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Abstract: BRIT1 has emerged as a novel key player in homologous recombination (HR). It is located in 8p23, a locus
frequently deleted in hepatocellular carcinoma (HCC). Previously, we found that BRIT1-deficiency triggered genomic
instability and tumor formation in our mouse model. Here we aim to determine whether BRIT1 aberrations are
implicated in HCC and, if so, whether they can be used for targeted therapy with PARP inhibitors and other agents.
We analyzed HCC samples for BRIT1 alterations at DNA, RNA and protein levels. BRIT1 was found deleted and/or
downregulated in ~30% of HCC samples; BRIT1 mutant K659fsX10 identified in HCC abolished DNA repair func-
tion. Notably, BRIT1 deletion was correlated with poor survival and high recurrence of HCC. To determine the role
of BRIT1 deficiency in potentiating the drug response, we subsequently generated BRIT1-deficient HCC cells, deter-
mined their HR defects, and assessed their response to the PARPI olaparib and PI3K inhibitor in vitro and in mice.
BRIT1-deficient HCC cells were HR defective and hypersensitive to olaparib alone or in combination with PI3K inhibi-
tor BEZ235, both in vitro and in vivo. The cytotoxicity of olaparib alone or in combination with BEZ235 was largely
alleviated by ectopic BRIT1. We also found that BEZ235 markedly enhanced the production of poly (ADP-ribose) and
the level of double-strand breaks (DSB) and single-strand breaks (SSB) in BRIT1-deficient cells. In summary, our
results identify BRIT1 deficiency as a potential driver for HCC development, and BRIT1 status is critical to sensitivity
to treatment with olaparib and/or BEZ235. PI3K inhibition induces substantial DNA damage and makes cells more
dependent on PARP activity in the context of BRIT1 deficiency, thus, BRIT1 depletion facilitates enhancing synthetic
lethality of PARP inhibitors and PI3K inhibitors in HCC. This study provides a new mechanistic foundation for signifi-
cantly expanding the application of PARPi in HCC therapy.
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Introduction

BRIT1 (also known as MCPH1) has recently
been identified as a novel key player in the DNA
damage response (DDR) [1-6]. BRIT1 belongs
to a protein family sharing BRCA1 C-terminal
(BRCT) domains [7]. It contains three BRCT
domains, one in N-terminus (N-BRCTs) and two
in C-terminus (C-BRCTs). The C-BRCTs of BRIT1
are necessary for self-oligomerization, ionizing

radiation (IR)-induced nuclear foci formation,
and recruitment of BRCA2/RAD51 and other
DNA repair proteins to the DNA damage sites
for execution of DNA repair function [2-4]. Cells
with ablation of BRIT1 are more sensitive to IR
with increased chromosomal abnormalities.
Our recent studies showed that BRIT1 is essen-
tial for homologous recombination (HR) DNA
repair and acts as a critical tumor barrier via
maintenance of genomic integrity using our
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BRIT17- mouse model [8, 9]. Meanwhile, human
chromosome locus 8p23, where the BRIT1
gene is located, has been observed to be fre-
quently deleted in hepatocellular carcinoma
(HCC) [10, 11]. Together these observations
suggest that BRIT1 deficiency might be impli-
cated in the formation of HCC, which however,
remains ill understood.

HCC is the 3" leading cause of cancer mortality
worldwide and advanced HCC has a poor 5-year
survival rate of below 15% [12, 13]. Effective
therapeutic options for advanced HCC, includ-
ing targeted therapy for advanced cases, are
highly limited [14, 15]. Tyrosine kinase inhibi-
tors sorafenib and regorafenib are the only two
main targeting drugs approved by the Food and
Drug Administration for treating advanced HCC,
yet the benefit of this treatment is very margin-
al [16]. Recently, poly (ADP-ribose) polymerase
(PARP) inhibitor (PARPi)-based synthetic lethal-
ity has emerged as a targeted therapy for
HR-deficient cancers caused by BRCA1/2-
mutations [17]. PARPs are a family of enzymes
that are activated by single- and double-strand
breaks (SSBs and DSBs) and share the ability
to poly(ADP-ribosyl)ate protein substrates [18].
Inhibition of PARPs by PARPi induces accumula-
tion of many unrepaired SSBs which leads to
the collapse of replication forks during the S
phase and subsequently to DSBs. These DSBs
during S phase would be normally repaired by
HR, but in cells with defective HR, such as
BRCA1/2-mutated cells, DSBs tend to be
repaired by an error-prone, non-homologous
end joining (NHEJ), leading to deleterious DNA
damages, which in turn cause cell death [17]. In
addition to accumulation of unrepaired SSBs
caused by PARP inactivation, PARPI traps the
PARP1 and PARP2 enzymes at damaged DNA
[19] and the trapped PARP-DNA complexes
cause additional severe cytotoxicity in cells
[20]. Thus, PARPI instigate synthetic lethality
in HR-deficient cells and presently, this class
of compounds are being used for treating
HR-deficient breast and ovarian cancer patients
in clinic [21]. In HCC, the key players in HR such
as BRCA1/2 exhibit a very low rate of mutation
and aberrant expression, which limits the appli-
cation of PARPi in HCC. However, the locus of
BRIT1, a novel key player of HR, is frequently
deleted in HCC [10, 11].

In this study, we sought to determine whether
BRIT1-deficient HCC is HR defective and, if so,
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whether HCC carrying BRIT1-deficiency can be
targeted by PARPI as a single agent or in combi-
nation with other anticancer drugs. We investi-
gated whether BRIT1 alterations are implicated
in HCC and whether its aberrations can repre-
sent a novel therapeutic target. We observed
that BRIT1 is deleted and/or low-expressed in a
significant number of HCC samples. BRIT1
deletion was positively correlated with poor
prognosis of HCC. Moreover, BRIT1-deficient
cells were hypersensitive to PARPi alone or in
combination with PI3Ki in vitro and in vivo, and
the synergistic action could be largely reversed
by ectopically expressed BRIT1. Our findings
provide proof-of-concept evidence that BRIT1
deficiency can be targeted by PARPI, potentially
expanding its usage in treatment of HCC irre-
spective of BRCA status.

Materials and methods

Human samples, animals, cell lines, and re-
agents

Human hepatocellular carcinoma (HCC) sam-
ples and matched adjacent noncancerous liver
tissues (35 sets) were obtained from Qidong
Liver Cancer Institute (Qidong, Jiangsu, China)
and the Liver Center at Baylor College of
Medicine (BCM, Houston, TX, USA) through col-
laboration with Drs. Betty L. Slagle and John A.
Goss, respectively. Informed consent for the
studies to be performed was obtained in accor-
dance with the guidelines of the local ethics
committee. The features of this sample popula-
tion have been previously described [22-24]. All
animals used in this study received humane
care according to the criteria outlined in the
Guide for the Care and Use of Laboratory
Animals. Nude mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Animal
protocol (AN-3142) was approved by the
Institutional Animal Care and Use Committee
(IACUC) at BCM. We used mice 6-8 weeks of
age for in vivo studies. HCC cell lines Huh?7,
Hep3B, and HepG2 were purchased from the
American Type Tissue Collection (Manassas,
VA), and cultured in DMEM with standard sup-
plements (Life Technologies, Grand Island, NY).
HCC cell lines SNU-182, SNU-423, and SNU-
449 were Kkindly provided by Dr. Thomas D.
Schmittgen (Ohio State University, Columbus,
OH), and cultured in RPMI 1640 with standard
supplements (Life Technologies, Grand Island,
NY). BRIT1”* and BRIT1” mouse embryonic

Am J Cancer Res 2020;10(6):1900-1918



BRIT1 dysfunction confers synergistic inhibition of PARPi and PI3Ki in HCC

fibroblasts (MEFs) were generated as describ-
ed previously [8]. All cells were maintained at
37°C with 5% CO,. PARP inhibitors olaparib
and AG014699, and the PI3K inhibitor NVP-
BEZ235 were purchased from Selleck Che-
micals (Houston, TX).

