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Abstract

BRCAZ mutations are significantly associated with early onset breast cancer, and the tumour
suppressing function of BRCA2 has been attributed to its involvement in homologous
recombination [1]-mediated DNA repair. In order to identify additional functions of BRCA2, we
generated BRCAZ2-knockout HCT116 human colorectal carcinoma cells. Using genome-wide
microarray analyses, we have discovered a link between the loss of BRCA2 and the up-regulation
of a subset of interferon (IFN)-related genes, including APOBEC3F and APOBEC3G. The over-
expression of IFN-related genes was confirmed in different human BRCAZ2™~and mouse BrcaZ™”~
tumour cell lines, and was independent of either senescence or apoptosis. In isogenic wild type
BRCAZ cells, we observed over-expression of IFN-related genes after treatment with DNA-
damaging agents, and following ionizing radiation. Cells with endogenous DNA damage because
of defective BRCAL or RAD51 also exhibited over-expression of IFN-related genes.
Transcriptional activity of the IFN-stimulated response element (ISRE) was increased in BRCAZ2
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knockout cells, and the expression of BRCA2 greatly decreased IFN-a stimulated ISRE reporter
activity, suggesting that BRCAZ2 directly represses the expression of IFN-related genes through the
ISRE. Finally, the colony forming capacity of BRCAZknockout cells was significantly reduced in
the presence of either IFN-p or IFN-v, suggesting that IFNs may have potential as therapeutic
agents in cancer cells with BRCAZ2 mutations.

Introduction

Inherited BRCAZ mutations predispose carriers to early onset breast, ovarian, and other
cancers [2,3]. The primary role of BRCAZ2 is in HR-mediated DNA damage repair [4]. In
BRCAZ mutant cells, the formation of DNA damage foci by RAD51 filaments is reduced
and HR repair efficiency is greatly compromised, leading to an increased error-prone DNA
repair and ultimately, genomic instability [5,6]. In addition, a number of evidence supports a
role for BRCA2 in transcriptional regulation. BRCA2 forms a complex with Smad3 and
synergizes in regulating the transcription of Smad3-dependent luciferase reporters [7]. In
Arabidopsis, BRCAZ2 is a major regulator of immune gene transcription [8]. In human cells,
the expression of two innate immunity genes (UCRP and UBEZL 6) were down-regulated
after BRCA2 knock down [9]. Furthermore, BRCAZ2’s interacting partner EMSY binds to
the promoter of IFN-related genes and represses transcription in a BRCA2-dependent
manner [10], supporting a link between the regulation of IFN-related genes and BRCA2/
EMSY complex.

IFNs are produced not only by the immune system cells, but virtually by all human cells
infected with pathogens[11,12]. There are three major functions for IFNs: innate immune
response, activation of adaptive immune response, and anti-tumour activity [11]. IFNs
directly induce apoptosis in many cancer cell lines, and boost the body’s immune system to
fight cancers. Indeed, a number of reports have demonstrated IFNs are effective in
combination anti-cancer therapies for pancreatic cancers, lymphomas, melanomas, etc [13—
18].

Although IFN responses have been studied for many years, new discoveries continue to be
made and the complexity of the IFN-related network is increasing. Recently, a link between
DNA damage and the IFN response was discovered. Following treatment with the
topisomerase inhibitor etoposide, NF-xB was activated resulting in the induction of the IFN
response [19]. STATL, an upstream mediator of IFN signalling, plays an important role in
DNA damage repair [20]. In addition, BRCAL, a major regulator of HR-based DNA repair,
is required for the enhanced expression of type | IFN-related genes after IFN-y stimulation
[21-25]. Furthermore, an IFN-related gene signature was associated with resistance to
chemotherapy and radiation therapy in breast cancer [26]. In this study, we reveal a link
between BRCAZ2, another major contributor to HR, and IFN-related genes.
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We identified an enrichment of up-regulated IFN-related genes in BRCAZ2-knockout human
and mouse tumor cell lines. The expression of IFN-related genes is induced by exogenous
DNA damage and also endogenous DNA damage. BRCAZ~~ cells showed higher
expression of promoter activity on ISRE and the expression of BRCA2 decreased IFN-a
stimulated ISRE reporter activity. Our experimental results suggest that there are two
pathways regulating IFN-related genes in BRCAZ2~ cells, one is the endogenous DNA
damage in BRCAZ”~ cells, and the other is the direct transcriptional repression by BRCA2.
Finally, IFN-B and IFN-y reduced the colony forming capacity of BRCAZknockout cells,
suggesting that a therapeutic window may be found to selectively kill cancers with BRCA2
deficiency.

