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ABSTRACT

Poly (ADP-ribose) polymerase inhibitor (PARPi)-
based therapies initially reduce tumor burden but
eventually lead to acquired resistance in cancer pa-
tients with BRCA1 or BRCA2 mutation. To under-
stand the potential PARPi resistance mechanisms,
we performed whole-genome CRISPR screens to dis-
cover genetic alterations that change the gene es-
sentiality in cells with inducible depletion of BRCA2.
We identified that several RNA Polymerase Il tran-
scription Mediator complex components, especially
Cyclin C (CCNC) as synthetic survival targets upon
BRCA2 loss. Total mRNA sequencing demonstrated
that loss of CCNC could activate the transforming
growth factor (TGF)-beta signaling pathway and ex-
tracellular matrix (ECM)-receptor interaction path-
way, however the inhibition of these pathways could
not reverse cell survival in BRCA2 depleted CCNC-
knockout cells, indicating that the activation of these
pathways is not required for the resistance. More-
over, we showed that the improved survival is not
due to restoration of homologous recombination re-
pair although decreased DNA damage signaling was
observed. Interestingly, loss of CCNC could restore
replication fork stability in BRCA2 deficient cells,
which may contribute to PARPi resistance. Taken to-
gether, our data reveal CCNC as a critical genetic de-
terminant upon BRCA2 loss of function, which may
help the development of novel therapeutic strategies
that overcome PARPI resistance.

INTRODUCTION

Integrity of human genome is continuously challenged by
endogenous and exogenous lesions. In response to a variety
of DNA insults, cells have evolved DNA damage response
pathways to sense DNA lesions, arrest cell cycle, and re-
cruit coordinated DNA repair factors to prevent the inheri-
tance of unrepaired DNA. Among all DNA lesions, double-
strand breaks (DSBs) are considered the most detrimental
because they block all transactions on DNA. Failure to re-
pair DSBs leads to cell lethality, whereas inappropriate re-
pair of DSBs results in genome rearrangement and onco-
genic transformation (1).

Typically, cells employ two major pathways to re-
pair DSBs: the classical non-homologous end joining (C-
NHEJ) pathway and homologous recombination (HR)
pathway. In addition, at least two alternative repair
pathways—alternative end joining (alt-EJ) and single-
strand annealing (SSA), also have been shown to oper-
ate in various cellular contexts (2-4). All of these path-
ways involve specific repair factors and produce different re-
pair outcomes. Whereas DSB repair by c-NHEJ, alt-EJ and
SSA are considered error-prone, HR provides an error-free
mechanism to precisely repair the breaks by using a sister
or homologous chromatid (5,6).

DSB repair by HR is a complex process involving many
gene products, and deficiencies in HR contribute to muta-
tions associated with malignancy and reduced cell viabil-
ity. BRCA1 and BRCA2 are tumor suppressors that play
essential roles in promoting HR repair, which helps main-
tain genome integrity (7,8). Germline mutations of BRCAI
and BRCA?2 are associated with about 40-80% of the hered-
itary breast and ovarian cancer cases and linked with in-
creased risk of several other human malignancies, includ-
ing prostate, pancreatic, stomach, and colorectal cancers
(9-12).
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During the HR repair process, BRCA1 acts as a versa-
tile protein that links DNA damage sensing and repair ef-
fectors through its interaction with multiple protein com-
plexes, whereas BRCA?2 mediates the recruitment of the re-
combinase RADS51 to DSBs, which is an essential step for
HR (12). In addition to their roles in HR, BRCA1 and
BRCAZ2 have other functions in genome maintenance. For
example, BRCA2 prevents MRE11-dependent degradation
of nascent DNA strands at stalled replication forks through
its C-terminal region, which is not required for HR (13).
BRCAZ2 also associates with the TREX2 mRNA export fac-
tor PCID2 and RNA polymerase (Pol) II to prevent R-loop
accumulation, which can lead to replication fork stalling
and dysregulated transcriptional elongation (14,15).

BRCA1- and BRCA2-deficient cells are hypersensitive to
treatment with inhibitors of poly ADP ribose polymerase
(PARPi) through multiple mechanisms, including the syn-
thetic lethality that results from unresolved DNA damage
(16,17) and the replication arrest that results from physi-
cal obstruction of replication forks by PARP trapping (18).
Several PARP inhibitors have been approved by the U.S.
Food and Drug Administration for the treatment of can-
cer in patients with BRCA1 or BRCA2 mutations, such
as olaparib (breast and ovarian cancer), rucaparib (ovar-
ian cancer), and niraparib (ovarian cancer, regardless of
BRCA mutation status) (19-22). However, about 60% of the
patients did not respond to PARPi due to pre-existing or
therapy-induced resistance, suggesting that a deeper under-
standing of BRCA1/BRCA2 biology and new anticancer
strategies are needed to overcome PARPI resistance.

In this study, we employed CRISPR screening to iden-
tify genes that can rescue the lethality of BRCA2 loss
in HEK293A cells. We first engineered a mini auxin-
inducible degron (mAID) tag at the C-terminus of endoge-
nous BRCA2 and utilized AID technology to inducibly
deplete BRCA2 expression. We then performed unbiased
whole-genome CRISPR guide RNA (gRNA) screens to dis-
cover genetic alterations that can alter the gene essentiality
in BRCA2-deficient cells. We identified POLQ and APEX2
among the most synthetic lethal genes, which was consis-
tent with previous studies (23-27). Moreover, we found that
loss of several genes such as CCNC, MED12, CDKS and
MED?24, which belong to the RNA Pol II transcription
Mediator complex, led to improved survival of BRCA2-
deficient cells even with the treatment of PARPi. Deple-
tion of CCNC decreased DNA damage signaling in BRCA2
deficient cells upon PARPi treatment which may help cell
survival. This enhanced survival was not due to restora-
tion of HR. To explore the potential mechanisms under-
lying this synthetic viability relationship, we performed
total mRNA sequencing (mRNA-Seq) with both control
and BRCA2-depleted CCNC- and MED12-knockout (KO)
cells. We found that genes involved in the regulation of
cell proliferation, like those in the transforming growth fac-
tor (TGF)-beta signaling pathway and extracellular matrix
(ECM)-receptor interaction pathway, were altered signifi-
cantly. However these alterations may not be sufficient for
rescuing cell lethality upon BRCA2 depletion. Interestingly,
depletion of CCNC could restore replication fork stability
in BRCAZ2 deficient cells. Taken together, our findings sug-
gest that CCNC is one of the critical genetic determinants
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that dictate responses to treatment with PARPi in BRCA2-
deficient cells with its role in replication fork protection.
The information provided here may help the design of bet-
ter treatment strategies for patients with BRCA2 mutated
cancers.