Isolation of genomic DNA, RNA and proteins

Genomic DNA of normal and cancerous tissues
or cultured cells was extracted following the
standard phenol-chloroform protocol. Total
RNA was isolated and prepared with the
QIAGEN RNAeasy Plus Mini Kit according to the
manufacturer’s protocol; and proteins in tis-
sues and cultured cells were lysed in RIPA
buffer.

Loss of heterozygosity (LOH) assay

LOH assay was performed with minor modi-
fications as described previously [25]. A total
of 13 sequence-tagged site (STS) markers in
the BRIT1 locus were selected according to
the UCSC Genome Browser on Human Feb.
2009 (GRCh37/hg19) Assembly (www.genome.
ucsc.edu), and are listed below: SHGC-18315
(STS1, or S1), RH92650 (S2), RH48380 (S3),
WI-13831 (S4), AO04X20 (S5), RH47768 (S6),
Gb9875 (S7), WIAF2168 (S8), RH69270 (S9),
D8S277 (S10), SHGC-148851 (S11), SHGC-
77726 (S12), SHGC-13858 (S13). The primer
sequences specific for these markers are avail-
able from GeneCards (http://genecards.weiz-
mann.ac.il/geneloc/index.shtml). Each marker
was amplified by PCR. After completion of PCR,
the products were run on a 6% polyacrylamide
gel electrophoresis (PAGE) gel and then stained
with the SilverXpress® Silver Staining Kit (Life
Technologies, Grand Island, NY). The band pat-
terns of tumor and noncancerous tissue were
compared. Tumor samples with loss of at least
one STS marker in the locus of BRIT1 was
regarded as LOH positive.

Data mining

HCC datasets (TCGA Provisional or others) were
used for data mining with Oncomine [25] or
cBioPortal for Cancer Genomics [26]. In this
study, we focused on the analysis of the impli-
cation of BRIT1 aberrations in HCC. All search-
es were performed according to the online
instructions of the Oncomine and cBioPortal
unless otherwise indicated.
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Mutation analysis

Complete coding sequences and exon/intron
boundaries of the BRIT1 gene were amplified
using the Pfx polymerase system (Life
Technologies, Grand Island, NY). PCR products
were directly sequenced (SeqWright, Houston,
TX) or cloned into the Zero Blunt® TOPO® PCR
Cloning Kit (Life Technologies, Grand Island,
NY) for sequencing. The whole sequence of
the identified mutant p.K659MdelfsX10 (or
€.1974_1980del) and the sequence spanning
the affected splicing acceptor site have been
deposited in GenBank (Accession # KU674825
and KU550240). PCR primers used here will be
provided upon request.

Nuclear foci formation assay

Cells in culture were treated with olaparib (2.5
uM) or BEZ235 (2.5 nM) for the indicated times,
and then collected to perform the nuclear foci
formation assay, as described elsewhere [1].
The primary antibodies used here were anti-
BRIT1 (8) and anti-y-H2AX (Bethyl Laboratories,
Montgomery, TX; Catalog number A300-081).
The coverslips were mounted onto glass slides
with VectaShield antifade (Vector Laboratories,
Burlingame, CA) and visualized with a Zeiss
Axiovert 40 CFL fluorescence microscope
(Zeiss, Oberkochen, Germany). These experi-
ments were performed in triplicate for data
analysis.

Cell viability and combination index (Cl) analy-
Sis

Cell viability was determined with the Cell
Counting Kit-8 (CCK-8) proliferation assay
(Sigma-Aldrich, St. Louis, MO), according to the
manufacturer’s instruction, and/or with the col-
ony formation assay. Cells (0.5-1 x 10%) were
seeded into 96-well plates and cultured for 5
days for the CCK-8 assay, or seeded into and
cultured for 2-4 weeks in 6-well plates for the
cologenic assay. Olaparib (0, 1.25, 2.5, 5, 10
pMM) or BEZ235 (0, 1.25 2.5, 5, 10 nM) were
used in this study. The concentration of drugs
required to obtain 50% inhibition (IC50) of pro-
liferation of Hep3B was used to test the effect
of the combination therapy of olaparib and
BEZ235 in the indicated cells. For 2.5 uM
olaparib (~IC50 for Hep3B), 1.25 nM and 2.5
nM BEZ235 were added and for 2.5 nM BEZ235
(~IC50 for Hep3B), 1.25 pyM and 2.5 uM olapa-
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rib were added. All experimental points were
quantified sixfold. Every single point was com-
pared with its respective control value with the
same amount of DMSO. All experiments were
repeated three times. The inhibitory effect
obtained with the combination treatment of
olaparib and BEZ235 was analyzed with ClI
according to the method developed by Chou
and Talalay [27-29]. CI values below 0.9 indi-
cate a synergistic effect, 0.9 to 1.1 an additive
effect, and above 1.1 an antagonistic effect
[29].

Neutral-pH Comet assay

The neutral-pH Comet assay was performed as
described previously [9]. Cells were treated
with BEZ235 at the different doses for 24 h
and then subjected to the neutral-pH Comet
assay. Tail moments were determined in at
least 75 cells/slide with the Comet Assay IV
software (Perceptive Instruments, Bury St
Edmunds, UK). Data were collected from three
independent experiments.

Apoptosis analysis with flow cytometry

Fluorescence-activated cell sorter (FACS) anal-
ysis was used to determine cell apoptosis.
Briefly, adherent cells were collected by trypsin-
ization and combined with cells floating in the
medium, fixed by 75% ethanol, and then kept at
-20°C for at least 2 h. Cells were next stained
with propiduim iodide (2 pg/ml in phosphate-
buffered saline) and RNase A (10 pg/ml). Flow
cytometry was performed with a FACScan (BD
Biosciences, San Jose, CA) and data were ana-
lyzed with Flowjo software (Tree Star, Ashland,
OR). The apoptotic cells were represented by
the fraction of the cells with sub-G1 DNA
content.

Western blot analysis

Total cell extracts were separated with SDS-
PAGE, transferred to nitrocellulose membrane
and probed with antibodies against human
BRIT1 [8], PAR (IBL-America, Minneapolis, MN;
catalog number: 10407), PARP1 (BD Bio-
sciences, San Jose, CA; catalog number: 51-
6639GR), phospho-AKT (T308) (Cell Signaling
Technology, Danvers, MA; catalog number:
9275), B-actin (Sigma-Aldrich, St. Louis, MO;
catalog number: A5044), and a-Tubulin (Sigma-
Aldrich, St. Louis, MO; catalog number: T5168).
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Data are analyzed from three independent
experiments.