Materials and Methods

Cell lines

HCT116 BRCAZ** cells were from ATCC (CCL-247), and the BRCAZ™~ cells were
created in this study. Mouse mammary tumour BRCAZ knockout cells (K14-
Cre;Brca2F1/F1L; n53F2-10/F2-10) and control mouse mammary tumour BRCAZ proficient
cells (K14-Cre;Brca2 WUWt p53F2-10/F2-10y were from Dr. Jos Jonkers’ lab and were cultured
as described [27]. HCC1937 and HCC1937/WT-BRCA1 were from Junjie Chen’s lab [28]
and are cultured in RPMI 1640 with 10% FBS. Two PEOL1 cells maintained by different
people (PEO1-CH and PEO1-SL) are from Dr. James Brenton’s lab [29]. C4-2 cells are
from Toshiyasu Taniguchi’s lab [30]. PEO1 and C4-2 cells are cultured in RPMI 1640 with
10% FBS.

Targeted disruption of the human BRCA2 locus in HCT116

The gene targeting construct was generated by using a recombinant adeno-associated virus
(rAAV) system and has been described by others [31]. More details can be found in
supplementary methods and supplementary Figure S1.

RAD51 knockdown by shRNA interference

pGIPZ shRNAs for Rad51(RHS4430-98818235, RHS4430-99151947 and
RHS4430-99157804) were bought from Open Biosystem. HCT116 cells were infect with
lentivirus particle packaged with pooled shRNA for RAD51 or scramble control in MOI=5.
48hrs after infection, cells were split onto 10 cm dishes and fed with fresh medium
supplemented with 0.5ug/ml puromycin for three days.

Microarray expression analysis

Total RNA was extracted using QIAzol™ lysis reagent (Qiagen, Maryland, USA), then
hybridized to Affymetrix HUEx 1.0 exon chips. The microarray data were analyzed using the
oneChannelGUI package of the R statistical programming language (R version 2.11.1, R
Development Core Team, 2010). Raw intensity calls were normalized using quantile
normalization [32] and probeset summarization (core plus extended) undertaken with RMA
[33].
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Drug treatment, antibodies and X-irradiation

Aphidicolin, Phleomycin and Camptothecin were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and the Parp1l inhibitor from Kudos (Ku 0059436), Cambridge, UK. Paclitaxel
was from Sigma. Irradiation was performed with a 250 kV X-ray unit at a dose rate of 4.7
Gy/minute.

Primary antibodies against ACTIN and y-H2AX (phosphor S139) were purchased from
Abcam (Cambridge, MA, USA). BRCA2 antibody was from Calbiochem (Ab-1). RAD51
antibody was from Abcam (ab213).

Apoptosis and senescence assay

Apoptosis was assayed via Annexin V-FITC and propidium iodide (PI) staining according to
the manufacturer’s protocol (Invitrogen Carlsbad, CA, USA). Senescence was measured by
staining for senescence-associated p-Galactosidase (SA-B-gal) using a kit from Chemicon
(Billerica, MA, USA).

Quantitative real-time reverse transcription PCR

Total RNA was isolated by miRNAeasy kit (Qiagen, Maryland, USA), and was treated by
on-column DNase digestion. The RNA was quantified by Nanodrop and quality was then
assessed with Agilent’s 2100 Bioanalyzer. First strand cDNA was synthesized by using M-
MLV (Invitrogen). Quantitative PCR was performed on an ABI 7900HT system using
primers and probes listed in Supplementary Table 2. Relative cDNA amounts were estimated
with the AACt method normalizing to three reference genes: 18S rRNA, ACTIN B, and
LAMIN A (human) or Actin B, Pgkl1, and Hprt (mouse).

Clonogenic assay

Cells were incubated in 6 cm plates. The medium with IFN-B (EMD calbiochem,
Darmstadt, Germany) or IFN-y (EMD calbiochem, Darmstadt, Germany) was changed
every 3 — 4 days with fresh IFN added. After 10 days, colonies were fixed and stained with 4
mg/ml methylene blue dissolved in methanol.

