). The increase in the percentage 
of nuclei with pRPA foci alone indicates a role for BRD1 in 

suppressing RS, and the increase in the percentage of nuclei 
with γH2AX and co-localizing foci may indicate a role in sup- 
pressing DNA damage at sites of RS. This suggests that BRD1 

has a distinct baseline role in RS suppression among BRPF 

family members, as depletion of the related BRPF family pro- 
tein BRPF3 does not lead to changes in the percentage of nu- 
clei with γH2AX, pRPA, or co-localizing γH2AX / pRPA foci 
( Supplementary Figures S2 A, S2 B) ( 22 ). 

Our next question was what type of RS BRD1 might sup- 
press. We treated HGSC cells with multiple BRD1-specific 
siRNAs versus a control and tested for sensitivity to agents 
which stall replication forks directly or generate obstacles in 

the DNA which cause fork stalling. Increased sensitivity after 
BRD1 depletion would indicate a role for BRD1 in protection 

from the type of RS induced by the specific agent. We tested 

the nucleoside analog gemcitabine which incorporates into 

nascently replicating DNA strands and prevents additional 
nucleosides from incorporating thereby causing fork stalling, 
carboplatin which induces crosslinks which can stall forks, the 
PARPi Olaparib which causes PARP trapping and subsequent 

fork stalling, ultraviolet radiation (UV) which induces bulky 
adducts which can stall forks, and hydroxyurea (HU) which 

leads to deoxyribonucleotide depletion and subsequent fork 

stalling (Figure 1 E) ( 4 ). BRD1 depletion led to increased sen- 
sitivity to both PARPis and UV compared to control treated 

cells (Figure 1 F, Supplementary Figure S2 C). BRD1 depletion 

did not lead to increased sensitivity to gemcitabine, led to a 
minor increase in sensitivity to HU with only one siRNA, and 

only caused a minor and not significant increase in sensitivity 
to carboplatin (Figure 1 F, Supplementary Figure S2 C). These 
results support that BRD1 may participate in protection from 

bulky adduct- and PARPi-induced RS and / or DNA damage, 
and our next question was how it does so. Given their heavy 
clinical use in HGSC, we utilized PARPis to study the role of 
BRD1 in RS in the remainder of our experiments ( 8 ). 

BRD1 associates with nuclear structures in which 

PARPis induce DNA damage and / or RS 

Multiple groups have shown that the BRD-containing protein 

BRD4 regulates DDR or RS suppression at the transcriptional 
level ( 12–14 ), while others have shown direct roles for BET 

or other BRPF BRD-containing proteins in DNA damage and 

RS suppression ( 15 , 18 , 22 , 38 ). Our next question was whether 
BRD1 directly or transcriptionally participates in protection 

from PARPi-associated RS and / or DNA damage. 
We had already shown that BRD1 forms distinct nuclear 

foci at baseline (Figure 1 B). Thus, to test for a direct role for 
BRD1 in suppressing PARPi-induced RS or DNA damage we 
treated OVCAR8 cells and the isogenic pair of UWB1.289 par- 
ent and the full length BRCA1 reconstituted clone with vehicle 
or a PARPi and quantified the percentage of nuclei with indi- 
vidual and co-localizing BRD1 and γH2AX foci. In OVCAR8 

cells, we observed an increased percentage of nuclei with co- 
localization of BRD1 with γH2AX post-PARPi (Figure 1 G). 
The co-localization was driven by a large increase in the per- 
centage of nuclei with γH2AX foci and with no change in the 
percentage of nuclei with BRD1 foci after PARPi treatment 
(Figure 1 G). In the parent UWB1.289 line post-PARPi there 
was no change in the percentage of nuclei with BRD1 / γH2AX 

foci co-localization, a small but not significant increase in 

the percentage of nuclei with γH2AX foci, and no change in 

the percentage of nuclei with BRD1 foci versus vehicle (Figure 
1 H). In the BRCA1 reconstituted UWB1.289 line, there was a 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
HBO1 from the same lysate at the same time. The membrane from the gel was first stained for BRD1, stripped and re-stained for Tubulin, and finally 
stripped and re-stained for HBO1. The BRD1 blot and Tubulin blot from that single gel are shown on the top of Figure 1 A. The HBO1 blot along with the 
same Tubulin blot from that gel are shown here in Figure 2 A for comparison. The BRCA1 western blot in Figure 1 A (bottom) is from a separate gel with 
its own respective loading control. ( B ) O V CAR8 cells were transfected with either a control siRNA (siCon) or two HBO1-specific siRNAs (siHBO1-#1 and 
siHBO1-#2) and plated for colony formation. A bar graph representing the average percentage of colonies relative to the control for three individual 
experiments is shown with error bars representing standard error of the mean. * P < 0.05 compared to the control by a standard t -test. ( C ) 
Immunoprecipitation experiments were performed in O V CAR8 cells. On the left, lysates from untreated O V CAR8 cells were immunoprecipitated with 
IgG control versus an HBO1 antibody and blotted with BRD1 antibody on the top or a different HBO1 antibody on the bottom. On the right, lysates from 

untreated O V CAR8 cells w ere immunoprecipitated with IgG control v ersus a BRD1 antibody and blotted with HBO1 antibody on the top and BRD1 
antibody on the bottom. In each case, western type, input, or IP type is indicated on top of the blot. ( D ) Untreated fallopian tube and ovarian cancer cell 
lines (UWB1.289 parent (UWB parent) reconstituted with full length BRCA1 = UWB + BRCA1) were immunofluorescently stained for BRD1 and HBO1. 
R epresentativ e images of nuclei with foci from O V CAR8 (top) and UWB1.289 parent (bottom) are shown in the left panel. Scale bars = 10 μm. A bar 
graph representing the a v erage percentage of nuclei with greater than or equal to three co-localizing BRD1 / HBO1 foci from two individual experiments 
for most lines and three individual experiments for UWB parent and UWB + BRCA1 is shown on the right. Cell type is indicated on top of the bar graph. 
Error bars represent standard deviation. * P < 0.05 compared to the UWB parent line by a standard t -test. ( E–G ) O V CAR8, UWB1.289, or BRCA1 
reconstituted UWB1 .289 (UWB1 .289 + BR CA1) cells w ere treated with v ehicle (DMSO) or 1 μM of the PARP inhibitor (PARPi) Olaparib for 24 h and then 
immunofluorescently stained for γH2AX and HBO1. In each panel, representative images of nuclei with foci are shown on the left. Scale bars = 10 μm. 
A bar graph representing the a v erage percentage of nuclei with greater than or equal to three γH2AX, HBO1, or co-localizing γH2AX / HBO1 f oci f or each 
treatment from three separate experiments is shown on the right. Error bars represent standard error of the mean. P -values were calculated using a 
standard t -test, and * P < 0.05 compared to DMSO. NS = not significant compared to DMSO. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
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small but significant increase in the percentage of nuclei with 

co-localizing BRD1 / γH2AX foci post-PARPi (Figure 1 I). This 
was driven by a small but significant increase in the percent- 
age of nuclei with γH2AX foci and a small but significant de- 
crease in the percentage of nuclei with BRD1 foci post-PARPi 
(Figure 1 I). Additionally, we observed a higher percentage of 
nuclei with co-localization of BRD1 with γH2AX at baseline 
in the parent UWB1.289 line than the reconstituted line (Fig- 
ures 1 G–I). 

The increased percentage of nuclei with co-localization of 
BRD1 and DNA damage foci in OVCAR8 and reconstituted 

UWB1.289 cells post-PARPi suggests a direct and not tran- 
scription mediated role for BRD1 in RS or resulting DNA 

damage, and the fact that it is driven by a post-PARPi in- 
crease in the percentage of nuclei with γH2AX foci sug- 
gests that BRD1 is located on replication-linked structures 
at which PARPis induce DNA damage. The increased DNA 

damage in BRD1 foci at baseline in the UWB1.289 par- 
ent line compared to the reconstituted clone suggests that 
BRCA1 prevents DNA damage or RS in BRD1 structures at 
baseline. The fact that the percentage of nuclei with BRD1 

foci start to decrease after PARPi treatment in the recon- 
stituted but not the parent UWB1.289 and OVCAR8 lines 
suggests that normally BRCA1 may block BRD1 localization 

at replication associated structures in the setting of PARPi- 
induced RS to suppress RS and / or DNA damage, but in spo- 
radic and BRCA1 mutant HGSC cells this localization is 
dysregulated. 

BRD1 interacts with HBO1 in HGSC cells 

Our next question was what replication or RS suppression 

function BRD1 participates in. We assessed what proteins 
BRD1 interacts with to search for possible functions based on 

the known functions of interacting partners. A major inter- 
acting partner of BRD1 is the histone acetyltransferase HBO1 

(also referred to as KAT7) which modifies histones H3 and 

H4 ( 17 ,39 ). HBO1 has known functions in replication origin 

licensing and firing with multiple different binding partners 
( 20 , 22 , 25 ). It interacts with ORC1, MCM2, and CDT1, and 

is part of the pre-RC which promotes replication origin licens- 
ing ( 20 ,40–42 ). It has been linked to DNA damage through its 
role in the nucleotide excision repair pathway ( 21 ). HBO1 ex- 
pression is frequently upregulated in many cancer types ( 43–
45 ). These HBO1 factors make it a logical BRD1-interacting 
partner to test as a possible member of a BRD1 replication or 
RS-suppression complex. 