Xenograft tumor model in vivo

Hep3B, Hep3B.BRIT1, HepG2, and HepG2.
BRIT1 cells (1 x 10°) pre-mixed with Matrigel
Matrix (BD Biosciences, San Jose, CA) were
subcutaneously injected into nude mice. After
the tumors reach around 100 mm? within 2-4
weeks, mice were randomly divided into 4
groups: control (Ctrl), olaparib (OLA), BEZ235
(BEZ), and olaparib in combination with BEZ235
(OLA+BEZ). Olaparib (100 mg/kg, i.p.) and
BEZ235 (40 mg/kg, oral administration) were
administered alone or in combination every day
for 3 weeks. Tumor sizes were measured twice
a week with an electrical caliper, and the tumor
volume calculated with the following equation:
V=m/6 * (length * width?) (V is the tumor vol-
ume). Mice were sacrificed when tumors
reached 1.5 cm in length, and tumor samples
were weighted and fixed or snap-frozen in liquid
nitrogen and stored at -80°C for future use.

Immunohistochemistry

Immunohistochemical staining was done as
described previously [1, 30]. The anti-y-H2AX
antibody (Bethyl Laboratories, Montgomery,
TX) was used to evaluate the double-strand
breaks (DSB) level of DNA damage in the mouse
HCC model. In each slide examined, we count-
ed 1000 cells were from 6 fields with 200 x
magnification. The percentage of positive cells,
relative to total number of cells, was indicated
on the y axis.

TUNEL assay

Apoptotic cells were detected with the In Situ
Cell Death Detection kit (Roche, Indianapolis,
IN), following the manufacturer’s instructions,
as described elsewhere [30]. Apoptotic cells
(purple staining) were counted under a micro-
scope. The apoptotic index was defined as the
percentage of purple cells in the total number
of cells in each sample. For each cell line ana-
lyzed, 200 cells were counted from the fields
with 200 x magnification. As to each tumor
sample analyzed, 1000 cells were counted
from the fields with 200 x magnification. The
experiments were repeated at least three
times.
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Figure 1. BRIT1 is aberrantly expressed and correlates with poor prognosis
in HCC. A. Representative STS-based PCR analysis showed the presence of
LOH in the BRIT1 locus in HCC sample 89-17 (n=3 technical repeats). STS3,
STS5, STS6, and STS7 were 4 out of 13 sequence-tagged sites (STSs) used
in this study. White star, lost band detected with STS5; N, non-cancerous
liver tissue; T, HCC tumor tissue. LOH, loss of heterozygosity; STS, sequence-
tagged site. B. Representative BRIT1 protein levels in 5 HCC samples (n=3
technical repeats). BRIT1 protein level was decreased in HCC samples as de-
termined by Western blot analysis. C. BRIT1, but not BRCA1/2, was frequent-
ly altered in TCGA HCC samples (n=442). BRIT1 alterations include deep
deletions, RNA downregulation, and mutations. For RNA expression level,
z-score <-1.8. Data were retrieved from the cBioPortal as of June 27, 2017.
D. BRIT1 deep deletion correlated with poor progression-free survival (PFS)
of T1-stages TCGA HCC samples (n=186). HCC patients with diploid BRIT1,
n=152 (with 62 relapsed), median =42.02; HCC patients with deep deletion
of BRIT1, n=12 (with 7 relapsed), median =13.07. P=0.00836 with Log-rank
test. E. BRIT1 low DNA copy number positively correlated with recurrence in
the Guichard HCC cohort [34]. Normal, n=111; HCC samples without recur-
rence, n=27; HCC samples with recurrence, n=47. COPA=-7.344 with mCOPA
analysis.

Statistical analysis

developed for Oncomine [31],
were used to identify the cor-
relation of BRIT1 copy number
with HCC recurrence in a sub-
set of samples. At a given per-
centile cutoff (25% in this
study), COPA scores repre-
senting the degree of BRIT1
under-expression in increas-
ing subsets of cases.

Results

BRIT1 is aberrantly expressed
in HCC and correlates with
poor prognosis

To investigate whether BRIT1
is altered in HCC, we analyzed
the loss of heterozigosity
(LOH) of BRIT1 in a retrospec-
tive cohort of HCC patients
(n=35) [10, 24]. As shown in
Table S1, 40% (14 out of 35)
of HCC samples exhibited
LOH, represented by loss of at
least one sequence tagged
sites (STS) marker in the
BRIT1 locus (Figure 41A).
Meanwhile, BRIT1 protein le-
vel was reduced in 26% (9 out
of 35) of HCC samples we
tested (Figure 1B). To further
assess BRIT1 aberrations in
HCC, we retrieved the TCGA
dataset via the cBioPortal for
Cancer Genomics [26]. BR-
IT1’s alterations occurred in
about 30% of TCGA samples
(n=442), including 7% with
homozygous deletions, 27%
with RNA downregulation with
or without deletions, and 0.2%
(1 in 442) with mutations,
which were notably higher
than the alteration rate of
BRCA1/2 (Figure 1C), the two

key HR repair genes frequently altered in breast

or ovarian cancers [32]. This implicates BRIT1,

Statistical analysis was generally carried out
using a two-tailed Student’s t-Test. Kaplan-
Meier survival curve and log-rank test were
used for survival analysis. Error bars show s.d.
P<0.05 was considered statistically significant.
Cancer outlier profile analysis (COPA), a method
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instead of BRCA1/2, as the possible key HR
protein  commonly deleted and aberrantly
expressed in HCC.

Furthermore, we investigated whether BRIT1
alterations are associated with poor prognosis
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in HCC in the TCGA HCC samples (n=442)
according to TCGA survival analysis standard
[33]. BRIT1 homozygous deletion was found
marginally correlated with poor prognosis of
HCC samples (Figure S1). When we stratified
the samples with tumor stage, BRIT1 deep
deletion was associated with poor progression-
free survival of HCC patients at T1 stage
(n=186). For the T1 stage HCC patients, the
median progression/relapse-free survival mon-
ths for patients with diploid BRIT1 (62 out of
151 relapsed, median: 42.02) were significant-
ly longer than those with BRIT1 deep deletion
(7 out of 12 relapsed, median: 13.07) (Figure
1D), indicating that BRIT1 depletion was indeed
positively correlated with poor prognosis of T1
stage HCC samples. Additionally, in the Gui-
chard cohort [34], HCC samples with recur-
rence had a lower copy number of the BRIT1
gene than those without recurrence (Figure
1E), suggesting that low copy number of BRIT1
is linked to high incidence of HCC recurrence.
Collectively these findings demonstrate that
BRIT1 is frequently altered in HCC and its low
copy number is positively correlated with poor
prognosis.

BRIT1 mutation causes its dysfunction in HCC

To determine whether BRIT1 mutations occur in
HCC, we initially screened the 35 pairs of HCC
samples and adjacent tissues with PCR-based
sequencing. We identified 1 mutation, K659-
fsX10 (Figures 2A and S2), which was located
at the splicing acceptor site of intron 10, where
A was mutated to G. This mutation disabled the
common acceptor site AG, resulting in a dele-
tion of AAAGCAG and a premature stop codon
due to the usage of the nearest downstream
cryptic acceptor site, thereby, producing a trun-
cated protein lacking the tandem C-BRCTs of
BRIT1 (Figure 2A). We ectopically expressed
FLAG-tagged K659fsX10 in Hep3B cells and
examined the capacity of IR-induced foci forma-
tion of this mutant to determine the dysfunc-
tion. As shown in Figure 2B, the wild-type BRIT1
formed DNA repair foci on damaged DNA, and
these nuclear foci colocalized with y-H2AX foci,
an indicator for DSBs. However, K659fsX10
mutant could not relocate onto damaged DNA
and failed to form DNA repair foci. Thus, the
BRIT1 mutation abolishing its C-BRCT domain
impaired BRIT1's DNA repair function and this
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type of mutation might influence the develop-
ment of HCC.