Luciferase reporter assay

Firefly luciferase reporter construct with tandem ISRE promoter elements and constitutively
expressing Renilla luciferase construct are from Qiagen. Luciferase reporter activity was
measured using dual-luciferase reporter assay system from Promega.

Chromatin Immunoprecipitation (ChIP) Analysis

Chromatin was prepared from HCT116 cells and immunoprecipitations were performed as
described previously [34]. Primer sequences for ISG15 promoter are:
TCCCTGTCTTTCGGTCATTC and TTGGCTTCAGTTTCGGTTTC

Statistical analysis

Details of statistical analysis are in supplementary methods.
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Results

Generation of a BRCA2 knockout human cell line

To identify the molecular mechanisms underlying the observed link between BRCA2 and
DNA repair and discover additional functions of BRCA2, we generated BRCAZ knockout
HCT116 cells (Figure S1). These homozygous knockout cells did not produce BRCA2
protein (Figure S1e). Two homozygous BRCAZ knockout cell clones (B18 and B46), as well
as the parental HCT116 cells, were used for further analysis. The homozygous BRCAZ2
knockout cells exhibited phenotypes consistent with those in previously published reports
[35,36], including loss of Rad51 foci in the presence of double strand breaks (DSB) (Figure
S2a), chromosomal rearrangements (Figure S2b), and elevated sensitivity to the DNA
damaging agents Phleomycin and Parp1 inhibitors (Figure S2c, 2d).

In the absence of exogenous DNA damage, BRCAZ™~ cells accumulate endogenous DNA
damage, manifested by significantly increased numbers of y-H2AX and 53BP1 foci
observed by immunofluorescence (Figure 1a—d). Western blot analyses revealed expression
of y-H2AX in BRCAZ!~ cells even in the absence of irradiation, whereas BRCAZ''* cells
only expressed -y-H2AX following irradiation (Figure 1e). These results indicate that DNA
damage occurs in BRCAZ2 knockout HCT116 cells even in the absence of exogenous
genotoxic stress.

Expression of IFN-related genes is up-regulated in BRCA2 knockout HCT116 cells

We performed genome-wide microarray analyses to identify differentially expressed genes
in wild type and BRCAZ2-deficient HCT116 cells. Genes that showed more than a two-fold
change (in BRCAZ~ cells relative to wild type control cells) are listed in Supplementary
Table 1. BRCAZwas identified in the list of genes down-regulated in knockout cells,
demonstrating that this assay is able to successfully identify differentially regulated genes.
Several genes in the IFN response pathway -- including APOBEC3G, APOBECS3F, IFI44
and APOBECS3D -- were up-regulated in BRCAZ-deficient cells.

In order to identify functional enrichments in BRCA2-deficient cells, we entered the top 200
differentially expressed gene loci into GeneMANIA (a web-based version of algorithms
used in the Cytoscape network visualization tool [37,38]). No pathway was enriched at a
statistically significant level when only canonical nodes were considered. However a
powerful feature of network visualization is the ability to extend the list of query genes by
adding functionally similar genes. After adding 100 associated genes to the top 200
differentially expressed genes, functional networks were identified with type | IFN-related
pathways at the top of the enrichment list with very low false discovery rate values (Table 1),
followed by cytokine signalling and angiogenesis pathways.

To confirm the link between BRCAZ2 and type | IFN-related genes discovered from
GeneMANIA, we performed quantitative RT-PCR analysis on genes in the type | IFN
response pathway. Figure 2 shows that a number of IFN-related genes were expressed at
higher levels in two independently derived HCT116 BRCAZ'~ clones (#18 and #46),
compared to isogenic BRCAZ'* cells. The most highly over-expressed genes included
APOBEC3G, OAS1, IFITZ, IRF3, ISG15, IFI44 and /RF1 (all adjusted p < 0.05 for both
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mutant clones) plus APOBEC3Fand MX1 (all adjusted p < 0.05 for clone #46). We also
measured the mRNA levels of three types of IFNs. For type | IFN, there was no difference in
the MRNA levels of IFN-a., measured by pan-specific primers for different IFN-a subtypes
between BRCAZ proficient and deficient cells. For IFN-B, both BRCA2 knockout clones
showed decreased expression relative to BRCAZ proficient cells. The transcription of the
type Il IFN, IFN-y, was not detectable in both HCT116 wild type cells and BRCAZ2
knockout cells (data not shown). For type I IFN, IFN-A.1 expression was significantly
higher in two BRCAZ knockout clones (clone46 and clonel8) than wild type cells.