We first verified HBO1 protein expression in our panel of 
fallopian tube and ovarian cancer cell lines using an siRNA 

validated HBO1 antibody, and found it to be expressed in all 
cell lines, again with a very slight decrease in the BRCA1 re- 
constituted UWB1.289 cells versus their parent line (Figure 
2 A, Supplementary Figure S2 D). This suggests that like BRD1, 
HBO1 is widely expressed in ovarian cancer and may be con- 
trolled by BRCA1. 

We next assessed whether HBO1 is important for ovarian 

cancer cell survival. Others have demonstrated that HBO1 is 
not essential in non-HGSC cell lines lacking background DDR 

defects ( 46 ). Since many HGSC cells have DDR deficiency or 
upregulated RS, we hypothesized that the HBO1 function in 

DDR and / or replication may be upregulated or important for 
survival of these cells. Indeed, in OVCAR8 cells, HBO1 de- 
pletion causes reduced colony formation compared to control 

siRNA treated cells (Figure 2 B) suggesting that HBO1 pro- 
motes survival in at least some HGSCs. 

Our next question was whether BRD1 and HBO1 inter- 
act in ovarian cancer cells since they are known to physi- 
cally interact in other cell types ( 17 ,39 ). We performed co- 
immunoprecipitation of HBO1 by BRD1 and BRD1 by HBO1 

and found that the proteins are able to endogenously interact 
via either precipitating partner in both OVCAR8 (Figure 2 C) 
and UWB1.289 cells ( Supplementary Figure S2 E). This sug- 
gests that the proteins maintain their interaction across HGSC 

genotypes. 
Our next question was whether HBO1 forms nuclear foci, 

and if so, whether BRD1 and HBO1 co-localize and how often 

in ovarian cancer precursor and tumor cell lines. We were able 
to detect HBO1 nuclear foci in OVCAR8 cells with multiple 
antibodies ( Supplementary Figure S2 F). Immunofluorescent 
co-staining for BRD1 and HBO1 showed large percentages 
of nuclei with co-localization in most ovarian cancer cell lines 
but markedly less in the precursor fallopian tube lines FT194 

and FT237 (Figure 2 D). The CaOV4 HGSC line showed lim- 
ited nuclei with HBO1 / BRD1 co-localization despite pro- 
tein expression suggesting a potential alteration in localiza- 
tion of these proteins to nuclear foci in this cell line (Figures 
1 A, 2 A and D). Finally, the BRCA1 reconstituted UWB1.289 

cells showed a significantly lower percentage of nuclei with 

co-localizing foci than the parent UWB1.289 line (Figure 
2 D). These results suggest that co-localization of BRD1 and 

HBO1 is upregulated in both HGSC and non-HGSC ovar- 
ian cancer cells compared to HGSC precursor fallopian tube 
cells and support that BRCA1 regulates the BRD1–HBO1 

complex. 
Knowing that BRD1 and HBO1 co-localize, that PARPis 

induce DNA damage and / or RS in BRD1 nuclear foci, and 

that HBO1 has a DNA damage and replication function, our 
next question was whether PARPis also induce DNA dam- 
age and / or RS in HBO1 nuclear foci. We treated OVCAR8 

cells and the isogenic pair of UWB1.289 and its reconsti- 
tuted clone with vehicle versus PARPi and stained for γH2AX 

and HBO1. We found that in OVCAR8 and BRCA1 reconsti- 
tuted UWB1.289 cells, there is an increased percentage of nu- 
clei with co-localization of HBO1 with γH2AX after PARPi, 
whereas in the UWB1.289 parent line the percentage of nuclei 
with co-localization is unchanged after PARPi, as with BRD1 

(Figures 2 E, 2 F, 2 G). Also, as with BRD1, there is a lower 
percentage of nuclei with co-localizing HBO1 / γH2AX foci 
at baseline in the BRCA1 reconstituted UWB1.289 line com- 
pared to the parent line (Figures 2 F and G). The increasing per- 
centage of nuclei with co-localization in OVCAR8 and BRCA1 

reconstituted UWB1.289 cells is driven by an increase in the 
percentage of nuclei with γH2AX foci, with no change in the 
percentage of nuclei with HBO1 foci post-PARPi in OVCAR8 

cells and a decrease in the percentage of nuclei with HBO1 

foci post-PARPi in reconstituted UWB1.289 cells (Figures 2 E 

and G). There is no change in the percentage of nuclei with 

γH2AX or HBO1 foci after PARPi in the UWB1.289 parent 
line (Figure 2 F). These data reveal that like BRD1, HBO1 is 
located at structures susceptible to PARPi-induced RS and / or 
DNA damage which require BRCA1 for repair. Additionally, 
they suggest that HBO1 localization at these structures is reg- 
ulated by BRCA1, and that in both sporadic and BRCA1 mu- 
tant HGSC cells HBO1 localization in nuclear foci may be 
dysregulated in the setting of PARPi-induced RS and / or DNA 

damage. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
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The BRD1–HBO1 complex helps promote 

replication origin firing in HGSC cells 

Our next question was what the role of the BRD1–HBO1 

complex is in DNA replication. We focused on a role for the 
BRD1–HBO1 complex in replication origin regulation given 

that HBO1 is already known to participate in both replica- 
tion origin licensing and firing with different binding partners 
( 22 ,42 ). 

To determine if BRD1 and HBO1 promote replication ori- 
gin firing in HGSC cells, we utilized a DNA fiber assay in 

which we pulse cells sequentially with two nucleoside analogs 
to label nascently replicated DNA fibers, comb and stain the 
fibers, and then quantify the percentage of fibers representing 
newly fired replication origins amongst all the different repli- 
cation fiber types (Figure 3 A) ( 26 ,47 ). We quantified the per- 
centage of newly fired replication origins in OVCAR8 cells af- 
ter BRD1 or HBO1 depletion compared to a control at a post- 
depletion timepoint when we were certain there was no cell 
cycle arrest (Figures 3 B and C, Supplementary Figures S3 A, 
S3 B). We found that there is decreased origin firing in the set- 
ting of HBO1 depletion as expected and also in the setting 
of BRD1 depletion (Figures 3 B and C). This suggests that the 
BRD1-HBO1 protein complex participates in some aspect of 
replication origin regulation ultimately leading to origin firing 
in HGSC cells. 

The BRD1–HBO1 protein complex physically 

localizes to ORC2 marked replication origins 

Our next question was whether the BRD1–HBO1 complex 

regulates replication origins directly or indirectly. HBO1 is al- 
ready known to physically associate with replication origins 
and members of the origin regulatory pre-RC ( 20 , 25 , 40–42 ). 
Given this and the tight physical association between BRD1 

and HBO1 (Figures 2 C and D, Supplementary Figure S2 E), we 
hypothesized that at least some of the nuclear BRD1–HBO1 

co-localizing foci we observe are at replication origins per- 
forming a direct regulatory role in HGSC cells. 

To validate this, we tested for co-localization of BRD1 and 

HBO1 nuclear foci with the origin recognition complex pro- 
tein ORC2, which is part of the pre-RC and is known to specif- 
ically bind to replication origin sites in the DNA ( 48 ). We 
found that ORC2 is widely expressed in our fallopian tube and 

ovarian cancer cell line panel and forms nuclear foci (Figure 
3 D, Supplementary Figures S3 C, S3 D). We detected varying 
percentages of nuclei with co-localization of BRD1 and HBO1 

with ORC2 in our cell line panel (Figures 3 E, 3 F, 3 G, 3 H). 
CaOV4 cells formed less ORC2, BRD1, and HBO1 foci than 

other ovarian cancer cells, as previously shown (Figures 2 D, 
3 F and H). Sporadic and BRCA1 mutant HGSC cells demon- 
strated both increased percentages of nuclei with co-localizing 
BRD1 / ORC2 and HBO1 / ORC2 foci and ORC2 foci alone 
than FTSEC precursor controls and the non-HGSC ovarian 

cancer line SKOV3 (Figures 3 F and H). Ovarian cancer cells 
demonstrated increased percentages of nuclei with HBO1 and 

BRD1 foci alone than FTSEC cells (Figures 3 F and H). Addi- 
tionally, the UWB1.289 parent line demonstrated both a sig- 
nificantly increased percentage of nuclei with both individual 
ORC2, BRD1, and HBO1 foci and co-localizing BRD1 / ORC2 

and HBO1 / ORC2 foci compared to the BRCA1 reconstituted 

clone. 
These results suggest that (i) ORC2 localization at nuclear 

foci is upregulated in sporadic and BRCA1 mutant HGSC 

cells and is likely regulated by BRCA1, (ii) BRCA1 regulates 
the localization of BRD1 and HBO1 to replication origins po- 
tentially as part of a BRCA1–BRD1–HBO1 complex, and (iii) 
localization of BRD1 and HBO1 at origins is dysregulated in 

sporadic and BRCA1 mutant HGSC. Our next question was, 
how do HBO1, BRD1, and BRCA1 regulate each other and 

possibly ORC2. 