BRIT1-deficient HCC cells are HR defective and
hypersensitive to PARP inhibitors

In addition to clinical specimens, we assessed
the BRIT1 status in HCC cell lines. As shown in
Figure 3A, multiple cell lines including Hep3B
and HepG2 had reduced DNA copy number of
BRIT1 and reduced mRNA/protein level of
BRIT1, while SNU449 cells maintained intact
BRIT1 genome and protein expression. Thus,
BRIT1 was proficient in SNU449 cells and defi-
cient in Hep3B and HepG2 cells. We further
adopted CRISPR/Cas9-mediated genome edit-
ing to generate BRIT1 knockout HCC cells using
SNU449 (449.K0) and identified two cell
clones, 449.KO1 and 449.K02, in which the
homozygous deletion of the BRIT1 locus was
determined by genomic DNA-based PCR and
sequencing, and the ablation of BRIT1 protein
was confirmed by Western blot (Figure 3B). We
and others have previously demonstrated that
BRIT1 deficiency results in defective HR [4, 8].
Here, we validated that BRIT1-deficient HCC
cells (Hep3B, HepG2, and 449.KO) rendered
HR defects as compared to SNU449 by using
DR-GFP/I-Scel-based HR repair assay (Figure
3C). These data indicate that BRIT1 is deficient
in HCC cell lines and BRIT1 is indeed essential
for maintaining high HR activity in HCC.

We then investigated whether HCC cells with
BRIT1 deficiency-induced defective HR are vul-
nerable to PARPi that have been used for tar-
geting BRCA1/2-associated HR deficiency [17,
21], We examined the inhibitory effect of PARPI
on BRIT1-proficient and BRIT1-deficient HCC
cells. Our study employed PARPI olaparib, which
has entered clinical trials [21] and was recently
approved by FDA for ovarian and breast cancer
[35]. BRIT1-deficient Hep3B and HepG2 cells
were more sensitive to olaparib than BRIT1-
proficient SNU449 cells (Figure 3D). This inhibi-
tory effect was also observed by using the
PARPi AG014699 (Figure S3), suggesting that
BRIT1 deficiency might contribute to hypersen-
sitivity to PARPI. To validate the causal effect
induced by BRIT1 deficiency, we employed
three pairs of BRIT1-proficient and BRIT1-
deficient cells to evaluate the cell-killing effect
of olaparib. As shown in Figure S4, BRIT1”
MEFs exhibited more sensitivity to olaparib

Am J Cancer Res 2020;10(6):1900-1918
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Figure 2. A splicing-acceptor mutant of BRIT1 is identified in HCC. A. BRIT1
mutant K659fsX10 identified in HCC sample 89-17 by PCR-based sequenc-
ing (n=3 technical repeats). Red star, position of K659fsX10; blue arrow,
overlapping nucleotides including the normal and the mutant. WT, wild-type;
MT, mutant. ag refers to the common acceptor site, and AG refers to the
cryptic acceptor site. Italic AAAGCAG indicates the lost 7 nucleotides. B. Rep-
resentative immunofluorescent staining showed that BRIT1 mutant K659f-
sX10 failed to localize onto the damaged DNA induced by IR. Bar graph illus-

trates the average percentage of
cells with BRIT1 foci formation. At
least 100 cells were counted for
each condition from individual ex-
periment (n=4 biological repeats).
FLAG, FLAG-BRIT1. Red arrow, co-
localization of BRIT1 and y-H2AX;
white arrow, no co-localization;
n.s., not significant. *, P<0.05.

than BRIT1”* MEFs. We fur-
ther observed that BRIT1
knockout HCC cells (449.K0)
were much more sensitive to
olaparib than parental cells
(Figure 3E). Additionally, we
tested the cell response to
PARPI after ectopic BRIT1 was
restored in BRIT1-deficient
Hep3B and HepG2 cells (i.e.,
Hep3B.BRIT1 vs Hep3B, and
HepG2.BRIT1 vs HepG2). As
expected, HepG2.BRIT1 and
Hep3B.BRIT1 cells exhibited
resistance to olaparib to some
extent relative to the respec-
tive parental cells (Figure 3F).
Altogether, these data indicat-
ed that BRIT1 deficiency
indeed triggers hypersensitiv-
ity to PARPI in BRIT1-deficient
HCC cells.

PI3Ki synergizes with PARPI
to inhibit the survival of
BRIT1-deficient HCC cells

Although PARPI is considered
promising agents for targeting
HR deficiency in BRCA1/2-
carriers, resistance to these
agents and relatively low effi-
cacy have been reported [36].
We examined the effect of
PARPi and other anti-cancer
small compounds as a poten-
tial combination therapy tar-
geting BRIT1-deficient HCC
cells. It has been shown that
the activity of the PI3K path-
way is aberrantly high in HCC
and this aberrant PI3K activa-
tion is crucial for the prolifera-
tion and survival of liver ce-
lls [37]. Thus, we selected
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Figure 3. BRIT1-deficient cells are hypersensitive to PARP inhibitor. A. BRIT1 was proficient in SNU449 cells, but
deficient in Hep3B and HepG2. DNA copy number retrieved from the Cancer Cell Line Encyclopedia (CCLE). The
mRNA and protein levels determined by RT-PCR with the primers mentioned in the Methods section and Western
blot analysis, respectively (n=3 biological repeats). B. Generation of BRIT1-knockout HCC cells (449.KO) by CRISPR/
Cas9. The BRIT1 null mutations induced by two sets of guide RNA were validated by PCR-based sequencing, show-
ing a 1-bp deletion on both alleles in 449.K01, and a 10-bp deletion on both alleles in 449.K02, and by Western blot
analysis of BRIT1 protein. C. HR activity was reduced in BRIT1-deficient HCC cells. The HR activity was determined
by using DR-GFP/I-Scel-based HR repair assay and represented by the relative percentage of GFP+cells in each
cell type. It was calculated by subtracting the percentage of GFP+cells in I-Scel-transfected cells with that in control
plasmid pCAGGS-transfected cells, followed by normalizing with transfection efficiency determined by pEGFP-C1
plasmid. Each value in the bar graph was relative to the percentage of GFP+cells in SNU449, which was set at 1,
and the data were obtained from repeated experiments (n=3 biological repeats). *, P<0.05 compared to SNU449
cells. D. Colony formation assay (n=3 biological repeats) showed BRIT1-deficient Hep3B and HepG2 cells were
sensitive to olaparib. *, P<0.05 compared to SNU449. E. Colony formation assay (n=3 biological repeats) showed
BRIT1 knockout 449.KO cells exhibited the hypersensitivity to olaparib. *, P<0.05 compared to SNU449. F. Colony
formation assay (n=3 biological repeats) showed ectopic BRIT1 induced the resistance of Hep3B and HepG2 cells
to PARPI olaparib. Survival rate was also determined by colony formation assay. *, P<0.05 when compared to re-

spective parental cells.