The observed over-expression of IFN-related genes in BRCAZ~ cells could potentially be
explained by increased apoptosis. The percentage of apoptotic cells was slightly higher in
the BRCAZ™!~ (mean 7.3%, n = 3 replicates) than the BRCAZ2*'* cells by flow cytometric
analysis with Annexin V and PI staining (mean 2.6%, n = 4 replicates, Dunnett’s test p =
0.03; Figure S3a, Figure S5b). To rule out an apoptotic/dead cell influence on our findings,
we isolated the Annexin V-negative fraction (i.e. the non-apoptotic, live cells) by
fluorescence activated cell sorting (Figure S3b), and performed quantitative RT-PCR on the
Annexin V-negative BRCAZ''* and BRCAZ~ HCT116 cells. Some IFN response genes
were still expressed at higher levels in the non-apoptotic BRCAZ™~ cells than in wild type
cells (APOBEC3G, IFITZ, IRF1, MX1, PKR, all adjusted p < 0.05, Figure S3c). Taken
together, this suggests that the over-expression of IFN-related genes observed in BRCAZ '~
cells is not restricted to apoptotic cells.

Some reports attribute the expression of IFN-related genes to cellular senescence [39,40]. To
investigate this possibility, we measured the activity of B-galactosidase, a senescence
marker, in BRCAZ™!~ and BRCAZ'"* cells. Although the growth rate of BRCAZ~ cells was
slower than that of BRCAZ''* controls, the percentage of senescent BRCAZ™~ cells was
similar to that of wild type cells (Figure S3d, Figure S6), indicating that the enhanced
expression of IFN-related genes in BRCAZ™~ cells is not a result of senescence.
Collectively, these findings suggest that neither apoptosis nor senescence precedes the
induction of IFN-related genes.

Up-regulation of IFN-related genes in BRCA2 deficient ovarian cancer cells and mouse

tumor cells

To further understand the role of BRCAZand its relationship with IFN-related genes, the
expression of IFN-related genes was evaluated in a BRCAZ mutant ovarian cancer cell line,
PEOL. Because of a point mutation in BRCAZ, PEOL1 cells are sensitive to cisplatin. The
function of BRCAZ was restored by a secondary mutation in BRCAZ and the cell (C4-2)
acquired cisplatin resistance [30]. The mRNA level of IFN-related genes was compared
between two PEOL cells (PEO1-CH and PEO1-SL) and C4-2 cells. Consistent with the
result in HCT116, up-regulation of a number of IFN-related genes was observed in PEO1
cells relative to C4-2 cells (Figure 3a).

Furthermore, quantitative RT-PCR was used to measure IFN-related gene expression levels
in mouse mammary tumor BrcaZ knockout and isogenic/wild type cells [27]. Since OAS!
and APOBEC3G have the highest levels of expression among IFN-related genes in human
HCT116 BRCAZ~ cells (Figure 3b), we focused our analysis in murine cells on these two
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gene families. There are eight OASZ orthologs in the mouse genome, of which five were
significantly up-regulated in BrcaZ'~ mouse cells (Figure 3b: Oas1 B, C, D, E, Fall
adjusted p < 0.05, estimated fold changes ranging from 1.9-8.5). The mouse genome does
not contain orthologs of APOBEC3G or APOBECS3F, but does contain four genes in the
cytidine deaminase family: Apobecl, Apobec2, Apobec3and Aicda. \We analyzed the
expression levels of Apobec (the dominant deaminase in mouse [41]) and Aicda by RT-
PCR. Transcript levels of Apobec and two isoforms of Aicdawere increased in Brcaz !~
cells compared to wild type controls (Figure 3b: all adjusted p < 0.05). These results
demonstrate that the over-expression of certain IFN-related genes in BRCA-deficient cells is
a common feature of both human cells and mouse tumor cells.