MATERIALS AND METHODS
Cell lines

The HEK293A cell line was purchased from the Ameri-
can Type Culture Collection (ATCC) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum. Capan-1 cells were a gift from
Dr. Katharina Schlacher at MD Anderson Cancer Center
and were grown in DMEM with 10% fetal bovine serum.

Chemicals

LY2157299 (S2230, Selleck Chemicals), CT251921 (HY-
19984, MedChem Express), AZD-6738 (B1167, BioVi-
sion), Camptothecin (390238, Calbiochem), Olaparib
(10188-, VMR international), beta-aminopropionitrile
(A3134, Sigma-Aldrich), Mitomycin C (M4287, Sigma-
Aldrich), Etoposide (E1383, Sigma-Aldrich), Hydroxyurea
(H8627, Sigma-Aldrich), Talazoparib (204710, Medkoo).

Antibodies

CCNC (A301-989A, Bethyl Laboratories), CDKS8 (41068,
Cell Signaling Technology), MED12 (45298, Cell Signal-
ing Technology), MED13 (A301-278A, Bethyl Laborato-
ries), MED24 (A301-472A, Bethyl Laboratories), MED25
(sc-393759, Santa Cruz Biotechnology), BRCA2 (A303-
434A, Bethyl Laboratories), Vinculin (#V9131, Sigma), HA
(#H3663, Sigma), B-tubulin (#T5168, Sigma), GFP (sc-
9996, Santa Cruz Biotechnology), RADS51 (ab63801, Ab-
cam), yH2AX (05-6361, Millipore Sigma).

AID-Tagging of endogenous BRCA2

The CRISPR/Cas9 technology was used to knock in
the mAID-EGFP tag to the C-terminus of endogenous
BRCA2. HEK293A cells stably incorporating Tet-inducible
expression of OsTIR1 were generated via infection with
lentivirus expressing OsTIR1 (pInducer20 backbone; Ad-
dgene; #44012). After selection with G418, single clones
were picked and confirmed using Western blotting. Next,
HEK293A OsTIR1 plInducer20 cells were co-transfected
with PX330 plasmid and a BRCA2-knock-in donor vec-
tor (PUC19 backbone) containing mAID, EGFP, P2A
self-cleavage site, and blasticidin resistance selection gene
flanked by approximately 1 kb of homology arms. Positive
clones were first screened by genomic PCR and further val-
idated via western blotting. BRCA2 CKI gRNA sequence
is: 5-ATATATCTAAGCATTTGCAA-3'.

Generation of KO cells

CCNC- and MEDI12-KO cells were generated by using the
pLentiCRISPRv2 constructs in HEK293A OsTIR1 pln-
ducer20 BRCA2 CKI mAID-EGFP cells. Cells were tran-
siently transfected with the indicated pLentiV2 gRNA plas-
mids and selected with puromycin (2 pg/ml). Single clones
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were then plated into 96-well plates. After incubation for 2
weeks, the single clones were picked and validated by west-
ern blot. To generate pooled KO cells, HEK293A OsTIR1
pInducer20 BRCA2 CKI mAID-EGFP cells were infected
with indicated pLentiCRISPRv2 lentivirus and selected
with puromycin (2 pg/mL). CCNC gRNA-1 and MEDI12
gRNA-2 were used for the generation of KO clones. gRNA
sequence used were listed below:

CCNC-KO gRNA-1: 5Y-TAGGCAAAGATCCGTTC
TGT-3;

CCNC-KO gRNA-2: 5-ATACCTAAAGCTATCAT
GAA-3,

CDK8-KO gRNA-1: 5-TGCAGCCCTCGTATTCA
AAC-3;

CDKS8-KO gRNA-2: 5-ACTATGCTGAACATGAC
CTC-3;

CDKS8-KO gRNA-3: S-TTCACTACCTGCATGCTAA
C-3;

MED12-KO gRNA-1: 5-AGGATTGAAGCTGACGT
TCT-3;

MEDI12-KO gRNA-2: 5¥-GGGAGCGTGACATTGTA
CGT-3;

MED13-KO gRNA-1: 5-AGCGTAACCGAAGACAT
AGC-3;

MED13-KO gRNA-2: 5-GATAGTACTAGCCACCA
TGG-3;

MED24-KO gRNA-1: 5-CCCTTCTTAGCGCCCTC
CAC-3;

MED24-KO gRNA-2: 5-ATACCTTACTGATGGCT
GTG-3;

MED25-KO gRNA-1: 5¥-GCGCCTATGAGTTTGTC
ACC-3%;