BEZ235, a potent inhibitor of PI3K and mTOR
(PI3Ki), as a co-targeting agent for BRIT1-
deficient HCC. As shown in Figure S5, BEZ235
alone inhibited greater cell growth of BRIT1-
deficient HCC cells, including Hep3B, and
HepG2 cells, as compared with BRIT1-proficient
SNU449 cells. Olaparib in combination with
BEZ235 remarkably enhanced the cell-killing
effect in BRIT1-deficient Hep3B and HepG2
cells (Figure 4A). The synergistic effects of this
combination treatment were determined using
a combination index (Cl) (Table S2). The
CRISPR/Cas9-mediated BRIT1-null 449.KO1
and 449.K02 cells also exhibited the synergis-
tic effects induced by the combination of olapa-
rib and BEZ235. In contrast, SNU449 control
cells (Figure 4B) were not sensitive to the
experimental combination therapy. Further, we
examined whether ectopic expression of BRIT1
can alleviate the inhibitory effect of these inhib-
itory agents in BRIT1-deficient HCC cells. As
shown in Figure 4C, ectopic BRIT1 in Hep3B.
BRIT1 and HepG2.BRIT1 cells partially reversed
the synergistic effects induced by olaparib plus
BEZ235 in Hep3B and HepG2 cells. Accordingly,
the apoptotic rates of BRIT1-deficient cells
Hep3B, HepG2, and 449.KO1 and 449.K02
treated with olaparib plus BEZ235 were remark-
ably higher than those in SNU449 cells (Figure
4D). Collectively, these findings indicate that
BRIT1 deficiency in HCC might be effectively
targeted by PARPi in combination with PI3Ki.

PI3Ki and PARPI cooperate to induce DNA
damage in BRIT1-deficient HCC cells

Loss of BRIT1 results in genomic instability due
to defective HR and NHEJ repair machinery [4,
8], and BRIT1-deficient cells harbor high rates
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of DNA damage and are sensitized to the inhibi-
tion of alternative DNA repair involving PARP, as
described in Figure 3. Accordingly, we found
that olaparib induced more DSBs in BRIT1-
deficient cells (449.KO02 and Hep3B) than
BRIT1-proficient cells (SNU449 and Hep3B.
BRIT1) as determined with neutral-pH comet
assay (Figure 5A and 5B, OLA panels). y-H2AX
foci (another marker for DSBs) were elevated in
BRIT1-deficient cells, as compared with BRIT1-
proficient cells (Figure 5C and 5D, OLA panels),
and this effect correlated with diminishing
PARP activity (the reduced level of PAR) (Figure
5E). Notably, olaparib significantly elevated
activity of the PI3K pathway (phosphorylation
of AKT) (Figure 5E), suggesting that upregula-
tion of PI3K pathway may compensate for DNA
repair in the context of BRIT1 and PARP
deficiency.

To elucidate the mechanisms underlying the
synergy effects of PI3Ki combined with PARPI,
we next investigated the possibility that the
high sensitivity of BRIT1-deficient HCC cells to
PI3Ki is the consequence of an undescribed
role for the PI3K pathway in facilitating DNA
repair. Indeed, we found that BEZ235 alone
induced more DSBs (as determined by neutral-
pH comet assay and y-H2AX foci staining) in
BRIT1-deficient cells than BRIT1-proficient cells
(Figure 5A-D, BEZ panels), and that this corre-
lated with drastically decreased AKT phosphor-
ylation (Figure 5F), suggesting the PI3K path-
way is indeed involved in DNA repair mecha-
nisms under BRIT1 deficiency. BEZ235 caused
a dose-dependent increase in the level of PAR
paralleling the decrease in AKT phosphoryla-
tion (Figure 5F). Thus, we could infer that recip-
rocal interaction between PI3K pathway and
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Figure 4. PARP inhibitor synergizes with PI3K inhibitor to suppress BRIT1-deficient HCC in vitro. A. Colony formation
assay showed BRIT1-deficient HCC cells Hep3B and HepG2 exhibited the synergy of PARPi and PI3Ki. Cells were
treated with PARPI olaparib (2.5 uM) and PI3Ki BEZ235 (2.5 nM) alone or in combination for 2 weeks, and the in-
hibitory effects were determined by using colony formation assay (n=3 biological repeats). *, P<0.05 compared to
control. B. Colony formation assay showed BRIT1 ablation by CRISPR/Cas9 enhanced the synergy of olaparib and
BEZ235 in HCC cells (n=3 biological repeats). *, P<0.05 compared to control. C. Colony formation assay showed
ectopic BRIT1 attenuated the synergistic effect of olaparib and BEZ235 (n=3 biological repeats). *, P<0.05. D.
Apoptotic rate was increased in BRIT1-deficient cells treated with olaparib or BEZ235 alone, and further enhanced
by the combination. Ctrl, control; OLA, olaparib; BEZ, BEZ235; OLA (or O)+BEZ, combination of olaparib and BEZ235.

*, P<0.05 compared to SNU449 cells.
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Figure 5. DNA damage is significantly induced by PARP inhibitor and PI3K inhibitor. A and B. DSBs were induced
by olaparib and BEZ235 alone and exaggerated by combination treatment in BRIT1-deficient 449.K02 and Hep3B
cells. A. Representative neutral-pH comet assay of DNA damage. B. Quantitative analysis of ~100 cells for each
condition (n=3 biological repeats). More than 97% untreated SNU449 cells contained tail moments <2, which was
set as the parameter for cells with intact DNA. Cells with the parameter >2 were regarded as the one with DSBs. Ctrl,
control; OLA, olaparib. BEZ, BEZ235; OLA+BEZ, olaparib+BEZ235. *, P<0.05. C and D. y-H2AX foci were significantly
elevated by treatment of olaparib or BEZ235 alone and aggravated by combination treatment in BRIT1-deficient
449.K02 and Hep3B cells. C. Representative y-H2AX immunofluorescent staining of y-H2AX foci. D. Quantitative
analysis of ~100 cells for each condition (n=3 biological repeats). *, P<0.05. E. Western blot analysis showed that
olaparib induced a high level of phosphor-AKT in BRIT1-deficient cells (n=5 biological repeats). OLA, olaparib; PAR,
poly (ADP-ribose); p-AKT, phosphorylated AKT. *, P<0.05. F. Western blot analysis demonstrated that BEZ235 in-
duced a high level of PAR formation in BRIT1-deficient cells (n=5 biological repeats). PAR, poly (ADP-ribose); p-AKT,

phosphorylated AKT. *, P<0.05.

PARP may compensate for the inhibitory ef-
fects to facilitate DNA repair. As a consequen-
ce, dual treatment with olaparib and BEZ235
markedly increased the level of DSBs than sin-
gle treatment, and exacerbated the degree of
DNA damage in BRIT1-deficient HCC cells wh-
en compared to BRIT1-proficient cells (Figure
5A-D, OLA+BEZ panels). Collectively, these
observations suggest that interaction between
PI3K pathway and the PARP-related pathway
facilitate compensatory DNA repair in the con-
text of BRIT1 deficiency.

BRIT1-deficient tumor growth is inhibited by
PARPI alone or in combination with PI3Ki in
Vivo

To assess the inhibitory effect of PARPi on
BRIT1-deficient HCC in vivo, we used BRIT1-
deficient Hep3B cells and their BRIT1-
reexpressing counterparts Hep3B.BRIT1 cells
to establish xenograft tumors in nude mice.
Nude mice with xenografts reaching up to ~100
mm?3 were randomly separated into 2 groups
treated with or without olaparib (olaparib and
control) once each day for 2 weeks. Hep3B
tumor growth was significantly decreased in
the olaparib group as compared to controls
(Figure 6A). Likewise, after the olaparib-treated
mice were sacrificed at the end of treatment,
Hep3B tumor weight was also found to be
notably decreased (Figure 6B). Accordingly,
PARP enzyme activity (reflected by the PAR
level) was accordingly decreased in olaparib-
treated tumors (Figure 6C). In contrast, Hep3B.
BRIT1 xenografts exhibited the resistance to
olaparib (Figure S6). Thus, these data showed
that BRIT1-deficient tumors are selectively
sensitive to PARPI, and this subset of HCC can
be inhibited by PARPI alone in vivo.