IFN-related genes were induced by endogenous and exogenous DNA damage

The up-regulation of IFN-related genes following DNA damage has been reported in several
human cancer cell lines [19,40]. BRCAZknockout cells accumulate endogenous DNA
damage (Figure 1), and this may explain the increased expression of IFN-related genes.
However, for HCT116 cells, the cells we used in this study, the relationship between the IFN
response and DNA damage has not been analyzed yet. Therefore, we tested whether the
transcription of IFN-related genes could be induced following DNA damage in wild type
HCT116 cells.

DNA damage was induced with either ionizing radiation or drugs causing ssDNA and
dsDNA breaks (Phleomycin, Camptothecin, or Aphidicolin). IFN-related genes were
differentially up-regulated by the different DNA damaging agents (Figure S4). The set of
IFN-related genes induced by DNA damage in wild type HCT116 cells was similar with that
constitutively over-expressed in BRCAZ~ cells. In addition, the expression of IFN-related
genes following DNA damage preceded apoptosis and senescence (Figure S5, S6).
Furthermore, the up-regulation of IFN-related genes is not a general drug effect because a
taxane (paclitaxel), a chemotherapy drug without direct DNA damaging activity, did not
stimulate the expression of IFN-related genes (Figure S7).

As IFN-related genes are induced by DNA damaging agents, it is reasonable to hypothesize
that they may also be induced in cells with endogenous DNA damage. To examine this
hypothesis, we measured the expression of IFN-related genes in cells with defects in two
important DNA damage repair genes, BRCAL and RAD51. HCC1937 is a breast tumor cell
line expressing only truncated BRCAL and is hypersensitive to DNA damaging agents [28].
RT-PCR results demonstrated that IFN-related genes were over-expressed in HCC1937 cells
comparing with HCC1937/WT-BRCAL cells (Figure 4a). In addition, we knocked down
RAD51, an important HR pathway component, in HCT116 cells. Comparing with scrambled
control, IFN-related genes were up-regulated in RAD51 knockdown cells (Figure 4b). Taken
together, the data suggest that increased expression of IFN-related genes can be caused by
endogenous DNA damage.

BRCA2 modulates the expression of IFN-related genes through ISRE

Most IFN regulated genes have one or more ISRE elements (GAAANNGAAAG/CTC) in
their promoters that function as enhancers for transcriptional activation by IFN-a and IFN-p
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[42]. In order to evaluate whether the repression of the IFN response by BRCA2 was
mediated through ISRE, we analyzed the activity of a luciferase reporter containing tandem
ISRE in the promoter of a firefly luciferase gene. Relative luciferase activity was calculated
by normalizing firefly luciferase activity to renilla luciferase activity (serving as a
transfection control). The relative luciferase activity level was significantly higher in two
BRCAZknockout clones than in wild type cells (Figure 5a), indicating that the BRCAZ2 is
able to regulate the expression of IFN-related genes through promoter ISRE.

To further investigate the role of BRCAZ2 in transcriptional regulation of IFN-related genes,
we measured the stimulation of ISRE reporter activity by IFN-a after expressing full-length
BRCAZ2. The relative luciferase activity of ISRE was significantly increased following IFN-
a treatment (p=0.00022) (Figure 5b). With the transfection of pRK5-BRCAZ2 construct,
IFN-a stimulation on ISRE reporter activity was eliminated (p=0.18), suggesting that
BRCAZ2 represses the transcription of IFN-related genes through the ISRE element. On the
contrary, when RAD51construct was transfected into the cell, the IFN-a induced activation
of ISRE activity was not affected (p=9e-05), consistent with the notion that the modulation
of ISRE activity by BRCA2 is specific. The expression of BRCA2 in pRK5-BRCA?2
transfected cells and RAD51 in RAD51-V5 transfected cells were confirmed by western blot
(Figure S8).

A recent report shows that EMSY, which interacts with BRCAZ2, directly binds to the
promoter of IFN-related genes and represses their expression [10]. In addition, the repressive
effect of EMSY on IFN-related genes is dependent on BRCAZ2 [10]. These results suggest
the importance of EMSY in the regulation of IFN-related genes. In order to further
understand the relationship between BRCA2 and EMSY, we tested whether BRCA2 affected
the chromatin-binding capacity of EMSY. We performed a CHIP assay for EMSY and
analyzed its association with the promoter of one IFN-related gene, /SG15[10]. Consistent
with Ezell et al., we observed an association between EMSY and the ISG15 promoter in
wild type cells. Comparable results were observed in BRCAZ knockout cells, wherein
EMSY also bound to the ISG15 promoter (Figure 5c, p=0.96). Thus, BRCA2 doesn’t affect
the binding capacity of EMSY to the ISG15 promoter.