HBO1 helps maintain BRD1 protein levels and 

together they promote ORC2 localization in nuclear 
foci 

To begin to assess BRD1 / HBO1 / BR CA1 / OR C2 dynamics, 
we first addressed whether HBO1 recruits BRD1 to nuclear 
foci or vice versa. Upon BRD1 depletion, HBO1 still formed 

nuclear foci in OVCAR8 cells (Figure 4 A). However, upon 

HBO1 depletion, less and smaller BRD1 foci were detectable 
in OVCAR8 cells (Figure 4 B). Similarly, after HBO1 depletion, 
there was a reduced percentage of nuclei with BRD1 / γH2AX 

co-localizing foci after PARPi treatment, but no change in the 
percentage of nuclei with HBO1 / γH2AX co-localizing foci 
in the setting of BRD1 depletion after PARPi treatment (Fig- 
ure 4 C, Supplementary Figure S4 A). This suggests that either 
HBO1 recruits BRD1 to nuclear foci at baseline or that HBO1 

helps maintain BRD1 protein levels. 
We tested if HBO1 or BRD1 depletion led to a reduction in 

protein levels of either binding partner and also in BRCA1 and 

ORC2 given the regulatory dynamics between these proteins. 
Upon depletion of BRD1 in OVCAR8 cells, HBO1 protein 

levels remain unchanged, whereas upon depletion of HBO1, 
BRD1 protein levels decrease (Figure 4 D). BRCA1 and ORC2 

protein levels remain unchanged after both BRD1 and HBO1 

depletion compared to the control (Figure 4 D). This suggests 
that HBO1 helps maintain BRD1 protein levels and that nei- 
ther BRD1 or HBO1 helps maintain ORC2 or BRCA1 protein 

levels. 
However, given the high percentage of nuclei with ORC2 

foci alone or co-localizing ORC2 / HBO1 and ORC2 / BRD1 

foci for most HGSC cells, our final question was whether 
HBO1 and / or BRD1 might regulate localization of ORC2 to 

nuclear foci (Figures 3 F and H). To be certain that no ob- 
served phenotypes could be attributed to a cell cycle arrest, 
we assessed cell cycle profiles after BRD1 and HBO1 deple- 
tion and found no changes in cell cycle dynamics (Figure 4 E). 
Upon depletion of BRD1, as expected there was no change in 

the percentage of nuclei with HBO1 foci, but there was a sig- 
nificant decrease in both the percentage of nuclei with ORC2 

foci and co-localizing ORC2 / HBO1 foci (Figure 4 F). Upon 

depletion of HBO1, the percentage of nuclei with BRD1 foci 
was strongly reduced, and there was also a significant decrease 
in the percentage of nuclei with ORC2 foci and co-localizing 
ORC2 / BRD1 foci (Figure 4 G). In contrast, upon depletion of 
the related BRPF family member BRPF3, there was no change 
in the percentage of nuclei with individual ORC2, HBO1, or 
BRD1 foci or co-localizing ORC2 / BRD1 or ORC2 / HBO1 

foci, nor were there any changes in BRD1, HBO1, ORC2, or 
BRCA1 protein levels ( Supplementary Figures S4 B, S4 C, S4 D, 
S4 E, S4 F). Taken together, these results suggest a unique role 
for BRD1 and HBO1 in promoting ORC2 localization to nu- 
clear foci. 

Given that ORC2 regulation is a novel role for BRD1 and 

HBO1, we sought to further validate this function ( 20 , 22 , 42 ). 
Therefore, we generated OVCAR8 cells stably expressing 
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Figure 3. The BRD1–HBO1 complex functions in replication origin control. ( A ) Schematic of DNA fiber assay labeling, fiber scoring, and %origin 
calculation. ( B and C ) O V CAR8 cells were transfected with a control siRNA (siCon) or in (B) two HBO1 specific siRNAs (siHBO1-#1 and siHBO1-#2) or in 
(C) two BRD1 specific siRNAs (siBRD1-#1 and siBRD1-#2). 72 h after the first transfection, the cells were labeled for DNA fiber analysis and fibers 
stained. Fibers were scored to assess the percentage of firing replication origins. The bar graph represents the average percentage of firing origins from 

three independent e xperiments f or each siRNA. Error bars represent standard error of the mean. * P < 0.05 compared to the control by a standard t -test. 
( D ) Western blot analysis for ORC2 was performed on lysates from fallopian tube and ovarian cancer cell lines (UWB1.289 reconstituted with full length 
BRCA1 = UWB1.289-R). The cell line type is denoted by color code on the top of the blot. Tubulin is shown as a loading control. ( E–H ) Untreated 
fallopian tube and ovarian cancer cell lines (UWB1.289 parent (UWB parent) reconstituted with full length BRCA1 = UWB + BRCA1) were 
immunofluorescently stained for BRD1 and ORC2 in (E) and (F) or HBO1 and ORC2 in (G) and (H). Representative images of nuclei with foci from 

O V CAR8 (left) and SKOV3 (right) are shown in (E) and (G) for each staining pattern. Scale bars = 10 μm. Bar graphs representing the a v erage percentage 
of nuclei with greater than or equal to three ORC2, BRD1, or co-localizing ORC2 / BRD1 foci in (F) or ORC2, HBO1, or co-localizing ORC2 / HBO1 foci in 
(H) from two individual experiments for most lines and three individual experiments for UWB parent and UWB + BRCA1 are shown. Cell type is 
indicated on top of the bar graph. Error bars represent standard deviation. * P < 0.05 compared to the UWB parent line by a standard t -test. 
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Figure 4. The BRD1–HBO1 complex promotes ORC2 localization to nuclear foci. ( A and B ) O V CAR8 cells were transfected with a control siRNA (siCon) 
and either two BRD1-specific siRNAs (siBRD1-#1 and siBRD1-#2) in (A) or two HBO1-specific siRNAs (siHBO1-#1 and siHBO1-#2) in (B), and 72 h after 
the first transfection were immunofluorescently stained for either HBO1 and DAPI in (A) or BRD1 and DAPI in (B). On the left in each panel are 
representative images of nuclei with foci. Scale bar = 10 μm. The bar graph on the right in each panel depicts the average percentage of nuclei with 
greater than or equal to three foci for each siRNA from three separate experiments. Error bars represent standard error of the mean. P -values were 
generated using a standard t -test. NS = not significant, and * P < 0.05 compared to the control. ( C ) O V CAR8 cells were transfected with siCon, 
siHBO1-#1, or siHBO1-#2. Transfected cells were then treated with either vehicle (DMSO) or 1 μM of the PARP inhibitor (PARPi) Olaparib for 24 h. Cells 
were then immunofluorescently stained for γH2AX and BRD1. Representative images of nuclei with foci are shown on the left. Scale bar = 10 μm. A bar 
graph representing the a v erage percentage of nuclei with greater than or equal to three co-localizing foci for each siRNA from three individual 
e xperiments is sho wn on the right. Error bars represent standard error of the mean. P -v alues w ere calculated using a standard t -test comparing siCon to 
siHBO1 for each siRNA / treatment, and * P < 0.05. ( D ) O V CAR8 cells were transfected with siCon, two BRD1-specific siRNAs, or two HBO1-specific 
siRNAs, and a western blot was performed on lysates from these cells 72 h later for BRCA1, BRD1, HBO1, or ORC2 with Tubulin as a loading control. ( E ) 
O V CAR8 cells were transfected with a control siRNA and either two BRD1-specific siRNAs or two HBO1-specific siRNAs. 72 h later, the cells were 
stained f or bromodeo xyuridine / propidium iodide and their cell cy cle profiles analyz ed b y flo w cytometry. T he cell cy cle profiles are reported in bar graphs 
for each treatment, with the colors of the bars representing the different cell cycle phases (G1 = white, S = black, G2 / M = gray) and error bars 
representing standard error of the mean between three independent replicates. P -values were calculated using a two-way ANO V A and Dunnett’s 
multiple comparisons test comparing siCon to either siHBO1 or siBRD1 for each cell cycle phase, and no differences were found to be significant. ( F and 
G ) O V CAR8 cells were transfected with a control siRNA and either two BRD1-specific siRNAs (F) or two HBO1-specific siRNAs (G). 72 h later, cells were 
immunofluorescently stained for HBO1 and ORC2 (F) or BRD1 and ORC2 (G). Representative images of nuclei with foci are shown on the top in each 
panel for each treatment. Bar graphs representing the average percentage of nuclei with greater than or equal to three ORC2, HBO1, or co-localizing 
OR C2 / HBO1 f oci in (F) or OR C2, BRD1, or co-localizing OR C2 / BRD1 f oci in (G) from three individual e xperiments are sho wn on the bottom. Error bars 
represent standard error of the mean. * P < 0.05 compared to the siCon by a standard t -test. 
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control or BRD1- or HBO1-specific inducible short hair- 
pin RNAs (shRNAs) along with either an empty vector or 
full length shRNA resistant BRD1 or HBO1 respectively 
( Supplementary Figures S5 A, S5 B, S5 C, S5 D, S5 E, S5 F, S5 G, 
S5 H). Upon BRD1 and / or HBO1 depletion in the vector ex- 
pressing lines, we observed a significant decrease in the per- 
centage of nuclei with ORC2 foci compared to the control 
( Supplementary Figures S5 D, S5 H). Expression of shRNA 

resistant BRD1 or HBO1 restored the percentage of nuclei 
with ORC2 foci to levels close to the control shRNA in the 
setting of depletion ( Supplementary Figures S5 D, S5 H). The 
changes in percentages of nuclei with ORC2 foci observed 

upon BRD1 or HBO1 depletion could not be attributed to 

significant decreases in ORC2 protein levels or cell cycle ar- 
rest, thereby validating regulation of ORC2 localization to 

nuclear foci as a novel role for BRD1 with HBO1 in repli- 
cation origin regulation ( Supplementary Figures S5 A, S5 B, 
S5 E, S5 F). We also again observed a decrease in BRD1 pro- 
tein levels upon HBO1 depletion compared to the control 
that was rescued upon expression of shRNA resistant HBO1 