MED25-KO gRNA-2: 5-TTACCTGGCAGTGGAGC
CCG-3

Whole-genome CRISPR gRNA screening

The TKOv3 gRNA library (total 71090 gRNAs) con-
tains 70,948 gRNAs targeting 18 053 protein-coding genes
(four gRNAs/gene) plus 142 control gRNAs targeting
LacZ, EGFP, and luciferase was a gift from Dr Traver
Hart (MD Anderson Cancer Center). CRISPR screen-
ing was conducted as described previously (28,29). Briefly,
120 million HEK293A OsTIR1-pInducer20 BRCA2 CKI
mAID-EGFP cells were infected with the TKOv3 library
lentiviruses at a low MOI (<0.3). Twenty-four hours af-
ter infection, the medium was replaced with fresh medium
containing puromycin (2 pg/ml). After selection, cells were
placed in two groups: one was cultured in the medium con-
taining DMSO as control wild-type BRCA2 cells, and the
other cultured in the medium containing Doxycycline (1
wg/ml; Sigma) and TAA (500 wM; Fisher Scientific) to in-
duce BRCA2 degradation as BRCA2-depleted cells. Both
groups contained two replicates, with each replicate con-
taining about 20 million cells passaged every 3 days and
maintained at about 200-fold coverage. At days 0 and 21,
30 million cells (>300-fold coverage) were collected for
genomic DNA extraction using a QIAamp Blood Maxi
Kit (QIAGEN). gRNA inserts were amplified via PCR us-
ing primers harboring Illumina TruSeq adapters with i5
and 17 barcodes as described previously (30), and the re-

sulting PCR libraries were sequenced using an Illumina
HiSeq 2500 system. Model-based Analysis of Genome-wide
CRISPR /Cas9 Knockout (MAGeCK) (31) and drug-Z (28)
analysis were used to calculate the difference in gRNA en-
richment between the control BRCA2-WT cells and cells
with BRCA?2 depletion.

Cell survival assay

For cell growth assays, cells were seeded in six-well plates
(10° per well), passaged every 2 days, and cell numbers
were determined. For clonogenic assays, equal numbers of
cells were seeded onto six-well plates in triplicate, treated
with various doses of radiation or different concentrations
of various chemical drugs, and incubated for 10-14 days.
Colonies were fixed and stained with 0.5% crystal violet.
The colonies were counted using ImagelJ software (NIH) or
manually. All cell survival assays were performed at least in
triplicate.

Immunofluorescence staining

The immunostaining experiment was performed similarly
to that described previously (32). Briefly, cells grown on
glass coverslips were fixed in 3% formaldehyde for 15 mins
on ice and then permeabilized for 15 mins in 0.5% Triton X-
100, which was followed by blocking with 5% bovine serum
albumin for 1 h at room temperature. Cells were then incu-
bated with primary antibodies diluted in 5% bovine serum
albumin for 2 h at 37°C and indicated secondary antibody
for 1 h at room temperature. Coverslips were mounted with
the use of DAPI solution (Thermo Fisher Scientific).

DNA fiber analysis

DNA fiber analyses were carried out as reported with mi-
nor modification (33). Briefly, cells were first pulse-labeled
with 25 wM IdU for 30 min, washed three times with PBS,
then pulse-labeled with 250 pM CIdU for 30 min followed
by 4 hrs of treatment with 2mM HU. Cells were harvested
and resuspended in PBS for a final concentration of 1500
cells/pl. Cells were then lysed in lysis buffer (200 mM Tris—
HCI (pH 7.5), 50 mM EDTA, 0.5% SDS), DNA fibers were
stretched onto positively charged glass slides and fixed in
methanol:acetic acid (3:1). After rehydration in PBS twice
for 5 min, DNA were denatured with 2.5 M HCI for 1
h, slides were then washed with PBS for three times and
blocked with 5% BSA at 37°C for 1 h. The newly replicated
1dU and CIdU tracks were immunostained using mouse-
anti-BrdU (1/100, 347580, BD Biosciences) and rat-anti-
BrdU (1/100, Ab6326, Abcam) primary antibodies, and
Alexa Fluor 546 goat-anti-mouse IgG1 (1/500, A-21123,
ThermoFisher Scientific) and Alexa Fluor 488 goat-anti-rat
(1/500, A-11006, ThermoFisher Scientific) secondary an-
tibodies respectively. Coverslips were mounted using Pro-
Long Gold Antifade Mountant (ThermoFisher Scientific).

HR reporter assays

DSB repair efficiency by HR was measured in U20S cells
stably expressing HR reporter DR-GFP reporter as previ-
ous described (34). Briefly, CCNC knocking down U20S



DR-GFP cells were generated by infection with CCNC gl
Lenti-virus. Then control and CCNC knocking-down cells
were transfected with 50 pmol control siRNA or BRCA2
siRNA (SR300471, OriGene Technologies) with Lipofec-
tamine RNAIMAX (ThermoFisher Scientific). Twenty-
four hours later, 2 wg of I-Scel expression vector were
transfected into the cells with Lipofectamine™ 3000 (Ther-
moFisher Scientific). After culture for an additional 48 h,
cells were collected and subjected to flow cytometry analy-
sis to determine percentages of GFP-positive cells.

RINA-Seq and data analysis

HEK293A BRCA2 CKI mAID-EGFP WT, CCNC-
KO and MEDI12-KO with or without BRCA2 depletion
cells (each with two biological replicates) were collected and
total RNA was extracted using an RNeasy Mini Kit (QI-
AGEN; #74104) according to the manufacturer’s instruc-
tions. The library was prepared using an Illumina TruSeq
Stranded Total RNA Library Prep Kit, including rRNA de-
pletion and sequencing at NextSeq 550 (Illumina) to gener-
ate 75-bp paired ends.

For RNA-seq data analysis, reads were adapter-trimmed
and preprocessed with Cutadapt software (version 1.15) for
quality control and data filtering. Genome mapping was
conducted using STAR (version 2.5.3a) (35) and the hu-
man reference genome (GRCh38). Genes abundance was
measured by HTseq-count uniquely-mapped reads number
with default parameter and using the ENSEMBL v83 an-
notations. Only genes with >5 reads in at least one sample
were retained. The raw read counts of retained genes were
submitted for differential expression analysis by DESeq?2
software (36). The resulting P-values were adjusted by the
Benjamini and Hochberg approach (37) to control for false
discovery rate (FDR). Genes with fold change (FC) >1.35
and FDR <0.05 were considered as differentially expressed
genes (DEGs). Standard gene set enrichment analysis was
performed with a hypergeometric test using RDAVID Web-
Service (v1.19.0) (38).

Statistical analyses

Statistical analyses were performed with the use of Stu-
dent t-tests (two-tailed) or one-way ANOVA in GraphPad
PrismS8 software. All results are presented as means (4S.D.)
with at least three times repeats. (P < 0.05, “P < 0.01, P
< 0.001).