Exposure to IFNs inhibits BRCA2™~ cell growth

As IFNs repress cell growth and promote apoptosis, the over-expression of IFN-related
genes in BRCAZ~ cells may affect cell viability. Indeed, we observed slower growth
phenotype on BRCAZ~~ cells comparing with BRCAZ** cells. We assessed whether IFN
treatment could further decrease the cell viability of BRCAZ™~ cells and induce selective
cell death. If so, there would be a possible therapeutic application of IFN treatment on
BRCAZ2 deficient tumours. There are many type | IFNs, which bind to common receptors,
and induce similar biological reactions [43]. As IFN signalling is known to involve crosstalk
[44], we have tested the response of BRCAZ™~ cells to both type | (IFN-B) and type Il (IFN-
v) IFNs. Clonogenic assays were performed with wild type and BRCAZ™'~ HCT116 cells
subjected to IFN-p or IFN-7 treatment. In the presence of IFN-B or IFN-y, BRCAZ™~ cells
exhibited significantly reduced survival relative to wild type cells (p = 0.038 for Figure 6a,
and p= 6.14e-10 for Figure 6b). The number of colonies formed and the size of the colonies
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were both greatly reduced in the BRCAZ™~ cells (Figure 6¢c and 6d). These results indicate
that the growth of BRCAZ knockout cells is repressed by both type I and type Il IFNs.

Discussion

We have evaluated the role of BRCAZin transcriptional regulation at a genome-wide level
by performing microarray analyses on BRCAZ knockout and isogenic wild type cells. IFN-
related genes are up-regulated in BRCAZ2 knockout HCT116 cells and are in the most
enriched functional category among all the over-expressed transcripts. These results were
confirmed in both human and mouse cell lines, indicating the link between loss of BRCAZ
and the over-expression of IFN-related genes is evolutionarily conserved. In addition, we
found that deficiency in other components of HR pathway, such as BRCA1 and RAD51,
also results in the induction of IFN-related genes, suggesting that up-regulation of IFN-
related genes is associated with endogenous DNA damage.

Over-expression of genes in the IFN signalling pathway has been observed in many types of
tumours. Ovarian cancer with a BRCAI or BRCAZ mutation exhibited high expression of
IFN-related genes [45]. In breast cancer, an immune response gene expressing subgroup has
been identified, and is associated with improved prognosis in triple negative breast cancers
[46,47]. Recently, activated immune response has been associated with the loss of Fanconi
anemia/ BRCA (FA/BRCA) pathway in breast cancer patients, and has been validated as a
biomarker of increased sensitivity to DNA damaging chemotherapy [48]. Our cell line
model and knockdown experimental results are consistent with these clinical data,
supporting that aberrations in BRCAZ or other components in BRCA DNA damage repair
pathway result in the direct activation of immune response.

By using a luciferase reporter assay, we found increased transcriptional responses (mediated
by ISRE) in BRCAZ!~ cells suggesting that, similar to transcription factors in the JAK/
STAT pathway, BRCA2 also regulates IFN-related genes through the ISRE. The expression
of BRCAZ2 reduced IFN-a stimulated ISRE reporter activity, further supporting a role for the
BRCA2 complex in the direct regulation of IFN-related genes. Our CHIP assay showed that
EMSY still binds to the promoter of IFN-stimulated genes in the absence of BRCA2,
suggesting that the regulation of IFN-related genes by BRCA2 complex is independent of
EMSY’s chromatin binding capacity. CHIP result in Arabidopsis demonstrated that another
BRCAZ2 interaction protein, RAD51, was recruited to the promoters of defence genes during
plant immune response [8]. However, in our study, when RAD51 was over-expressed, it did
not modulate IFN-a induced ISRE activity (in contrast with BRCA2 expression) (Figure
5b). The detailed mechanism of how BRCA2 and its interacting partners, EMSY and
RADS51, regulate transcription of IFN-stimulated genes needs further investigation. But
taken together, our experimental results suggest that IFN-related genes may be up-regulated
in BRCAZ™~ cells through two pathways — direct regulation by BRCA2 and indirectly by
endogenous DNA damage in BRCAZ™~ cells.