( Supplementary Figure S5 E). 
Taken together, these data reveal that in an HBO1 / BRD1 

complex, HBO1 helps maintain BRD1 protein levels in gen- 
eral and in nuclear foci. Together, HBO1 and BRD1 aid in 

maintaining ORC2 localization to nuclear foci, a role that 
is unique from other BRPF family proteins ( 22 ). Given the 
reduction in the percentage of nuclei with HBO1 / ORC2 

and BRD1 / ORC2 co-localizing foci in BRCA1 reconstituted 

UWB1.289 cells compared to the parent line (Figures 3 F and 

H), our next question was if BRCA1 plays a direct role in reg- 
ulating BRD1 and / or HBO1 at replication origins. 

BRCA1, BRD1, HBO1, and BARD1 form a functional 
complex, ORFIUS 

Based on the above findings, we hypothesized that BRD1, 
HBO1, and BRCA1 may form a replication origin regulatory 
complex. Indeed, others have shown (i) that BRCA1 is part 
of a larger BRD1 interactome through BRD1 affinity purifi- 
cation mass spectrometry ( 18 ), and (ii) that HBO1 may inter- 
act with the BRCA1 stoichiometric binding partner BARD1 

through yeast two-hybrid methods ( 49 ,50 ). Thus, we sought 
to validate the existence of a BRCA1–BRD1–HBO1 complex 

through multiple metrics. 
We first assessed for an endogenous-endogenous interaction 

or at least localization in close proximity of these proteins us- 
ing the immunofluorescence-based protein-protein interaction 

detection method, proximity ligation assay (PLA), in which 

protein-protein interactions are represented here by nuclear 
foci ( 51 ). Using siRNA validated antibodies ( Supplementary 
Figures S6 A, S6 B, S6 C, S6 D), we tested for interactions be- 
tween BRCA1 and BRD1, BRCA1 and HBO1, and BRCA1 

and ORC2 in FT194, OVCAR8, CaOV3, and SKOV3 cells 
(Figure 5 A, Supplementary Figures S6 E, S6 F, S6 G, S6 H, S7 ). 
Significant interactions between BRCA1 and either BRD1, 
HBO1, or ORC2 were detected in all cell lines (Figure 5 A, 
Supplementary Figures S6 F, S6 G, S6 H). OVCAR8 cells are 
known to have one copy of BRCA1 with promoter methy- 
lation and thus have lower levels of BRCA1 expression, and 

they had reduced numbers of PLA foci per nucleus com- 
pared to other cells for BRD1 / BR CA1, HBO1 / BR CA1, and 

OR C2 / BR CA1 staining (Figure 5 A) ( 33 ). Additionally, al- 
though SKOV3 showed similar average PLA foci per nucleus 

between BR CA1 / BRD1, BR CA1 / HBO1, and BR CA1 / OR C2, 
FT194, CaO V3, and O VCAR8 all revealed less PLA foci per 
nucleus for BRCA1 / HBO1 compared to BRCA1 / BRD1 sug- 
gesting potentially a reduced interaction between these two 

complex members. Additionally, the two HGSC lines OV- 
CAR8 and CaOV3 showed reduced BRCA1 / ORC2 foci per 
nucleus compared to the SKOV3 and FT194 lines suggest- 
ing reduced BRCA1 at ORC2 marked origins in HGSC cells. 
These results suggest that BRCA1 interacts with or is at least 
in close proximity to BRD1 and HBO1 possibly at ORC2 

marked origins. 
Given this, we sought to further validate the existence of a 

BRCA1–BRD1–HBO1 complex via co-immunoprecipitation. 
We utilized exogenously expressed GST-tagged proteins to im- 
munoprecipitate (IP) endogenous partners. GST was chosen 

because of its high affinity and lack of antibody-mediated 

interactions allowing for chemically strong IP of potentially 
transient interactions with no antibody generated background 

on detection western blots ( 52 ). Additionally, it is difficult to 

exogenously express full length BRCA1, but it is easier to ex- 
ogenously express the stoichiometric BRCA1 binding partner, 
BARD1 ( 50 ,53 ). The BRCA1-BARD1 interaction has been 

validated by yeast two-hybrid and biochemical methods, and 

thus we utilized exogenously expressed GST-BARD1 as a sur- 
rogate for BRCA1 ( 50 , 53 , 54 ). We first tested for interacting 
partners of either full length GST-BRD1 or GST-HBO1. We 
found that full length GST-BRD1 IPs endogenous BRCA1, 
BARD1, and HBO1, while full length GST-HBO1 only IPs 
endogenous BRD1 (Figure 5 B). We next tested for BARD1 

interactions and found that full length GST-BARD1 IPs en- 
dogenous BRD1, HBO1, and BRCA1 (Figure 5 C). 

To help validate the IP findings, we mapped the interac- 
tion domains for BRD1 and HBO1 with their respective bind- 
ing partners. BARD1 has been previously shown to interact 
with the BRCA1 RING domain ( 53 ). Using GST-BRD1 frag- 
ments encompassing key functional domains, we found that 
the bromodomain and closely surrounding region of BRD1 

IPs endogenous BARD1 and BRCA1, and validated the pre- 
viously shown finding that the N-terminus of BRD1 IPs en- 
dogenous HBO1 (Figure 5 D) ( 17 ). Similarly, using GST-tagged 

fragments of HBO1 functional domains, we validated the pre- 
viously shown finding that the C-terminal MYST domain of 
HBO1 IPs endogenous BRD1 (Figure 5 E) ( 17 ,39 ). 

Taken together, these results support that BRCA1, BRD1, 
HBO1, and BARD1 form a functional complex, OR igin FI ring 
U nder S tress (ORFIUS), through interaction at specific do- 
mains in each protein, a schematic of which is shown in Figure 
5 F. The PLA results, which support that the BRCA1, BRD1, 
and HBO1 interactions as part of the ORFIUS complex are 
physiologic, reveal a small but significant increase in the aver- 
age number of PLA foci per nucleus for each interaction across 
cell lines compared to controls (Figure 5 A). This suggests that 
the complex may form only under specific circumstances or 
transiently. 

BRCA1, BRD1, and HBO1 localize together at 
genomic replication origin loci and ORC2 binding 

sites 

Our next question was whether ORFIUS complex members 
function together at replication origins. The co-localization 

of BRD1 and HBO1 with ORC2 in nuclear foci likely in a 
BRCA1 regulated manner supports this possibility (Figures 
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Figure 5. BRCA1, BRD1, HBO1, and BARD1 form the ORFIUS complex. ( A ) Proximity ligation assay (PLA) was performed on asynchronous FT194, 
O V CAR8, SKO V3, and CaO V3 cells f or BR CA1 and BRD1, BR CA1 and HBO1, or BR CA1 and OR C2. R epresentativ e images of PLA f oci with DAPI to 
mark nuclei for no antibody control, BRCA1 alone, BRD1 alone, or BRCA1-BRD1 co-stain are shown for FT194 cells on the left. Scale bars = 10 μm. 
Please note that these FT194 PLA signal+DAPI images are also shown in Supplementary Figure S7 A along with the corresponding PLA signal alone 
photos, as well as representative images for all lines with this antibody pair. Violin plots from one representative experiment comparing the number of 
PLA foci per nucleus from at least 100 nuclei are shown for the no primary antibody control compared to the co-stain for each cell line for BRCA1-BRD1, 
BRCA1-HBO1, or BRCA1-ORC2 on the right. * P < 0.05 comparing the co-stain to the no primary antibody control by a one-way ANO V A with Tukey’s 
multiple comparisons test. ( B–E ) 293T cells were transfected with empty vector or GST tagged full length BRD1 or HBO1 in (B), GST tagged BARD1 in 
(C), GST tagged full length or fragments of BRD1 in (D), or GST tagged full length or fragments of HBO1 in (E). 48 h later GST immunoprecipitations (IPs) 
w ere perf ormed on the v arious ly sates, and w estern blots w ere perf ormed on the IPs. Inputs and GS T IPs are sho wn with the w estern blot antibody 
indicated on the left and the IP target on the bottom of the blots. (Term = Terminus) For all of the experiments, expression of the GST-tagged bait is 
shown in a GST western for the input and IP in each panel. A green bar on top of the blots indicates input and a blue bar indicates GST IP. For westerns 
in which an endogenous and a GST-tagged protein may appear in the same blot, we indicate on the left side of the blot with an arrow the endogenous 
and the GST-tagged protein. For the fragment blots in (D) and (E), on top of the blots is a map for the respective full length and fragment proteins with 
k e y domains marked. For BRD1, domains include the N-terminus known to interact with HBO1 (HBO1 interaction), the plant homeodomain finger 
domain (PHD), the Bromodomain (Bromo), and the proline-tr yptophan-tr yptophan-proline (PWWP) domain. For HBO1, the domains include the C 