RESULTS

CRISPR screens to identify genes that can rescue cell lethal-
ity resulting from BRCA2 loss

BRCAZ2 loss of heterozygosity (LOH) is frequently observed
in BRCA2-mutated tumors, but biallelic loss of BRCA2
causes embryonic lethality in mice and inhibits prolifera-
tion of normal somatic cells (39-41). In order to fully inacti-
vate BRCA2 in normal cells, we introduced Auxin-inducible
degron (AID) technology to inducibly deplete BRCA?2 ex-
pression. This technology introduces a plant-specific degra-
dation pathway controlled by a phytohormone, auxin, into
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non-plant cells (42). In cells expressing the specific auxin-
perceptive F-box protein TIR1, which forms a functional
Skp1-Cullin-F-box ubiquitin ligase, proteins fused with an
AID tag derived from the indole-3-acetic acid 17 (IAA17)
protein in Arabidopsis thaliana can be induced for rapid
degradation by the addition of auxin to culture medium
(42,43). We first generated HEK293A cells with doxycy-
cline (Dox)-inducible expression of OsTIR1. We then used
CRISPR /Cas9-mediated gene editing to knock in a mAID-
EGFP tag at the C-terminus of BRCA2 at its endogenous
genomic loci in these cells (Figure 1A and B). When we
added Dox and auxin (using IAA) for 24 hrs, as shown
in Figure 1C, we noted that endogenously EGFP-tagged
BRCAZ2 protein was degraded. We also performed a colony
survival assay and confirmed that degradation of BRCA2
led to a reduction in cell survival (Figure 1D).

We used the Toronto Knock Out Library version 3
(TKOv3), which contains 70 948 gRNAs targeting 18,053
protein-coding genes (44), to perform unbiased whole-
genome gRNA screens for discovery of genetic alterations
that can rescue the lethality of BRCA2 loss in the estab-
lished BRCA2 mAID-EGFP-knock-in(KI) HEK293A cells
(Figure 1E). Following infection of HEK293A OsTIRI1
BRCA2 mAID-EGFP-KI cells with the TKOv3 gRNA li-
brary, we separated the cells into two groups- dimethyl sul-
foxide (DMSO)-treated (i.e. BRCA2+/+) and Dox&IAA-
treated (i.e. BRCA2-/-) groups. We allowed the cells to
grow for approximately 20 doublings and then collected
them for genomic sequencing. Deep sequencing confirmed
total gRNA reads in the two groups. We then performed
Drug Z analysis (44) and ranked the genes according to
their drugZ scores which was used to define possible vulner-
ability with BRCA2 ablation (Figure 1F and Supplemen-
tary Table S1). As shown in Figure 1F, drugZ analysis iden-
tified APEX2, POLQ, and PARPI1 rank on the top in the
list that showed synthetic lethality with BRCA?2 loss, which
is consistent with previous studies (23-26), as well as a re-
cent report by Dr. Stephen Elledge group using small DNA
repair-focused short hairpin RNA and CRISPR gRNA li-
braries (27). These data suggested that our screening results
are reliable and informative for further follow-up experi-
ments. We also noticed that besides APEX2 and POLQ,
single gRNAs (sgRNAs) targeting APEX1 or RNASEH2A
also decreased significantly upon BRCA2 depletion (Sup-
plementary Figure S1A, Tables S2 and S3), suggesting that
these genes may be additional targets for synthetic lethality
with BRCA2 loss.

We then examined the top 200 genes whose loss would
lead to improved survival upon BRCA?2 loss based on the
drugZ score. By performing gene set enrichment analy-
sis using Gene Ontology (GO), we found the top 10 most
significantly enriched GO terms were related to transcrip-
tion regulation, mRNA splicing, and others (Figure 1G).
Surprisingly, we found that several RNA Pol II transcrip-
tion Mediator complex components (e.g. CCNC, CDKS,
MED24, MED25, MED16) were ranked on the top 10
among the synthetically survival genes. Deep sequencing
showed that levels of sgRNA reads targeting several Medi-
ator components were markedly higher in BRCA2-deficient
cells than those in the control cells (Supplementary Figure
S1B, Tables S2 and S3). These data suggested that loss of
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Figure 1. Genome-wide CRISPR /Cas9 screens identify genetic vulnerabilities in BRCA2-deficient cells. (A) Strategy for CRISPR-based mAID-EGFP
tagging at the C-terminal BRCA2 genomic loci in HEK293A OsTIR1 pInducer20 cells. TAA: stop coden; BSD: blasticidin; HR: homologous recom-
bination. (B) Genomic PCR was performed to validate the homozygous clone with correct insertion of mAID-EGFP tag. MW, molecular weight; WT:
wild-type; KI: knock-in. (C) Western blot showing that after cells were treated with Dox and IAA (indole-3-aceticacid), BRCA2 was degraded within 24
h. (D) Colony survival assay was performed to determine cell viability upon BRCA?2 depletion in HEK293A OsTIR1 pInducer20 BRCA2 mAID-EGFP
KI cells. (E) Schematic of the workflow for the CRISPR screen performed in HEK293A OsTIR1 pInducer20 BRCA2 mAID EGFP KI cells with TKOv3
whole-genome gRNA library. MOI, multiplicity of infection; DMSO, dimethyl sulfoxide; NGS, next-generation sequencing. (F) Ranking of BRCA2~/~
co-essential genes based on drugZ analysis of the results of CRISPR /Cas9 screen. The z-score was used to define possible vulnerability of cell lethality
with BRCA?2 ablation. The higher the score the more viable upon co-depletion of BRCA2. Likewise, the lower the score the greater vulnerability with
BRCAZ2 co-depletion. All genes targeted in the TKOv3 library were scored according to the fold change in the abundance of their sgRNAs (IAA-based
versus DM SO-based treatment). (G) The top 10 significantly enriched Gene Ontology (GO) Biological Process terms (P < 0.001) with the high-confidence
candidate genes whose loss of function led to survival of BRCA2 /= cells.

several RNA Pol II transcription Mediator complex com-
ponents is probably required for cell survival upon BRCA2
depletion.