A number of IFN response genes have been linked to growth inhibition, senescence and
apoptosis [49-52]. Our results suggest that under normal conditions, IFN-related genes are
mostly repressed by the BRCA2 complex, and this repression is released in BRCAZ
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knockout cells. In the presence of IFN, the induction of IFN-related genes further increases
in BRCAZ knockout cells, and results in higher sensitivity of BRCAZ knockout cells (than
wild type cells) to both IFN-p and IFN-y. Taken together, our results indicate that IFNs may
have therapeutic potential in reducing the growth of cancer cells with BRCAZ mutations. A
better understanding of the effect of IFNs on BRCAZ mutant cells under different genetic
backgrounds and microenvironments would be necessary for this purpose.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BRCA2™/ cells contain high levels of endogenous DNA damage

(a) Representative pictures of y-H2AX foci in BRCAZ"* and BRCAZ'~ HCT116 cells
before and after irradiation. (b) Representative pictures of 53BP1 foci in BRCA2** and
BRCAZ!~ HCT116 cells. (c) Percentage of cells with >5 y-H2AX foci in BRCAZ'*
HCT116 cells and two HCT116 BRCAZ™~ clones (clone #46 and clone #18). (d)
Percentage of cells with >4 53BP1 foci in BRCA2* and BRCAZ2~ HCT116 cells (clone
#18). Data were obtained from n=3 independent experiments for each cell line. Error bars
represent point-wise 95% confidence intervals. () Western blot analysis of -y-H2AX levels
in BRCAZ2''* and BRCAZ~ HCT116 cells before and after 10 Gray irradiation. ACTIN

was used as a loading control.
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Figure 2. The expression of a number of IFN-related genes is up-regulated in BRCA2/~ HCT116

cells

The levels of several IFN-related gene transcripts were assessed by quantitative reverse
transcription PCR in two BRCAZ'~ clones and in isogenic BRCA2** HCT116 cells. Each
gene was tested in 1-7 (average of 4) independent biological experiments, with each
biological experiment containing three technical replicates. 18S rRNA, ACTIN B and
LAMIN A were used as loading controls and the fold induction relative to wild type control
was averaged across all biological and technical replicates via the ANOVA linear model.
Error bars represent 95% confidence intervals.
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Figure 3. The induction of IFN-related genes in BRCA2 deficient ovarian cancer cells and mouse
tumor cells

(a) The up-regulation of IFN-related genes in two PEO1 clones (PEO1-CH and PEO1-SL),
relative to C4-2 cells. (b) The expression of OASZ and APOBEC3G orthologs is up-
regulated in Brca2”"~ mouse tumour cells. Fold change estimates relative to wild type
controls are shown. Pgk1, Hprtand Actin B were used as loading controls. Error bars
represent 95% confidence intervals.
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Figure 4. IFN-related genes are induced in cells with endogenous DNA damage
The expression of IFN-related genes was compared between HCC1937 cells relative to

HCC1937/WT-BRCAL cells (a) and RAD51 knocked down cells relative to cells infected
with scramble shRNA in HCT116 (b).
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Figure 5. BRCAZ2 regulates the expression of IFN-related genes through ISRE
(a) Relative luciferase (Firefly) activity of a reporter construct with ISRE elements was

compared between BRCAZ~~ mutant clones and the WT clone. Error bars represent a 95%
confidence interval for the relative intensity. (b) The effect of IFN-a treatment on ISRE
promoter activity with the transfection of different constructs. Means and 95% confidence
intervals are shown. () EMSY was CHIP from wt and BRCAZ2~~ cells, and the amount of
DNA immunoprecipitated at ISG15 promoter was quantified by RT-PCR relative to 1gG
control.
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Figure 6. The colony formation capacity of BRCA2™ cells
or IFN-B

IFN-y Concentration (ng/ml)
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is reduced by treatment with IFN-y

Colony survival fraction of BRCA2** and BRCAZ~ HCT116 cells treated with different
concentrations of IFN-f (a) or IFN-y (b) for 10 days. Colonies were counted and values
expressed as the percentage of viable colonies in treated versus untreated cells. Bootstrap
standard error bars and cubic model fits are shown. Representative colony formation pictures
are shown of BRCA2*'* and BRCAZ'~ cells grown in the presence or absence of 2000

I.U./ml IFN-B (c) or 100 ng/ml IFN-y (d).
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Table 1
Functional enrichment obtained by GeneMANIA analysis of the top 200 differently

expressed genes in BRCA27/~ cells plus 100 associated genes

The top 200 differentially expressed genes were entered into GeneMANIA, allowing 100 genes to be
associated with the query genes. The top 50 enriched functional GO annotations are listed.