terminal MYST domain. FL = full length. AA = amino acids. ( F ) Schematic of ORFIUS complex interactions. On the bottom of the cartoon is a k e y to 
each protein with k e y functional domains indicated. For BRCA1, the N-terminal RING domain is highlighted. For BRD1, 1–205 represents the N-terminal 
amino acids one through 205 where HBO1 interacts. In the larger cartoon, the interactions of the four complex members are indicated at key domains in 
each protein based on GST IP or previously known results. 

3 F and H). However, to address this question and validate 
that our nuclear foci results do represent the function of the 
ORFIUS complex at replication origins, we assessed for co- 
occupancy of ORFIUS complex members together at genomic 
replication origin loci or ORC2 binding sites through chro- 
matin immunoprecipitation sequencing (ChIP-seq). First, we 
analyzed publicly available ChIP-seq data for HBO1, BRCA1, 
and ORC2 to mark replication origins and discovered that 
BRCA1 and HBO1 co-occupy a subset of ORC2 marked repli- 
cation origins (Figure 6 A) ( 48 , 55 , 56 ). In addition, others have 
also shown that BRCA1 binding is enriched at a group of cell 
type-independent replication origins of low, medium, and high 

replication initiation efficiency ( 23 ). 
We next addressed whether BRD1 and HBO1 co-occupy 

any of these ORC2 or origin sites. We performed ChIP-seq for 
BRD1 and HBO1 on chromatin from the parent UWB1.289 

cell line, which had high levels of individual and co-localizing 
BRD1, HBO1, and ORC2 foci (Figures 3 F and H, 6 B–D, and 

Supplementary Figures S8 A, S8 B, S8 C). There was overlap 

between BRD1 and HBO1 peaks (Figure 6 B). We examined 

binding of BRD1 and HBO1 at either the previously reported 

ORC2 binding sites (Figure 6 C) or cell type-independent repli- 
cation origins of low, medium, or high replication initiation 

efficiency assessed above (Figure 6 D) ( 23 ,48 ). We observed en- 
riched BRD1 and HBO1 sequencing read density at the ORC2 

bindings sites and the low, medium, and high efficiency ori- 
gins, indicating that BRD1 and HBO1 co-occupy these origin 

sites (Figures 6 C and D). 
These ChIP-seq results support that (i) ORFIUS complex 

members localize to replication origins and ORC2 binding 
sites together, and (ii) our nuclear foci results reflect the 
localization and function of the complex at replication ori- 
gins. Specifically, the BRD1 and HBO1 enrichment together 
at ORC2 binding sites and low / medium / high efficiency 
origin loci corresponds well with our data demonstrat- 
ing co-localization of BRD1 / HBO1, BRD1 / ORC2, and 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data


14 NAR Cancer , 2024, Vol. 6, No. 1 

A B C D

E F G

I J

H

Figure 6 The ORFIUS complex localizes to replication origins and regulates ORC2 localization to nuclear foci. ( A ) Publicly available BRCA1, HBO1, or 
ORC2 chromatin immunoprecipitation sequencing (ChIP-seq) datasets were analyzed for co-occupancy of HBO1 and BRCA1 at origins marked by ORC2. 
A Venn diagram on the left shows the number of peaks exhibiting co-occupancy of the different proteins with each other, and heat maps on the right 
show ChIP-seq signal at ORC2 sites for the IP target on top of the graph. All overlaps between peak sets were significant ( P < 0.0 0 0 01) by permutation 
test. ( B–D ) BRD1 and HBO1 ChIP-seq was performed on chromatin prepared from the parental UWB1.289 cell line (UWB Parent). Two replicates per 
antibody were performed and analyzed. The ChIP-seq data was analyzed for (i) BRD1 and HBO1 individual and overlapping peaks, and (ii) BRD1 or HBO1 
ChIP-seq read density at various publicly defined genomic regions. (B) Venn diagram demonstrating the number of BRD1 and HBO1 individual and 
o v erlapping ChIP-seq peaks for UWB1.289 parent cells. (C and D) ChIP-seq reads for BRD1 and HBO1 from UWB1.289 Parent cells were mapped to the 
hg38 reference genome and read density was calculated for regions identified as ORC2 binding sites in a publicly available dataset (C) or as low, 
medium, or high efficiency origins in a publicly a v ailable dataset (D). Profile plots demonstrating BRD1 or HBO1 read density at ORC2 (C) or origin (D) 
sites from one of two replicates for each antibody are shown on the left in each panel with BRD1 in blue and HBO1 in green, and heatmaps 
demonstrating BRD1 or HBO1 read density at ORC2 (C) or origin (D) sites for the same replicate are shown on the right in each panel. A color code of 
the heat map is shown at the bottom of each heat map. ( E ) Untreated UWB1.289 parent (Parent) or BRCA1 reconstituted (+BRCA1) cells were labeled 
for DNA fiber analysis and fibers stained. Fibers were scored to assess the percentage of firing replication origins. The bar graph represents the a v erage 
percentage of firing origins from three independent experiments for each cell line. Error bars represent standard error of the mean. * P < 0.05 compared 
to the Parent line by a standard t -test. ( F ) FT194 cells were transfected with a control siRNA (siCon), an siRNA against exon 13 of BRCA1 
(siBRCA1-Ex13), or an siRNA against exon 11 of BRCA1 (siBRCA1-Ex11), and a western blot was performed on lysates from these cells 72 h later for 
BRCA1, BRD1, HBO1, or ORC2 with Tubulin as a loading control. ( G ) FT194 cells were transfected with siCon, siBRCA1-Ex13, or siBRCA1-Ex11. 72 h 
later, the cells were stained for bromodeoxyuridine / propidium iodide and their cell cycle profiles analyzed by flow cytometry. The cell cycle profiles are 
reported in bar graphs for each treatment, with the colors of the bars representing the different cell cycle phases (G1 = white, S = black, and 



NAR Cancer , 2024, Vol. 6, No. 1 15 

HBO1 / ORC2 in nuclear foci (Figures 2 D, 3 F and H, 6 A–D). 
The BRCA1 and HBO1 co-occupancy of ORC2 binding sites, 
strong overlap of BRD1 and HBO1 at the same ORC2 binding 
sites and low / medium / high efficiency origin loci, and known 

BRCA1 occupancy of the same low / medium / high efficiency 
origin loci corresponds with our BRD1 / HBO1 / ORC2 

nuclear foci data and our PLA data demonstrat- 
ing physiologic interactions between BRCA1 / BRD1, 
BR CA1 / HBO1, and BR CA1 / OR C2 (Figures 3 F and H, 5 A, 
6 A–D). 

Given this, we sought to further validate that the ORFIUS 
complex functions together at replication origins. We had pre- 
viously observed increased percentages of nuclei with BRD1, 
HBO1, and ORC2 individual and co-localizing foci in the par- 
ent UWB1.289 line compared to the BRCA1 reconstituted 

line, which suggests that BRCA1 may regulate BRD1 and 

HBO1 localization to and function at replication origins as 
part of the ORFIUS complex (Figures 3 F and H). Since we had 

shown that BRD1 and HBO1 promote ultimate origin firing 
(Figures 3 B and C), we asked whether this increased origin 

regulatory machinery on the DNA in the absence of BRCA1 

corresponds to increased replication origin firing. Indeed, us- 
ing a DNA fiber assay, we found that there is significantly in- 
creased basal replication origin firing in the parent line com- 
pared to the BRCA1 reconstituted line (Figures 3 A and 6 E, 
Supplementary Figure S8 D). 

Taken together, these results suggest that BRCA1, BRD1, 
and HBO1 co-occupy at least a subset of genomic replication 

origin loci and / or ORC2 binding sites, where BRCA1 likely 
regulates localization and function of the ORFIUS complex at 
replication origins, and thus ultimately origin firing (Figures 
6 A–E). 