The RNA Pol II transcription Mediator complex is required
for survival of BRCA2-deficient cells

Studies of genes resistant to lethality induced by BRCA2
loss should identify not only new components that may
function in or together with BRCA2-dependent DNA dam-
age repair but also potential biomarkers for PARPi-based

therapy in BRCA-deficient cancer patients. Researchers ini-
tially discovered the RNA Pol II transcription Mediator
complex in budding yeast through genetic and biochemical
studies (45-48) and later in mammals, flies, and other eu-
karyotes (49). RNA Pol II transcription Mediator is an evo-
lutionarily conserved multi-subunit protein complex (com-
prising 25 subunits in budding yeast and at least 31 sub-
units in humans) that is required for regulating RNA Pol
IT-dependent transcripts of protein-coding and noncoding
RNA genes (50). It serves as a functional bridge to trans-
duce signals from the transcription activators bound to en-



hancer regions to the transcription machinery, which is as-
sembled at promoters as the preinitiation complex (PIC) to
control transcription initiation (45,50,51). Mediator can be
divided into four main modules: the head, middle, tail and
transiently associated CDKS8 kinase modules (50).

Based on the drugZ analysis (Figure 1F), we picked
the top four synthetic survival candidates: CCNC, CDKS,
MED24 and MED25, all of which belong to Mediator com-
plex, for further validation of cell viability upon BRCA2
loss. We designed several sgRNAs that differed from the
ones used in the TKOvV3 library and showed that they
are effective in knocking down the expression of their tar-
get genes without altering BRCA2 expression in pooled
HEK293A BRCA2 mAID-EGFP-KI cells (Figure 2A).
Moreover, when we added IAA and Dox to inducibly de-
plete BRCA?2 in these pooled cells, BRCA2 was clearly
degraded as in control cells (Figure 2A), ruling out the
possibility that loss of these Mediator components some-
how affects the removal of BRCA2 in our experimental
system. We then performed long-term clonogenic survival
assays and found that cells with co-depletion of CCNC,
MED24, or CDKS8 with BRCA2 exhibited more survival
and PARPI resistance than did those with BRCA2 loss
alone, whereas depletion of MED25 had only a mild ef-
fect (Figure 2B and C). CCNC and CDKS, together with
the accessory subunits MEDI12 and MEDI13, constitute
an independent and reversible/dissociable regulatory sub-
complex called the CDKS8-dependent kinase module, which
play the core transcriptional function in the Mediator com-
plex (52). Thus, we also studied the other two components,
MEDI12 and MED13, in the CDK8-dependent kinase mod-
ule. We found that co-depletion of MED12 or MED13 with
BRCAZ2 showed respectively very significant or mild resis-
tance to cell lethality due to BRCA2 loss and/or PARPI-
based treatment (Figure 2D-F).

Among all the genes examined in long-term clonogenic
survival assays, CCNC depletion had the most dramatic
effects on cell survival. This is probably due to the fact
that CCNC is the only cyclin in the RNA Pol II tran-
scription Mediator complex, whereas other genes in this
complex have paralogs. For example, CDKS8, MEDI12,
and MEDI13 all have paralogs—CDK19, MEDI2L, and
MEDI13L, respectively—that are assembled in a mutually
exclusive manner (50,53). We performed a cell growth assay
with pooled CCNC-KO HEK293A BRCA2 mAID-EGFP-
KI cells and found that depletion of CCNC did not have
much effect on cell growth (Supplementary Figure S2A).
However, when we co-depleted CCNC and BRCA2 in these
cells, the cell growth rate was considerably faster than that
cells with only BRCA2 depletion. We then examined the
cell-cycle distribution for cells with CCNC depletion and
those with CCNC and BRCA2 co-depletion. As shown in
Supplementary Figure S2B and S2C, neither depletion of
CCNC nor co-depletion of CCNC and BRCA?2 affected
the cell-cycle profile, which agreed with previous studies
demonstrating that CCNC is not a conventional cyclin, its
expression is not altered in different cell-cycle phases, and it
does not regulate cell-cycle progression (54,55).

We next generated fully CCNC-KO cells derived from
HEK293A BRCA2 mAID-EGFP KI cells for further study
(Figure 3A). By performing the clonogenic survival as-
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say, we confirmed that CCNC-KO cells displayed markedly
more survival and PARPI resistance than wild-type (WT)
cells when BRCA2 was depleted (Figure 3B-E). Consistent
results were obtained with two different PAPR inhibitors:
Olaparib (Figure 3B and C) and Talazoparib (Figure 3D
and E). We also knocked down CCNC in BRCA?2 defi-
cient Capan-1 cells (Figure 3F). In consistent with the re-
sults in HEK293A cells, we confirmed that depletion of
CCNC showed both Olaparib (Figure 3G—H) and Tala-
zoparib (Figure 3I-J) resistance in Capan-1 cells. We also
found that overexpression of CCNC in both HEK293A
BRCA2 mAID-EGFP and Capan-1 cells showed mild sen-
sitivity to Olaparib treatment (Supplementary Figure S3),
suggesting that CCNC expression is an important regula-
tor of PARPI sensitivity in BRCA2 deficient cells.

In summary, our data suggested that the RNA Pol II tran-
scription Mediator complex especially CCNC may be a crit-
ical genetic determinant that dictates the responses to treat-
ment with PARPi in BRCA2-deficient cancer cells.