GO annotation of query genes FDR Coverage
type | interferon-mediated signaling pathway 1.14E-14 18/66
response to type I interferon 1.14E-14 18/67
cellular response to type | interferon 1.14E-14 18/66
cytokine-mediated signaling pathway 2.05E-11 22/170
cellular response to cytokine stimulus 3.86E-11 22/177
response to cytokine stimulus 1.52E-10 23/212
blood vessel development 1.34E-07 18/171
vasculature development 4.35E-07 18/185
blood vessel morphogenesis 1.87E-06 16/157
angiogenesis 1.87E-06 15/135
cardiovascular system development 4.87E-06 20/275
circulatory system development 4.87E-06 20/275
anatomical structure formation involved in morphogenesis ~ 1.34E-05 19/264
positive regulation of locomotion 1.10E-04 12/113
regulation of cellular component movement 1.63E-04 15/193
regulation of locomotion 1.64E-04 15/194
endothelial cell migration 1.99E-04 9/60
regulation of cell migration 291E-04 14/177
regulation of cell motility 3.39E-04 14/180
regulation of anatomical structure morphogenesis 6.63E-04 14/191
cytokine activity 1.35E-03 8/57
leukocyte chemotaxis 1.47E-03 8/58
extracellular matrix 151E-03 13/178
response to other organism 1.74E-03 14/211
MAPKKK cascade 1.74E-03 16/273
regulation of endothelial cell migration 2.12E-03 7/44
transforming growth factor beta receptor signaling pathway  2.32E-03  9/84
positive regulation of cell motility 2.33E-03 10/108
positive regulation of cell migration 2.33E-03 10/108
transmembrane receptor protein serine/threonine kinase 2.76E-03 11/136
positive regulation of cellular component movement 3.56E-03 10/114
sprouting angiogenesis 3.58E-03 5/19
cell chemotaxis 4.14E-03  8/70
regulation of cytokine production 4.14E-03 13/202
leukocyte activation 4.17E-03 15/267

MAP kinase tyrosine/serine/threonine phosphatase activity =~ 4.52E-03  4/10
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GO annotation of query genes

negative regulation of immune system process
MAP kinase phosphatase activity

regulation of angiogenesis

cytokine production

epidermis development

positive regulation of angiogenesis

regulation of cell adhesion

inflammatory response

cellular response to interferon-gamma

FDR

6.72E-03
6.72E-03
6.87E-03
6.87E-03
6.87E-03
7.26E-03
7.26E-03
7.44E-03
8.87E-03

Coverage
7/55

4/11

8177
13/215
10/126
6/38
9/102
12/187
7/59

J Pathol. Author manuscript; available in PMC 2016 May 26.

Page 20



	Abstract
	Introduction
	Materials and Methods
	Cell lines
	Targeted disruption of the human BRCA2 locus in HCT116
	RAD51 knockdown by shRNA interference
	Microarray expression analysis
	Drug treatment, antibodies and X-irradiation
	Apoptosis and senescence assay
	Quantitative real-time reverse transcription PCR
	Clonogenic assay
	Luciferase reporter assay
	Chromatin Immunoprecipitation (ChIP) Analysis
	Statistical analysis

	Results
	Generation of a BRCA2 knockout human cell line
	Expression of IFN-related genes is up-regulated in BRCA2 knockout HCT116 cells
	Up-regulation of IFN-related genes in BRCA2 deficient ovarian cancer cells and mouse tumor cells
	IFN-related genes were induced by endogenous and exogenous DNA damage
	BRCA2 modulates the expression of IFN-related genes through ISRE
	Exposure to IFNs inhibits BRCA2−/− cell growth

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