The ORFIUS complex regulates replication origin 

initiation by promoting ORC2 localization to 

nuclear foci 

Our next question was what the role of the ORFIUS com- 
plex is in replication origin regulation. Given that (i) BRD1 

and HBO1 support ORC2 localization to nuclear foci (Fig- 
ures 4 F and G, Supplementary Figure S5 ), and (ii) percent- 
ages of nuclei with BRD1, HBO1 and ORC2 individual and 

co-localizing foci and basal origin firing are increased in the 
UWB1.289 parent compared to the BRCA1 reconstituted line 
(Figures 3 F and H, 6 E), we hypothesized that BRCA1 regulates 
replication origins by controlling BRD1 and HBO1 directed 

ORC2 licensing protein localization to nuclear foci. We ad- 
dressed this in FT194 cells which had a reduced baseline per- 
centage of nuclei with ORC2, BRD1, and HBO1 individual 
and BRD1 / ORC2 and HBO1 / ORC2 co-localizing foci com- 
pared to most sporadic and BRCA1 mutant HGSC cells (Fig- 
ures 3 F and H). 

First, we assessed whether BRCA1 depletion might lead to 

alterations in BRD1, HBO1, or ORC2 protein levels or sig- 
nificant cell cycle arrest, and found no change in any protein 

(Figure 6 F) and that only one BRCA1 siRNA caused a small 
but statistically significant increase in G1 and decrease in S 
phase cells (Figure 6 G). Next, we assessed how BRCA1 deple- 
tion affects basal origin firing by DNA fiber assay ( 26 ). We 
found that BRCA1 depletion leads to significantly increased 

replication origin firing in FT194 cells similar to the increased 

firing observed in the UWB1.289 parent versus BRCA1 recon- 
stituted cells (Figures 6 E and H, Supplementary Figures S8 E, 
S8 F). 

Next we sought to validate that BRCA1 regulates 
BRD1 / HBO1 / ORC2 nuclear foci dynamics. In the setting of 
BRCA1 depletion compared to controls in FT194 cells, we ob- 
served small but statistically significant increases in both the 
percentage of nuclei with BRD1 and HBO1 foci, and almost a 
doubling or more in the percentage of nuclei with ORC2 foci 
and co-localizing BRD1 / ORC2 and HBO1 / ORC2 foci, sim- 
ilar to the increased foci observed in the UWB1.289 parent 
compared to the BRCA1 reconstituted line (Figures 3 F and H, 
6 I and J). We did not observe these alterations in percentages 
of nuclei with BRD1, HBO1, or ORC2 foci upon depletion of 
other DNA damage repair proteins including RAD51 or ATM 

( Supplementary Figures S9 , S10 ), supporting that these results 
are specific to BRCA1 (Figures 6 H–J) ( 57 ,58 ). 

The above results support that the ORFIUS complex 

regulates replication origins through BRCA1 controlling 
both localization of BRD1 and HBO1 to nuclear foci and 

BRD1 / HBO1 maintenance of the ORC2 licensing protein in 

nuclear foci, which ultimately supports origin firing. Increased 

percentages of nuclei with BRD1, HBO1, and ORC2 foci in 

the absence of BRCA1 correspond to increased origin firing 
(Figures 3 F and H, 6 E, 6H–J), while decreased percentages of 
nuclei with ORC2 foci in the setting of BRD1 or HBO1 de- 
pletion correspond to decreased origin firing (Figures 3 B and 

C, 4 F and G, Supplementary Figure S5 ). 

ORFIUS complex localization at replication origins 

is dysregulated in HGSC 

Finally, our previous data indicates that the ORFIUS complex 

is dysregulated in HGSC cells. We observed an increased per- 
centage of nuclei with BRD1 / ORC2 and HBO1 / ORC2 co- 
localizing foci and individual ORC2 foci in BRCA1 mutant 
and sporadic HGSC cells compared to fallopian tube and non- 
HGSC ovarian cancer cell controls (Figures 3 F and H). We 
also observed that BRD1 and HBO1 remain in nuclear foci af- 
ter PARPi-induced RS in sporadic and BRCA1 mutant HGSC 

cells compared to their decreasing in foci in controls (Figures 
1 G–I, 2 E–G). This suggests that the ORFIUS complex (i) may 
normally regulate replication origins both at baseline and dur- 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
G2 / M = gray) and error bars representing standard error of the mean between three independent replicates. * P < 0.05 compared to siCon for the same 
cell cycle phase generated by a two-way ANO V A and Dunnett’s multiple comparisons test. If there is no *, the comparison is not significant. ( H ) FT194 
cells were transfected with siCon, siBRCA1-Ex13, or siBRCA1-Ex11. 72 h after the first transfection, the cells were labeled for DNA fiber analysis and 
fibers stained. Fibers were scored to assess the percentage of firing replication origins. The bar graph represents the average percentage of firing 
origins from three independent experiments for each siRNA. Error bars represent standard error of the mean. * P < 0.05 compared to the control by a 
standard t -test. ( I and J ) FT194 cells were transfected with siCon, siBRCA1-Ex13, or siBRCA1-Ex11. 72 h later, cells were immunofluorescently stained 
for BRD1 and ORC2 (I) or HBO1 and ORC2 (J). Representative images of nuclei with foci are shown on the top in each panel for each treatment. Scale 
bars = 10 μm. Bar graphs representing the average percentage of nuclei with greater than or equal to three ORC2, BRD1, or co-localizing ORC2 / BRD1 
foci in (I) or ORC2, HBO1, or co-localizing ORC2 / HBO1 foci in (J) from three individual experiments are shown on the bottom. Error bars represent 
standard error of the mean. * P < 0.05 compared to the siCon by a standard t -test. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data


16 NAR Cancer , 2024, Vol. 6, No. 1 

ing RS, and (ii) may be inappropriately associated with repli- 
cation origins promoting ORC2 localization to nuclear foci in 

HGSC cells regardless of origin regulatory kinase signaling or 
RS. 

To assess this possibility, we analyzed BRD1 / HBO1 / ORC2 

nuclear foci dynamics in non-HGSC ovarian cancer SKOV3 

cells which should maintain proper replication origin regula- 
tion, O VCAR8 and CaO V3 cells to test for origin dysfunction 

in sporadic HGSC, and finally UWB1.289 and its BRCA1 re- 
constituted clone to demonstrate the BRCA1 regulatory role 
in the complex, all in response to inhibition of the replica- 
tion origin regulatory kinases ATR and CDC7 and exposure 
to the RS-inducing PARPi (Figure 7 A). ATR is a negative reg- 
ulator of origins that should block origin firing and disengage 
origin machinery from DNA ( 24 ). CDC7 is a positive regula- 
tor of origins which promotes origin firing and association of 
origin machinery with DNA ( 24 ,26 ). ATR inhibition (ATRi) 
should promote and CDC7 inhibition (CDC7i) should block 

ORFIUS complex association with origins respectively (Fig- 
ure 7 A). PARPis should trigger ATR signaling and block as- 
sociation of the ORFIUS complex with origins (Figure 7 A). 
In BRCA1 -mutant and sporadic HGSC cells, we hypothesize 
that the ORFIUS complex is dysregulated and that BRD1 and 

HBO1 will remain associated with and promote ORC2 local- 
ization to origins, which could allow for eventual origin firing, 
in all of the above settings (Figure 7 A). 

ATR and CDC7 inhibition can induce alterations in replica- 
tion origin machinery localization on DNA and firing within 

an hour of treatment, which can lead to increased RS over 
time ( 59 ). Thus, to find the best post-treatment timepoint(s) 
to assess RS / DNA damage- versus origin kinase inhibition- 
induced changes to ORFIUS nuclear foci localization, we first 
assessed for upregulation of RS marked by pRPA and / or 
DNA damage marked by γH2AX at two, eight, and 24 h 

post DMSO, ATRi, CDC7i, or PARPi in SKOV3 and OV- 
CAR8 cells ( Supplementary Figure S11 ). Post-PARPi treat- 
ment, SKOV3 and OVCAR8 cells demonstrated increased 

percentages of nuclei with (i) γH2AX foci at all timepoints 
(with smaller changes for SKOV3), (ii) pRPA foci after all 
timepoints, and (iii) co-localizing pRPA / γH2AX foci at all 
timepoints ( Supplementary Figure S11 ). Post-ATRi treatment, 
both lines showed increased percentages of nuclei with pRPA 

foci 24 h post-treatment, and SKOV3 showed increased per- 
centages of nuclei with co-localizing pRPA / γH2AX foci 24 h 

post-treatment ( Supplementary Figure S11 ). Neither cell line 
revealed increased percentages of nuclei with individual or 
co-localizing pRPA or γH2AX foci after CDC7i treatment 
( Supplementary Figure S11 ). Based on these results, we as- 
sessed BRD1, HBO1, and ORC2 foci dynamics for all lines 
24 h post treatment when (i) RS and / or RS-linked DNA dam- 
age induced nuclear foci changes due to PARPi and possibly 
ATRi should be strongest, and (ii) changes in origin machinery 
localization to nuclear foci due to ATRi and CDC7i may be 
strongest. We also tested a subset of cells for changes at earlier 
timepoints. 