CCNC-KO cells are resistant to treatment with several DNA-
damaging agents

We next examined whether CCNC depletion has an effect
on cellular sensitivity to various DNA-damaging agents
even in the presence of BRCA2. Our group previously
reported that loss of genes from the Mediator complex
(e.g. CCNC, MEDI12, MED13, MED?24) also showed resis-
tance to treatment with ATR inhibitors through CRISPR
screening (29). We therefore performed a colony forma-
tion assay with treatment with an ATR inhibitor (ATR1)
or different DNA-damaging agents. As shown in Figure
4A, CCNC-KO cells displayed significant resistance to the
ATRIi (AZD6738), which agrees with our previous finding
(29). We also found that CCNC-KO cells were resistant to
treatment with mitomycin C (MMC), camptothecin (CPT)
and PARP inhibitor (Olaparib) at different concentrations
(Figure 4B-D) and mildly resistant to irradiation (IR) (Fig-
ure 4E). However, these cells did not exhibit much differ-
ence to treatment with hydroxyurea (HU) and exhibited
slight sensitivity to etoposide treatment (Figure 4F and G).
These findings hint that loss of CCNC may somehow pro-
tect replication fork, since MMC, CPT and Olaparib are all
known to affect replication fork stability. However, CCNC-
KO cells were not resistant to HU treatment, which also
causes replication fork stalling and/or collapse. This may be
explained by several different cell-killing mechanisms pro-
posed for HU. The well-known function of HU is to in-
hibit ribonucleotide reductase (RNR), which decreases the
deoxyribonucleotide triphosphate (ANTP) levels and there-
fore slows down the movement of DNA polymerases at
replication forks (56,57). Recent studies also suggested that
HU may have other targets such as other enzymes and the
matrix proteases (58-60). Suppression of these targets may
arrest cells in cytokinesis which also leads to cell lethality.
HU treatment can also result in the accumulation of Reac-
tive Oxygen Species (ROS) that also kill cells (61-63). Since
HU have multiple inhibitory effects, the response of CCNC
KO cells to HU in the long-term cell survival assay may rely
on one or several of these mechanisms.
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The roles of CCNC and the Mediator complex in pro-
moting cell survival in response to DNA damage appear to
be complex because these cells were sensitive to treatment
with some but not all DNA-damaging agents.

Regulation of gene expression by loss of CCNC or MED12

We then would like to evaluate how the Mediator com-
plex affects cell survival upon BRCAZ2 loss. Considering that
the major function of Mediator complex is in RNA Pol II-
dependent transcriptional regulation and MED12 loss is re-
ported to confer resistance to treatment with ALK, EGFR,
BRAF, and MEK inhibitors and cytotoxic agents in various
cancer cell types by activating TGF-beta signaling (64). We
generated CCNC- and MED12-KO in HEK293A BRCA2
mAID-EGFP KI cells (Figure 3A and Supplementary Fig-
ure S5A) and performed total mRNA sequencing to deter-
mine how the gene expression is altered in both parental and
BRCA2-depleted CCNC- and MED12-KO cells. As shown
in Supplementary Figure S4A-S4D, we placed these RNA-
seq data in four groups to perform the analysis: CCNC-KO
versus CCNC-WT cells (referred to as CCNC KO) (Sup-
plementary Figure S4A), BRCA2- and CCNC- double KO
versus BRCA2-KO cells (referred to as B2 CCNC DKO)
(Supplementary Figure S4B), MED12-KO versus MED12-
WT cells (referred to as MED12 KO) (Supplementary Fig-
ure S4C), and BRCA2- and MEDI12- double KO versus
BRCA2-KO cells (referred to as B2 MEDI12 DKO) (Sup-
plementary Figure S4D). At a false discovery rate (FDR)
<0.05 and fold change > 1.35, we identified 652 differen-
tially expressed genes (DEGs) in CCNC KO, 486 DEGs in
B2 CCNC DKO, 991 DEGs in MED12 KO, and 641 DEGs
in B2 MED12 DKO (Supplementary Table S4). When we

P <0.001.

compared the DEGs in CCNC KO and B2 CCNC DKO,
we found that 311 of them were the same, which represented
64% (311/486) of the DEGs in B2 CCNC DKO (Supple-
mentary Figure S4E). MED12 KO and B2 MED12 DKO
shared 471 DEGs, which corresponded to 73.5% (471/641)
of the DEGs in B2 MED12 DKO (Supplementary Figure
S4E). These data suggested that BRCA2 depletion did not
dramatically affect gene expression in CCNC- or MED12-
KO cells. We then performed pathway enrichment analy-
sis of these DEGs using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway annotations (Supplementary
Table S5). We found that all four groups were enriched
in seven pathways: the TGF-beta signaling pathway, the
ECM-receptor interaction pathway, Focal adhesion, Amoe-
biasis, the PI3K-Akt signaling pathway, small cell lung can-
cer, and pathways in cancer (Supplementary Figure S4F).
These enriched pathways control cellular activities such
as proliferation, adhesion, migration, differentiation, and
apoptosis.

We further analyzed the DEGs involved in the TGF-beta
signaling pathway in the four groups described above (Sup-
plementary Figure SSB-S5E). We found that in the CCNC
KO and B2 CCNC KO groups, genes that promote TGF-
beta signaling, such as TGFB2, TGFBR1, and CDKN2B
(65), were significantly upregulated, whereas genes that
inhibit TGF-beta signaling, such as SMAD6, SMURF2,
MYC, TGIF2 and ID4 (66-70), were dramatically down-
regulated (Supplementary Figure S5B and S5C), suggest-
ing that TGF-beta signaling was activated by depletion of
CCNC in both WT and BRCA2-depleted cells. We found
similar patterns in MEDI12 KO and B2 MEDI12 DKO,
with SMAD6, SMURF2, MYC, TGIF2, and ID1-4 down-
regulated and TGFB1, TGFB2, and CDKN2B upregu-



lated (Supplementary Figure S5D and S5E). These analy-
ses implied that activation of TGF-beta signaling by loss
of CCNC or MEDI12 might be one of the mechanisms by
which cell survival is enhanced as previously reported (64).