To assess whether PI3Ki exaggerates the inhib-
itory effect of PARPi on xenograft tumor growth
in vivo, the mice with HCC tumors were treated
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with BEZ235, olaparib, or the combination of
these two drugs. As shown in Figure 6D, tumors
derived from BRIT1-deficient Hep3B cells were
sensitive to olaparib or BEZ235 alone, and
importantly tumor growth was substantially
inhibited when a combination of olaparib and
BEZ235 was administered, supporting our find-
ings in vitro with cultured cells (Figure 4). BRIT1-
proficient HCC tumors derived from Hep3B.
BRIT1 exhibited resistance to olaparib, and
there was no significant inhibitory effect result-
ing from the combinational treatment (Eigure
S6). Furthermore, relative to the control, olapa-
rib, and BEZ235 groups, the tumors that
received the combinational treatment showed
a dramatic increase in y-H2AX foci formation,
and the apoptotic rate in the combined treat-
ment group was higher than that in the single
treatment or control, as determined by TUNEL
assay (Figure 6E). Altogether, our studies
showed that PI3Ki can augment the inhibitory
effect and DNA damage effect of PARPi, and a
combination therapy of PARPi and PI3Ki can
potently suppress tumors with BRIT1 deficiency
in vivo.

Discussion

To our knowledge, this is the first report that
identifies BRIT1 as a key DNA repair protein
altered in HCC. Incidence of HCC has risen over
last 20 years. Several risk factors for HCC are
known, including hepatitis B and hepatitis C
virus (HBV/HCV) infection, diabetes mellitus,
obesity, and alcohol abuse [38]. A recent com-
prehensive analysis of HCC identifies several
genomic alterations that influence the develop-
ment of HCC at the genetic level, including
mutations in the TERT gene promoter (44%),
and mutations in the CTNNB1 (3-catenin) (26%)
and TP53 (31%) genes [39]. However, muta-
tions in other genes, like DNA repair genes, are
relatively rare in this type of cancer. Intriguingly,
our study shows that, although its mutation

Am J Cancer Res 2020;10(6):1900-1918



BRIT1 dysfunction confers synergistic inhibition of PARPi and PI3Ki in HCC

b=
@

P 3

s =

2 900 ~="OLA 2 .

2 600 g

> =

5 300 &

E Ol T T T T 1

= 1 4 7 11 14 ctl  OLA
Days after treatment

c Ctrl OLA

PAR

150 kD »
Tubulin

ctrl .'..Q'..‘.
nwPODVOLR A%
BEZ"Q.‘....O

-

OB @ & % 9 ¢ (O R et e 0",

4 7 11 1
Drug admlnlstratlon (days%

607 mCtrl EQLAABEZDO OLA+BEZ

B T -

240

Q *

[&]
o

3 * =

g 20 )

o

y-H2AX TUNEL

Figure 6. BRIT1-deficient xenograft tumor growth is remarkably inhibited by PARP inhibitor in combination with PI3K
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tumors (n=3 biological repeats). D. Macroscopical images (left) and bar graph of tumor volume (right) demonstrated
that tumor growth of Hep3B xenografts was remarkably inhibited by olaparib and BEZ235 in combination (n=10
mice each group). *, P<0.05 compared to control. E. Representative y-H2AX staining and apoptotic cells in Hep3B
xenografts tumors showed that combination treatment of olaparib and BEZ235 remarkably triggered y-H2AX foci
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ment.
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Figure 7. Schematic diagram of the proposed model
illustrates the enhanced synthetic lethality achieved
by co-targeting of PARPi and PI3Ki in BRIT1-defi-
cient HCC. In BRIT1-deficient HCC, BRIT1 deficiency
causes DNA damage. Under this condition, PARP in-
hibition by PARPI leads to the increase of DNA dam-
age, accompanied with a high PI3K/AKT activity for
compensatory DNA repair. Meanwhile, PI3K inhibi-
tion by PI3Ki leads to the accumulation of DNA dam-
age as well as an increased PARP activity. As such,
concurrent inhibition of PI3K and PARP remarkably
enhances the synthetic lethality under BRIT1 defi-
ciency, leading to much more severe DNA damages
than in the context of BRIT1 proficiency.

rate is low, BRIT1 LOH, including deep deletion
(homozygous deletion) and its RNA/protein
deficiency, is frequently observed in the HCC
samples studied. Our analysis reveals that
BRIT1 alteration rate is 30% including 7% deep
deletion and this deletion is positively correlat-
ed with poor prognosis of HCC patients. The
influence of BRIT1 deficiency on HCC develop-
ment is further supported by our two mouse
models. We generated the knockout mice with
BRIT1 deleted specifically in liver, and this
hepatic ablation of BRIT1 significantly acceler-
ates the PTEN-null induced HCC development
(unpublished data). Furthermore, global abla-
tion of BRIT1 promotes lymphoma formation in
p53 null mice where BRIT1 deficiency caused
substantial chromosomal aberrations via abol-
ishing HR and NHEJ repair [8, 9]. Thus, these
genetic studies in mice and clinical samples
indicate that BRIT1 can function as a novel
tumor suppressor for HCC via preserving its
genomic stability.
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Currently, the mechanisms underlying BRIT1
low or absent expression in HCC are not fully
understood. The high frequency of LOH or
homozygous deletion identified in this study
(Figure 1) suggest that these aberrations may
significantly promote the low or absent BRIT1
levels in tumors. In oral squamous carcinoma,
BRIT1 promoter hypermethylation is observed
in 10% of the cases and its 3'-UTR also harbors
two functional seed regions for miR-27a which
negatively regulate its level [40], suggesting
that promoter hypermethylation and microRNA
regulation are alternative mechanisms for
BRIT1 downregulation. Thus, although BRIT1’s
mutation rate is low, homozygous deletion,
LOH, promoter hypermethylation, microRNA
transcriptional regulation and/or probably pro-
tein stability may all contribute to BRIT1 defi-
ciency in HCC.

It is worth mentioning that, although allelic loss
is a major type of BRIT1 aberrations in HCC, we
identified one mutation K659fsX10 that
destroyed the C-BRCT domains and abolished
its localization onto the damaged DNA sites
(Figure 2). This result was in agreement with
previous data showing that C-BRCTs are crucial
to the capacity of BRIT1 to form IR-induced
nuclear foci and execute DNA repair [41, 42].
Mutations of BRIT1 have been previously
reported, including p.Ser25X, p.Thr27Arg, p.
Val50Gly, p.Ser72Leu, and p.Trp75Arg [43-45],
which were identified in type 1 primary micro-
cephaly [43] and/or premature chromosome
condensation (PCC) syndrome [46]. Most of
these mutations resided in and usually
destroyed/modulated the N-BRCT domain,
which is mainly responsible for mitotic entry,
PCC, and DNA recombination repair under
some circumstances [5, 43, 44, 47]. These
N-BRCT mutations did not appear to be associ-
ated with cancer predisposition due to hypo-
morphic mutations or redundant complement-
ed pathways [48]. Based on a TCGA-related
study published recently BRIT1 mutations in
HCC samples are rare [49]. Nevertheless,
BRIT1 mutations/variations affecting the
C-BRCTs have been observed in a wide range
of cancers, although their individual potential
functions have not been fully characterized
(Figure S7). While occurring infrequently in
HCC, BRIT1 mutations with disruptive C-BRCTs
might be implicated in promoting HCC.
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Our present data (Figures 4 and 6) add BRIT1
to the list of HR genes whose deficiencies con-
fer high sensitivity to PARP inhibitors. The vari-
ous cell models used in this study, including
ablation of BRIT1 in BRIT1-proficient cells
(SNU449 and MEF) and restoration of BRIT1 in
BRIT1-deficient cells (Hep3B and HepG2), dem-
onstrate that BRIT1 is critical for maintaining
high HR capacity and that its deficiency potenti-
ates PARPI cytotoxicity in HCC. Our findings are
in agreement with our and others’ prior studies
showing that BRIT1 can interact and recruit
RAD51 and BRCA2 onto DSBs for HR repair [4,
8], and interact with chromatin remodeling pro-
tein complex (SWI/SNF) and increase the
access of the repair proteins to the DNA dam-
age sites via relaxation of chromatin structure
[5, 47]. These activities might demonstrate the
mechanisms underlying BRIT1's integral role in
HR repair.