Before assessing complex dynamics, we examined protein 

levels of BRD1, HBO1, ORC2, and BRCA1 in all cell lines 
24 h after all of the above treatments, and did not observe 
any significant alterations ( Supplementary Figure S12 A). We 
also examined cell cycle dynamics 24 h after all treatments by 
flow cytometry. We did not observe large arrests in SKOV3, 
O VCAR8, or CaO V3 with any treatment, but did observe a 
G1 arrest and concurrent decrease in S phase cells in both 

UWB1.289 parent and its BRCA1 reconstituted counterpart 
after ATR inhibition, along with smaller shifts with other in- 
hibitors ( Supplementary Figure S12 B). These results suggest 
that any alterations in the percentage of nuclei with BRD1, 
HBO1, or ORC2 nuclear foci after any of the above treat- 
ments are (i) not due to decreased protein levels, and (ii) not 
likely due to large cell cycle arrests in most lines or to ar- 
rests which are not matched in a reconstituted partner for 
UWB1.289 cells. 

Next we quantified the percentage of nuclei with co- 
localizing and individual BRD1, HBO1, or ORC2 foci af- 
ter treatment. As expected, 24 h after treatment with ATRi, 
CDC7i, and PARPi compared to vehicle, the OVCAR8, 
CaOV3, and UWB1.289 parent lines revealed no change in 

the percentage of nuclei with co-localizing BRD1 / ORC2, 
HBO1 / ORC2, or BRD1 / HBO1 foci or individual BRD1, 
HBO1, or ORC2 foci (Figures 7 B–F, Supplementary Figures 
S12 C, S13 , S14, S15 ). For OVCAR8 cells, no changes in 

the percentage of nuclei with co-localizing BRD1 / ORC2 

or HBO1 / ORC2 or individual BRD1, HBO1, or ORC2 

foci were observed at two or eight h post-treatment ei- 
ther ( Supplementary Figure S16 ). In contrast and as ex- 
pected, 24 h post-treatment in SKOV3 cells and BRCA1 

reconstituted UWB1.289 cells, we observed (i) appropriate 
decreases in the percentage of nuclei with BRD1 / ORC2, 
HBO1 / ORC2, and BRD1 / HBO1 co-localizing and BRD1, 
HBO1, and ORC2 individual foci post CDC7i and PARPi 
treatment compared to vehicle, and (ii) appropriate increases 
in the percentage of nuclei with BRD1 / OR C2, HBO1 / OR C2, 
and BRD1 / HBO1 co-localizing and BRD1, HBO1, and ORC2 

individual foci post-ATRi treatment compared to vehicle 
(Figures 7 B–F, Supplementary Figures S13 , S14, S15 ). For 
SKOV3 cells there was a decreased percentage of nuclei with 

ORC2 / BRD1 co-localizing and ORC2 individual foci two and 

eight h after PARPi treatment, and a decreased percentage 
of nuclei with co-localizing HBO1 / ORC2 foci and individ- 
ual ORC2 foci eight h post-treatment with a PARPi or CDC7i 
( Supplementary Figure S16 ). 

These data, combined with our results linking BRD1, 
HBO1, and ORC2 foci levels to origin firing levels (Figures 3 , 
4, 6 ), support that BRCA1 regulates BRD1–HBO1 localiza- 
tion to origins, BRD1 / HBO1 promotion of ORC2 localiza- 
tion in nuclear foci, and possible eventual origin firing, both 

at baseline and in the setting of RS. This gives the complex 

its name, ORFIUS. They also support that the complex is dys- 
regulated in sporadic and BRCA1 mutant HGSC and remains 
associated with and promoting ORC2 localization at origins, 
thus promoting possible origin firing, regardless of inhibition 

of origin regulatory kinases or RS. 

Discussion 

Genomic analysis suggests that upregulated RS or defects 
in the RS response may be fundamental vulnerabilities of 
BRCA1 mutant and sporadic HGSCs ( 2 ). However, the crit- 
ical RS suppression or response defect(s) in HGSC remains 
ill-defined. Here, by studying the role of the lesser known 

BRD-containing protein BRD1 in replication and RS, we 
have identified a new RS suppressing complex consisting of 
BRD1, HBO1, BRCA1, and BARD1, the ORFIUS complex, 
which regulates replication origins both at baseline and in 

the setting of RS (Figures 5 –8 ). We show that BRD1 and 

HBO1 localize to ORC2 marked replication origins and pro- 
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Figure 7. ORFIUS complex localization to and control of ORC2 at replication origins at baseline and during replication stress is dysregulated in BRCA1 
mutant and sporadic HGSC cells. ( A ) Cartoon representing normal regulation of BRD1, HBO1, and ORC2 at replication origins in the setting of inhibition 
of the origin regulatory kinases ATR or CDC7 or after PARP inhibitor (PARPi)-induced RS and / or DNA damage on the left and dysregulation of the 
complex in the setting of inhibition of origin regulatory kinases or RS and / or DNA damage on the right. ( B–F ) SKOV3, CaOV3, OVCAR8, UWB1.289 
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mote ORC2 localization in nuclear foci at baseline all in a 
BRCA1 regulated manner (Figures 3 –6 , 8 ). Upon depletion 

of BRD1 or HBO1, both origin firing and the percentage of 
nuclei with ORC2 foci decrease (Figures 3 B and C, 4 F and 

G, Supplementary Figure S5 ). Upon mutation or depletion of 
BRCA1, (i) the percentage of nuclei with individual or co- 
localizing BRD1, HBO1, and ORC2 foci increases (Figures 
3 F and H, 6 I and J), and (ii) basal replication origin firing in- 
creases (Figures 6 E and H). In the setting of RS and / or DNA 

damage in non-HGSC ovarian cancer cells or in BRCA1 re- 
constituted HGSC cells, BRD1 and HBO1 are responsive to 

ATR and CDC7 replication origin regulatory kinase signaling 
and disengage from and stop promoting ORC2 localization 

to nuclear foci (Figures 7 , 8 ). The ORFIUS complex is dys- 
regulated in BRCA1 mutant and sporadic HGSC tumor cells. 
After RS or inhibition of origin regulatory kinases in these 
cells, BRD1 and HBO1 remain associated with origins pro- 
moting ORC2 localization in nuclear foci, likely allowing for 
continued strategic origin firing despite RS and / or DNA dam- 
age (Figures 7 , 8 ). This dysregulation has both biologic and 

therapeutic implications in HGSC. 
First, the replication origin regulatory and RS suppres- 

sion roles of the ORFIUS complex are distinct from other 
HBO1-containing complexes, suggesting that the vulnerabil- 
ities that ORFIUS complex dysregulation create may rep- 
resent a unique RS target(s) in HGSC ( 20 , 22 , 42 ). Specif- 
ically, we show that the ORFIUS complex promotes ori- 
gin licensing and subsequent firing by supporting ORC2 lo- 
calization to nuclear foci (Figures 3 B and C, 4 F and G, 
6E, 6H-J, and Supplementary Figure S5 ). In contrast, others 
have shown that an HBO1-JADE1 complex supports repli- 
cation origin licensing by promoting MCM2 loading, while 
an HBO1–BRPF3 complex supports replication origin firing 
by promoting CDC45 loading ( 20 , 22 , 42 ). We show here that 
BRPF3 does not support ORC2 localization in nuclear foci 
( Supplementary Figures S4 E, S4 F). Additionally, we show here 
that the ORFIUS complex helps suppress RS at baseline, as 
well as RS caused by agents which generate obstacles in the 
DNA like PARP inhibitors (Figures 1 E and F, 7 ). In contrast, 
we show that the HBO1 binding partner BRPF3 does not sup- 
press RS at baseline ( Supplementary Figures S2 A, S2 B). How- 
ever, BRPF3 has been shown to suppress RS induced by agents 
which cause direct fork stalling such as HU ( 18 ,22 ). These re- 
sults suggest the mechanism of RS suppression by BRD1 is 
unique. Additionally, unlike other studies, our work was con- 
ducted in HGSC and HGSC precursor cells which may have 
unique biology and may highlight unique functions for the 
ORFIUS complex, as HGSC cells harbor a high level of basal 
DNA damage and RS. Given that other studies have shown 

that different binding partners direct HBO1 histone tail speci- 
ficity and thus HBO1 complex function, it is not surprising 
that we have found roles that are distinct for the ORFIUS 
complex from other HBO1-containing complexes ( 60 ). Dys- 

function or dysregulation of different HBO1-containing com- 
plexes may create different defects that may be differentially 
targeted in HGSC or other cancer cells. Further dissecting the 
unique role of the ORFIUS complex in basal replication ori- 
gin regulation, RS, and ovarian or other cancer biology along 
with the consequences of its dysregulation compared to other 
HBO1 complexes will be an exciting area of future investi- 
gation. Furthermore, it will also be important in the future 
to determine if any other proteins support the origin regula- 
tory function of the ORFIUS complex, such as known HBO1- 
BRD1 interacting proteins like ING4 amongst others ( 19 ). 