We therefore checked whether inhibition of TGF-beta
signaling could restore the lethality and PARPI sensitivity
in BRCAZ2 deficient cells. As shown in Supplementary Fig-
ure S6A and S6B, treatment with the TGF-BR inhibitor
LY2157299 in CCNC-BRCA2 DKO or MED12-BRCA?2
DKO cells could not restore the lethality and PARPi sen-
sitivity in BRCA2 deficient cells, suggesting that the ac-
tivation of TGF-beta signaling may not be sufficient for
these functions. We also checked and found that inhi-
bition of ECM-receptor interaction pathway with Beta-
aminopropionitrile (BAPN) also failed to restore the lethal-
ity and PARPi sensitivity in BRCA2 deficient cells (Supple-
mentary Figure S6C and D). Thus, although loss of CCNC
or MEDI12 indeed influenced transcriptional regulation of
several pathways which regulate a wide spectrum of cellular
functions, at least two of these pathways could not account
for or were not sufficient for the resistance phenotypes ob-
served in these BRCA?2 deficient cells.

Loss of CCNC leads to decreased DNA damage signal in
BRCAZ2 deficient cells without restoration of HR

We then checked the DNA damage level in CCNC-BRCA?2
DKO cells with or without PARPi treatment. As shown in
Figure 5A and B, in non-treated HEK293A BRCA2 WT or
depleted cells, CCNC KO did not result in much difference
of yH2AX staining compared to cells with WT CCNC.
However, when treated with Olaparib for 24 hrs, CCNC
KO cells displayed significant decreased y H2AX foci num-
ber in both BRCA2 WT or depleted cells. We also repeated
these experiments in Capan-1 cells and found that knocking
down of CCNC in CAPAN-1 cells significantly decreased
the yH2AX staining when treated with Olaparib (Figure
5C and D). We then checked whether the decreased DNA
damage signal is due to the restoration of HR repair since
it is one of the known PARPI resistance mechanisms (71).
As shown in Figure 6A and B, depletion of CCNC did
not affect RADSI foci formation upon Olaparib treatment.
Moreover, when BRCA2 was depleted, we could not de-
tect any cells with RADS]1 foci formation, supporting the
known critical role of BRCA2 in promoting RADS51 load-
ing and RADS5]1 foci formation. Co-depletion of CCNC
with BRCA2 did not rescue RADS51 foci formation (Figure
6A and B), suggesting that the rescue of cell lethality due
to CCNC loss does not result from restoration of HR. We
also utilize U20S HR reporter system to assess the impact
of CCNC depletion on HR restoration. As shown in Figure
6C and D, knocking down of CCNC could not increase HR
repair efficiency in either control siRNA (sictrl) or BRCA2
siRNA (siBRCA?2) treated cells. All these data suggest that
the resistance caused by CCNC depletion is not due to the
restoration of HR repair.

Loss of CCNC restores replication fork stability in BRCA2
deficient cells in response to replication stress

In addition of its role in HR repair, BRCA2 is also required
for the protection of stalled replication forks, which could
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be degraded by nucleases such as MREI1 and MUSS81
upon replication stress (13,72). The restoration of replica-
tion fork stability can also lead to PARPi resistance (71,73).
We thus assessed the impact of CCNC depletion in replica-
tion fork protection in BRCA?2 deficient cells upon repli-
cation stress using DNA fiber assay. As shown in Figure
7A and B, HEK293A BRCAZ2 depleted cells exhibited HU-
induced nascent DNA degradation, which was presented by
decreased CldU/1dU tract ratio, and this could be partially
restored upon CCNC depletion. We also performed similar
experiments in Capan-1 cells. We found that depletion of
CCNC did not affect CldU/1dU tract ratio in normal con-
dition. However, when cells were treated with HU to induce
replication stress, CCNC depletion significantly increase the
CldU/1dU tract ratio when compared with those in control
cells (Figure 7C and D). These observations indicate that
the restoration of replication fork stability by the loss of
CCNC may explain PARPI resistance in BRCA2 deficient
cells.

DISCUSSION

PARPi-based therapy is becoming standard of care for
breast and ovarian cancer patients with BRCA mutations.
With PARPI resistance emerging in the clinic, a key objec-
tive is to enhance PARPi-based therapy and overcome ther-
apy resistance. In this study, we used an AID system to in-
ducibly degrade BRCA2 in HEK293A cells and carried out
unbiased whole-genome CRISPR gRNA screens to identify
genetic alterations that alter cell lethality caused by BRCA2
loss. We identified APEX2, APEXI1, POLQ, and PARPI1
as BRCA2 synthetic lethal targets, which is consistent with
the results of several previous studies (23-27). Moreover,
we discovered that loss of RNA Pol II transcription Media-
tor components like CCNC, MED12, CDKS8 and MED24
led to improved survival of PARPi-treated and untreated
BRCAZ2-depleted cells.

Because the Mediator is best known for its function with
RNA Pol II in regulating gene transcription and MED12
loss is reported to confer resistance to treatment with ALK,
EGFR, BRAF and MEK inhibitors and cytotoxic agents
in various cancer cell types through activation of TGF-
beta signaling, via promotion of TGF-BR2 maturation
and induction of partial EMT (64), we performed total
mRNA-Seq using control and BRCA2-depleted CCNC-
and MEDI12-KO cells. We found that indeed many genes
involved in the TGF-beta signaling pathway and ECM-
receptor interaction pathway were changed at the tran-
scriptional level. However, inhibition of TGF-beta signal-
ing or ECM-receptor interaction pathway did not restore
the lethality and PARPi sensitivity in BRCA2 deficient cells,
suggesting that dysregulation of those signaling pathways
could not fully account for the resistance mechanisms due
to loss of CCNC or other Mediator components in BRCA2-
deficient cells.

To explore the potential mechanisms underlying this syn-
thetic viability relationship, we next checked that the role
of CCNC in the regulation of HR and replication fork sta-
bility in BRCA2 deficient cells. We found that depletion
of CCNC could not restore HR, but it decreased DNA
damage signal in BRCA2 deficient cells upon PARPI treat-
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ment, suggesting that CCNC loss may help cell survival
in a way other than the restoration of HR. Interestingly,
we showed that depletion of CCNC was able to restore
replication fork stability in BRCA?2 deficient cells, which
may account for decreased DNA damage signal. Taken to-
gether, our findings suggest that CCNC is one of the crit-
ical genetic determinants that dictate responses to treat-
ment with PARPi in BRCA2-deficient cells with its po-
tential role in regulating DNA replication fork stability
upon replication stress. These data may help designing bet-
ter treatment strategies for patients with BRCA2 mutated
cancers.