Among the HR proteins associated with cancer,
BRCA1/2, whose mutations mainly occur in
breast and ovarian cancers [50], have been
well-studied. PARPi was originally developed to
target BRCA1l/2-associated HR defects in
these two cancers. Studies show that tumor
cells lacking other components of the HR path-
way (e.g., RAD51) are also sensitive to PARPI
due to HR defects [51]. However, in HCC, these
HR proteins including BRCA1/2 and RAD51 are
rarely aberrantly expressed or mutated. On the
other hand, our analysis from our own samples
and the TCGA dataset reveal that BRIT1 is the
DNA repair protein exhibiting the most aberra-
tion rate in HCC among all the DNA proteins
analyzed. Moreover, the level of PARP in HCC is
significantly higher than that in normal liver tis-
sues, and PARP inhibition decreases the growth
of liver tumors [52]. We identified a 30% aber-
ration rate of BRIT1 and demonstrates BRIT1
deficiency role in HR incompetency and PARPI
sensitization. These critical findings could
greatly facilitate expanding the rational usage
of PARPi-based targeting therapy to treat
HR-deficient HCC.

Of note, we observed a remarkable synergistic
effect from the combination of PARPI (olaparib)
with PI3Ki (BEZ235) that inhibited BRIT1-
deficient HCC in vitro and in vivo and uncovered
a mechanism for this synergy on tumor sup-
pression. In the context of BRIT1 deficiency,
PARP inhibition by PARPi leads to increased
DNA damage accompanied by high PI3SK/AKT
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activities as compensatory DNA repair (Figure
5). Inactivation of PI3K by BEZ235 triggers
both DSB and SSB accompanied with elevated
PARP activity and their DNA damage is further
enhanced with the addition of PARPi in BRIT1-
deficient HCC (Figure 5). Our observations are
consistent with prior studies showing that PI3K
activity can influence DNA repair; PI3Ka inacti-
vation by BKM120 enhances the recruitment of
RAD51 onto DSBs and sensitizes cells to PARPI
[53], and PI3Kp is required for recruitment of
NSB1 to the damage sites and assembly of
repair foci in response to IR [54]. Given that
BRIT1 is essential for competent HR repair [4,
8], anintact or elevated PI3K signaling becomes
more critical for proper DNA repair in BRIT1-
deficient cells, and therefore, a plausible mech-
anism of synergy could be proposed as follows:
PARP inhibition in BRIT1-deficient HCC induces
the accumulation of DSBs, which might be par-
tially repaired by the induction of high PI3K
activity; when co-targeted with BEZ235, which
further inhibits DNA repairs by inactivation of
PI3K, BRIT1-deficient cells can accumulate
substantially more DNA damages, resulting in
enhanced synthetic lethality of PARPi and
BRIT1 deficiency (Figure 7). We surmise that
the substantially enhanced DNA damage
induced by co-targeting with olaparib and
BEZ235 can at least partially explain the syner-
gistic action of this dual treatment.

Accordingly, using PARPi in combination with
PI3Ki as an adjuvant therapy for HCC may pro-
vide significant clinical benefits. Emerging evi-
dence shows that single agent therapies have
limited efficacies partially due to tumors cells’
adaptive mechanisms leading to drug resis-
tance soon after exposure. In the case of PARPI
therapy, patients with BRCA1/2-associated
cancer respond well to olaparib or other PARPI
[17, 21]. However, tumor treated with PARPi can
acquire treatment resistance resulting from the
hyper-activation of PI3K signaling, elevation of
mTOR activity, or restoration of HR capacity by
loss of p53BP1 [55]. In the case of PI3Ki treat-
ment, BEZ235 clinical trial as a single agent
does not result in favorable patient outcome,
which is attributable to drug resistance devel-
oped by increasing PARP activity and triggering
the feedback loop of this pathway [56]. Also, at
the single agent dose, BEZ235 exhibits toxicity
in patients. It is conceivable that the lower dose
combination therapy as demonstrated here
might reduce treatment-induced toxicity and
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also overcome the drug resistance from the
single agent (either PARPi or PI3Ki). In the pro-
cess of our study, more potent PARPi (e.g.,
BMNG673) have being successfully developed to
target HR-deficient cancer [57]. Also, new ver-
sions of PI3Ki with high specificity are being
explored in clinical trials. We expect combina-
tion therapy using more potent and less toxic
PARPi and PI3Ki to hold great promise in treat-
ing HCC with HR deficiency in the future.

In summary, our findings establish for the first
time that BRIT1 is a key HR repair protein
altered in HCC. BRIT1 deletion correlates with
worse outcome of HCC patients. BRIT1-deficient
HCC are HR-defective and selectively hypersen-
sitive to PARPi. Combination therapy with PARPi
and PI3Ki results in synergistic suppression of
BRIT1-deficient HCC, both in vitro and in vivo
mouse model. Mechanistically, PARPi or PI3Ki
can induce substantial DNA damages and
make cells more dependent on PI3K or PARP
activity, respectively. Our study dissects BRIT1
dysfunction in HCC and lays a scientific founda-
tion for rationally expanding the usage of PARPI
in the treatment of HCC with BRIT1 deficiency,
which may eventually guide personalized use of
PARPi and PI3Ki in the clinic for treating unre-
sectable HCC.
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Table S1. Loss of heterozygosity (LOH) at the BRIT1 locus in a small group of HCC samples?

Sequence-tagged sites (STS)

Samples
S1° S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12 S13
88-04 N¢ - nde - nd - - nd - - - nd - -
T - nd - nd - - nd - + - nd - -
8812 N - nd - - - - - - - - - - -
T - nd - - - - - - - - - - -
89-05 N - nd - nd - - - - - - - nd -
T - nd - nd - - - - - - - nd -
89-07 N - - - nd - - nd - - - - - -
T - - + nd - + nd - + - + - -
89-16 N - nd - - - - - - - nd nd nd nd
T - nd - - - - - - - nd nd nd nd
89-17 N - - - nd - - - - - nd nd nd nd
T - - - nd - - + - - nd nd nd nd
89-21 N - nd - nd - - - - - nd nd nd nd
T - nd - + - - - - - nd nd nd nd
89-24 N - nd - nd - - - - - nd nd nd nd
T - nd - nd + - - - - nd nd nd nd
89-25 N - nd - nd - - - - - - - - -
T - nd - nd - - - - - - - - -
89-33 N - nd - - - - - - - - - - -
T - nd - - - - - - + - + - -
06-14 N - nd - nd nd - - - - - - - -
T - nd - nd nd - - - - - - - -
06-25 N - - - - nd - - - - - - - -
T - - - - nd - - - - - - - -
06-26 N - nd - - nd - - - - - - - -
T - nd - - nd - - - - - - - -
07-32 N - nd - nd - - - nd - - - - -
T - nd + nd + - - nd - - - - +
07-33 N - nd - nd - - - nd - - - - -
T - nd - nd - - - nd - - - - -
07-34 N - nd - nd - - - - - - - - -
T + nd + nd + + + + + + + + +
07-35 N - nd - nd - - - - - - - - -
T - nd - nd - - - - - - - - -