Additionally, unlike other BRPF family members, we have 
found that BRD1 interacts with and is regulated by BRCA1 

as part of the OFRIUS complex (Figures 5 and 6 , and ( 18 )). 
This raises the possibility that ORFIUS complex dysregula- 
tion could be a marker of ‘ BRCA ness’ in HGSC. Although 

the majority of HGSCs are sporadic and BRCA1 wildtype, it 
is hypothesized that there are sporadic ‘ BRCA1 -like’ HGSCs 
with functional defects in BRCA1 -related pathways which 

may be sensitive to therapies targeting BRCA1 pathway de- 
fects ( 2 ). The exact BRCA1-linked defect(s) and thus marker(s) 
of BRCA ness in HGSC or other BRCA1-linked cancers has 
not been identified. Based on our findings of dysregulated OR- 
FIUS complex origin regulation in both sporadic and BRCA1 

mutant HGSCs, it is possible that ORFIUS dysregulation may 
be a marker of BRCA ness in some sporadic HGSCs (Figures 
7 B–F). Verifying this possibility through assessment of repli- 
cation origin control, ORFIUS complex function, and sensitiv- 
ity to therapies targeting BRCA1 functional defects in a larger 
number of HGSC cell lines and primary cells of different ge- 
netic backgrounds is an important area of future investigation, 
as it may have biologic and therapeutic implications for some 
sporadic HGSCs. 

Also, ORFIUS complex dysregulation may be a pathway 
for transition of ovarian cancer precursor cells to malignancy. 
HGSCs may arise from the ovarian surface epithelium, peri- 
toneum, or fallopian tube secretory epithelium ( 61 ). Here, we 
show that BRD1-HBO1-ORC2 localization at replication ori- 
gins is only upregulated in ovarian cancer cells and not in FT- 
SEC precursors (Figures 3 F and H). This suggests the possi- 
bility that dysregulation of the ORFIUS complex may be a 
transformative event in HGSC development which, although 

beyond the scope of this work, merits further investigation. 
Additionally, ORFIUS complex origin control dysregula- 

tion is a potential therapeutic target. We show that the BRD1 

and HBO1 ORFIUS complex members are both widely ex- 
pressed and survival promoting proteins in ovarian cancer 
(Figures 1 A and C, 2 A and B), and that the ORFIUS complex 

is dysregulated in HGSC (Figure 7 ). Thus, ORFIUS complex 

members may be reasonable single agent RS targets in HGSC. 
Additionally, ORFIUS complex dysregulation may alter sen- 
sitivity to RS therapies which utilize replication origin con- 
trol to induce cytotoxicity, including ATR, CHK1, and PARP 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
parent, and the BRCA1 reconstituted version of UWB1 .289 (UWB1 .289 + BRCA1) were treated with vehicle (DMSO), 1 μM of the ATR inhibitor AZD6738 
(ATRi), 1 μM of the CDC7 inhibitor XL-413 (CDC7i), or 1 μM of the PARP inhibitor Olaparib (PARPi) for 24 h. The cells were then immunofluorescently 
stained for ORC2 and HBO1 (B and C), ORC2 and BRD1 (D), or BRD1 and HBO1 (E and F). Representative images of SKOV3, OVCAR8, UWB1.289 
parent (UWB Parent), and UWB1.289 + BRCA1 (UWB BRCA1) nuclei with foci are shown in (B) for ORC2 / HBO1 and (E) for BRD1 / HBO1, with complex 
regulation status for the specific line indicated above the images (normal versus dysregulation). Scale bar = 10 μm. A bar graph representing the a v erage 
percentage of nuclei with greater than or equal to three co-localizing foci for each staining pattern for each treatment from three individual experiments 
is shown in (C) for ORC2 / HBO1, (D) for ORC2 / BRD1, and (F) for BRD1 / HBO1. Error bars represent standard error of the mean. P -values were calculated 
using a one-w a y ANO V A with Dunnett’s multiple comparison test, and * P < 0.05 compared to DMSO . NS = not significant compared to DMSO . 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae003#supplementary-data


NAR Cancer , 2024, Vol. 6, No. 1 19 

A

B

Figure 8. Models for ORFIUS complex function at replication origins in different settings. ( A ) Model for ORFIUS complex function in normal and 
non-HGSC o v arian cancer cells. At baseline BR CA1 regulates BRD1-HBO1 localization to and promotion of OR C2 localization at replication origins. T he 
complex is responsive to CDC7 kinase regulation of origins. In the setting of DNA damage and / or replication stress (RS) induced by agents like PARP 
inhibitors (PARPi), ATR signaling is activated, and in response the ORFIUS complex dissociates from replication origins and no longer promotes ORC2 
localization there. ( B ) Model for ORFIUS complex function in BRCA1 mutant and sporadic ( BRCA1 wildtype) HGSC cells. In BRCA1 mutant HGSC cells, 
either a BRCA1 truncation or point mutant or no BR CA1 ma y be expressed, or in sporadic HGSC cells full length BR CA1 ma y be expressed but signaling 
may be altered. In each case, BRCA1 control of HBO1, BRD1, and ORC2 at origins may be dysfunctional. There is more ORFIUS complex associated 
with origins than in non-malignant or non-HGSC o v arian cancer cells promoting ORC2 localization there at baseline. In the setting of DNA damage and / or 
RS, the ORFIUS complex is not responsive to ATR signaling and remains associated with origins promoting ORC2 localization there. 

inhibitors ( 28 ,59 ). Thus, ORFIUS complex combination ther- 
apy strategies with these agents may also be important RS tar- 
geting possibilities in HGSC. In support of this, CDC7 ori- 
gin regulatory kinase inhibitors have shown in vivo synergy 
with PARPis in certain HGSC models suggesting that targeting 
replication origin regulatory machinery may increase sensitiv- 
ity to other RS therapies in some HGSC genetic backgrounds 
( 62 ). Both BRD1 and HBO1 harbor chemically targetable pro- 
tein domains, a BRD for BRD1 and an acetyltransferase do- 
main for HBO1, making both proteins potential therapeutic 
targets. There are limited small molecules available for either 

protein, and none have been tested thoroughly for target speci- 
ficity or tumor cell cytotoxicity in HGSC ( 63 ,64 ). An impor- 
tant future direction will be to develop small molecules able to 

engage these two ORFIUS complex proteins in HGSC, and to 

determine which if any current RS agents ORFIUS complex 

therapies may therapeutically and mechanistically synergize 
with. 

Finally, key to the biologic discoveries in this work and 

their many implications was our utilization of fluorescence 
microscopy to study localization dynamics of BRD1, HBO1, 
and ORC2, which has not been done before. Previous stud- 
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ies have linked HBO1 / BRD protein complexes to replication 

origins using chromatin immunoprecipitation, but did not ex- 
amine dynamics of the complex across different cancer cell 
genotypes amid different treatments ( 20 , 22 , 42 ). Other studies 
have linked BET family BRD proteins indirectly to RS and / or 
DDR through various functions in transcription regulation, 
but did not examine nuclear localization of the BRD proteins 
( 12–15 ). Here, our use of fluorescence microscopy to study 
BRD1, HBO1, and ORC2 in multiple ovarian cancer geno- 
types after multiple origin perturbing treatments allowed us 
to visualize the advantageous dysregulation of replication ori- 
gin control by this complex in HGSC cells (Figures 1 G–I, 2 D–
G, 3 F and H, 7 B–F). Others have suggested that analyzing 
replication fork dynamics in patient tumor samples or patient- 
derived HGSC organoids through DNA fiber assays may pro- 
vide biomarkers for response to specific RS therapies ( 29 ,65 ). 
Based on our immunofluorescence work here, we propose that 
an important area for future translational investigation which 

is beyond the scope of this work will be to explore correlations 
between (i) RS therapy sensitivity, and (ii) BRD1, HBO1, and 

ORC2 nuclear foci quantity / dynamics as a marker of repli- 
cation origin regulatory capacity in patient tumor samples or 
organoid models. This may offer insight into whether ORFIUS 
complex dysfunction marked by nuclear foci could serve as a 
biomarker for response or resistance to certain RS therapies 
(e.g. ATR inhibitors). 

Overall, the work in this study has revealed the existence of 
the ORFIUS complex and defined its role in regulating replica- 
tion origins at baseline and during RS through control of the 
origin licensing protein ORC2. ORFIUS complex replication 

origin control is an exciting area for continued investigation 

as both a possible defining defect in ovarian carcinogenesis 
and HGSC biology, as well as a broad RS therapeutic target 
in this lethal malignancy. 
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All raw FCS files for flow cytometry data presented in 

the Main and Supplementary Figures are available in the 
Dryad Digital Repository at https:// doi.org/ 10.5061/ dryad. 
sn02v6x89 . ChIP-seq data presented in Figures 6 B, 6 C, and 

6D are available at GEO accession number GSE244027. The 
genome browser session for this data can be viewed by open- 
ing https:// genome.ucsc.edu/ cgi-bin/ hgHubConnect , clicking 
on the "Connected Hubs" tab, pasting ftp://ftp.dfci.harvard. 
edu/ pub/ helena/ hub.txt into the URL text box, and clicking 
"Add Hub." Next, click on the blue "Go" button on the 
UCSC Genome Browser page that opens. On the next page 
that opens, scroll down to see the tracks for this data. All other 
raw data presented in this article are available upon request 
to the corresponding author. 
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