The TGF-beta signaling pathway plays a complex role in
tumorigenesis, including epithelial to mesenchymal transi-
tion (EMT) (74), angiogenesis (75), tumor-cell motility and
metastasis (76), cancer-associated fibroblast (CAF) prolif-

eration (77), and immunosuppression (78). MEDI12 loss
is reported to confer resistance to treatment with ALK,
EGFR, BRAF and MEK inhibitors and cytotoxic agents
in various cancer cell types through activation of TGF-beta
signaling via promotion of TGF-BR2 maturation and in-
duction of partial EMT (64). In our study, we found that be-
sides the loss of MED12, depletion of other Mediator com-
ponents like CCNC, MED24, and CDKS also significantly
enhanced cell viability when BRCA2 ablation was induced,
with or without PARPi treatment. Moreover, CCNC-KO
cells exhibited resistance to treatment with multiple, al-
though not all, DNA-damaging agents (Figure 4), raising
the possibility that CCNC acts similarly to MEDI12 and
confers resistance to a number of anticancer drugs. Thus,
CCNC loss may be a general biomarker for drug resistance
in multiple cancer types.
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Several Mediator components have been linked with var-
ious diseases. For example, CCNC locus (6q21) was asso-
ciated with loss or translocation in about 10% of child-
hood acute lymphoblastic leukemia (T-ALL) (79). Dele-
tion in the proximal arm of 6q is observed in about one
third of prostate cancers (80). Mutations of MEDI12 are
found in X-linked dominant mental retardation as well as
prostate cancer and uterine leiomyoma (81-84). A muta-
tion in MED17 is associated with infantile cerebral atrophy
(85), and a mutation in MED23 co-segregates with intellec-
tual disability (86). It is possible that some BRCA2-mutant
cancer patients may experience resistance to PARPi-based
treatment or have pre-existing resistance to PARPi due to
loss or functional inactivation of some of these mediator
genes. We queried the TCGA PanCan 2018 database avail-
able at cBioPortal (https://www.cbioportal.org/) to deter-
mine the distribution of different alterations of CCNC and
MEDI2 (gene amplification, deep deletions, mutations, fu-
sions, and multiple alterations) at the DNA level in clinical
tumor samples. Deep deletion of CCNC was most common
in several types of cancer and some other genetic alterations
were also found (Supplementary Figure S7TA). Most cancer
types had missense mutations in MED12, but few cancer

types also had amplification and deep deletion of MED12
(Supplementary Figure S7B). We further checked whether
the levels of CCNC and MED12 RNA expression in tumors
correlate with patient overall survival (OS). By using RNA-
Seq data in the pan-cancer dataset of Kaplan-Maier Plotter
(kmplot.com), we found that the expression of both CCNC
and MEDI12 was correlated with increased overall survival
durations in kidney renal clear cell carcinoma, thymoma,
and rectum adenocarcinoma patients (Supplementary Fig-
ure S7C and D), suggesting that altered expression of these
genes might contribute to drug resistance and shorten sur-
vival of patients. However, this is not the case for all types
of cancer. For example, the higher expression of CCNC and
MEDI2 in breast cancer patients was associated with poor
prognosis (Supplementary Figure S7C and D), indicating
complex and likely tissue-specific functions of these Media-
tor complex components in tumor progression and therapy
resistance that warrant further investigation.

Although detailed mechanisms of Mediator-loss induced
resistance still need to be further investigated, our find-
ings link it with replication fork protection in BRCA2
deficient cells upon replication stress. These observations
may provide new insights into potential transcriptional-
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Figure 7. Depletion of CCNC restore replication fork stability in BRCA2 deficient cells upon replication stress. (A) Schematic of IdU/CIdU pulse-labeling
followed by a 4 hrs hydroxyurea (HU; 2 mM) treatment (top). Representative images of IdU and CIdU replication tracks in HU-treated HEK293A
BRCA2 mAID CCNC-KO and WT cells with (+IAA) or without BRCA2 depletion are shown (bottom). (B) Dot plots of CIdU to 1dU tract length
ratios for individual replication forks in cells from (A). The median value of 100 or more IdU and CIdU tracts per experimental condition is indicated.
Statistical analysis was conducted using Mann-Whitney test (n.s. not significant, ***P < 0.001). (C) Schematic of IdU/CIdU pulse-labeling followed by
a 4 h hydroxyurea (HU; 2 mM) treatment (top). Representative images of 1dU and CIdU replication tracks in DMSO or HU-treated Capan-1 LentiV2
and CCNC gl cells are shown (bottom). (D) Dot plots of CIdU to 1dU tract length ratios for individual replication forks in cells from (C). The median
value of 100 or more IdU and CIdU tracts per experimental condition is indicated. Statistical analysis was conducted using Mann—Whitney test (n.s. not

significant, P < 0.001).

independent roles of Mediator in the cell. R-loops which
are DNA-RNA hybrids formed during transcription can
potentially interfere with DNA replication progression
(87,88). BRCA2 has been reported to associate with the
TREX2 mRNA export factor PCID2 and RNA poly-
merase (Pol) II to prevent R-loop accumulation, which
can lead to replication fork stalling and dysregulated tran-
scriptional elongation (14,15). Mediator may help dis-
solve R-loop formation or accumulation caused by BRCA2
loss. Of course, further studies are needed to test these
hypotheses.

In summary, our unexpected results suggest that some of
the RNA Pol II transcription Mediator components espe-
cially CCNC may be critical genetic determinants that dic-

tate responses to PARP1 treatment in BRCA2-deficient cells
and act as general determinants of drug response in multi-
ple cancer types, which may help in design of new strate-
gies for the treatment of BRCA2 mutated and other types
of cancers. This opens a new direction for studying cell sur-
vival following DNA damage repair defects and/or treat-
ment with various anticancer agents, which may not directly
influence DNA repair but promotes general survival follow-
ing stress.
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