Note: a, The samples which are not informative for loss of heterozygosity (LOH) are not included in the table. b, All the
sequence-tagged site (STS, S) names are provided in the Supplementary Experimental Procedures section. ¢, N, nontumorous
tissue; T, tumor tissue. d, Minus (-) indicates that the pattern of the bands is the one in nontumorous tissue or the same as that
in non-tumorous tissue; Plus (+) means the loss of certain bands in tumor tissue compared with non-tumorous tissue, i.e. LOH
positive. e, nd, not determined.
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Figure S1. BRIT1 low copy number is marginally correlated with poor overall survival (A) and disease-free survival (B)
in TCGA HCC samples. These data were retrieved from TCGA by using cBioPortal for Cancer Genomics with default
putative copy-number alterations from GISTIC (Genomic Identification of Significant Targets in Cancer) on Septem-
ber 18, 2017, and updated on March 12, 2020. CN, copy humber; DFS, disease-free survival.

A

Query 1861 ATACAGTGGAAGTGTTAAAAATAGACCAACAAGGCATGATGTTTTAGATGACTCATGTGA 1920

_ FCECEEREEEREE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eyl
Sbjct 1891 ATACAGTGGAAGTGTTAARAATAGACCAACAAGGCATGATGTTTTAGATGACTCATGTGA 1950

Query 1921 CGGCTTTAAGGACCTCATCAAACCTCATGAGGAATTGAAGAARAGTGGGAGAGGCAAAAA 1980

FEEEEEEEREE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ee e el
Sbjct 1951 CGGCTTTAAGGACCTCATCAAACCTCATGAGGAATTGAAGAAAAGTGGGAGAGGCARAAA 2010

Query 1981 GCCAACAAGAACATTAGTCATGACAAGCATGCCATCTGA------= AATGTCGTCATCCA 2033

RN RN RR RN RRRRARARA AN ARARRRRRRRR
Sbjct 2011 GCCAACAAGAACATTAGTCATGACAAGCATGCCATCTGAAAAGCAGAATGTCGTCATCCA 2070

Query 2034 GGTTGTGGATAAATTGAAAGGCTTTTCAATTGCACCAGACGTCTGTGAGACCACGACTCA 2093

LA
Sbjct 2071 GGITGTGGATAAATTGAAAGGCTTTTCAATTGCACCAGACGTCTGTGAGACCACGACTCA 2130

Query 2094 CGITGCTTTCCGGGAAGCCACTTCGCACCCTGAATGTGCTGCTGGGAATTGCGCGTGGCTG 2153

RN RN AN AR AR RARRRRRRRRRRRRRRAA
Sbjct 2131 CGIGCTTTCCGGGAAGCCACTTCGCACCCTGAATGTGCTGCTGGGAATTGCGCGTGGCTG 2190

Query: K659fsX10 mutant

Subject: intact BRIT1 (Accession # NM_024596)
B
TGAGTGTAACTGCTTTGATGGGCATGTGCAACAAAG

TCATTCATTTTGTTAATTTTTCCCCCGATTTGACGGA
AAG ClIA ATG TCG TCA TCC AGG TTG TGG ATA
AAT BB AAGGCTTTTCAATTGCACCAGACGTCT
GTGAGACCACGACTCACGTGCTTTCCGGGAAGCCA
CTTCGCACCCTGAATGTGCTGCTGGGAATT

Figure S2. Partial sequence of the identified BRTI1 mutant p.K659MdelfsX10. A. Partial cDNA sequence of BRIT1
mutant p.K659MdelfsX10 (or K659fsX10). This mutant was detected in HCC sample 89-17 with a 7-bp deletion

2
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(red line). The whole K659fsX10 mutant cDNA sequence was deposited in GenBank (accession # KU674825). B.
Partial genomic sequence spanning intron 10 and exon 11 of the BRIT1 gene in HCC sample 89-17. The sequence
was deposited (GenBank accession # KU550240). Yellow-highlighted letters indicate the partial genomic sequence
of intron 10, including the mutant GG (green-shaded letters) from the canonical splicing acceptor site AG (i.e. A>G).
The underlined represent the partial remaining sequence of exon 11. Red letters, the 7 lost nucleotides; blue-
shaded red letters AG, the encrypted splicing acceptor site in the 5’ end of exon 11; letters in italics, the potential
codons; red-shaded TGA, the premature stop codon used in K659fsX10.
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Figure S3. BRIT1-low cells are sensitive to PARP inhibitor AG-014699. (A and B) BRIT1-deficient cells Hep3B and
HepG2 were more sensitive to AG-014699 than BRIT1-proficient cells SNU449. The survival rate was determined

with the CCK-8 cell proliferation assay (A) and the colony formation assay (B). *, P<0.05, when compared with
SNU449.
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Figure S4. BRIT17- MEF cells are sensitive to PARP inhibitor olaparib. The cells were seeded into 96-well plates, and
the survival rate was determined with the CCK-8 cell proliferation assay. *, P<0.05, when compared with BRIT1"/*
MEF cells.
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Figure S5. BRIT1-deficient cells Hep3B and HepG2 are sensitive to PI3K inhibitor BEZ235. The cells were seeded
into 96-well plates, and the survival rate was determined with the CCK-8 cell proliferation assay. *, P<0.05, when
compared with BRIT1-proficient cells SNU-449.

Table S2. Combination index (Cl) chart for combinational therapy of
olaparib and BEZ235

Fraction of

Cell lines Schedule Inhibition Cl Synergistic Effect?
Hep3B 2.5 yM OLA+1.25 nM BEZ 0.66 0.53 Yes

1.25 yM OLA+2.5 nM BEZ 0.80 0.44 Yes
HepG2 2.5 uyM OLA+1.25 nM BEZ 0.69 0.77 Yes

1.25 yM OLA+2.5 nM BEZ 0.75 0.64 Yes
SNU-449 2.5 uM OLA+1.25 nM BEZ 0.25 >0.9 No

1.25 uyM OLA+2.5 nM BEZ 0.33 >0.9 No

Note: OLA, PARP inhibitor olaparib; BEZ, PI3K inhibitor BEZ235; Cl, combination index.
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Figure S6. BRIT1-overexpressing Hep3B tumors show resistance to olaparib and are less susceptible to the syner-
gistic effect of olaparib and BEZ235 in the in vivo xenograft tumor model. A. Representative images of BRIT1-over-
expressing Hep3B (Hep3B.BRIT1) xenograft tumors treated for 3 weeks with olaparib, BEZ235, olaparib+BEZ235,
or control vehicle. B. Volume of Hep3B.BRIT1 tumors during treatment with olaparib, BEZ235, olaparib+BEZ235, or
control. Ctrl, control; OLA, olaparib; BEZ, BEZ235; OLA+BEZ, combination treatment of olaparib and BEZ235. Scale
bar, 10 mm.
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Figure S7. BRIT1 mutations occurred in multiple human cancers. BRIT1 mutations reported by TCGA in multiple hu-
man cancers were retrieved with cBioPortal for Cancer Genomics on September 12, 2018. MCPH1, also known as
BRIT1. TCGA, The Cancer Genome Atlas.



