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Abstract

The BARD1 protein, which heterodimerizes with BRCA1, is encoded by a known breast can-
cer susceptibility gene. While several BARD1 variants have been identified as pathogenic,
many more missense variants exist that do not occur frequently enough to assign a clinical
risk. In this paper, whole exome sequencing of over 10,000 cancer samples from 33 cancer
types identified from somatic mutations and loss of heterozygosity in tumors 76 potentially
cancer-associated BARD1 missense and truncation variants. These variants were tested in
a functional assay for homology-directed repair (HDR), as HDR deficiencies have been
shown to correlate with clinical pathogenicity for BRCA1 variants. From these 76 variants, 4
in the ankyrin repeat domain and 5 in the BRCT domain were found to be non-functional in
HDR. Two known benign variants were found to be functional in HDR, and three known
pathogenic variants were non-functional, supporting the notion that the HDR assay can be
used to predict the clinical risk of BARD1 variants. The identification of HDR-deficient vari-
ants in the ankyrin repeat domain indicates there are DNA repair functions associated with
this domain that have not been closely examined. In order to examine whether BARD1-
associated loss of HDR function results in DNA damage sensitivity, cells expressing non-
functional BARD1 variants were treated with ionizing radiation or cisplatin. These cells were
found to be more sensitive to DNA damage, and variations in the residual HDR function of
non-functional variants did not correlate with variations in sensitivity. These findings improve
the understanding of BARD1 functional domains in DNA repair and support that this func-
tional assay is useful for predicting the cancer association of BARD1 variants.

Author summary

BARDI is a breast cancer susceptibility gene encoding a protein that primarily interacts
with BRCA1 in DNA repair. Although several BARDI variants are known to be
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pathogenic, many more variants do not occur frequently enough to assign a clinical risk.
In this paper, we identified 76 potentially cancer-associated BARDI variants from analysis
of over 10,000 tissue samples from people with cancer. It has previously been shown that
if a BRCA1 variant cannot repair damaged DNA, then it is likely to cause cancer. We
tested BARDI variants for DNA repair function and identified several non-functional var-
iants that were localized in parts of the BARD1 protein not previously associated with
DNA repair. Known benign BARD1 variants were found to be functional and known
pathogenic variants were non-functional, showing that examining DNA repair function
predicted variant pathogenicity. Cells expressing repair-defective BARD1 variants were
also more sensitive to DNA damaging agents. These findings help us better understand
how BARDI1 is involved in DNA repair and show that examining the DNA repair function
of BARD1 variants is useful for predicting their cancer risk.

Introduction

Variants in BRCAI and BRCA2 account for a plurality of hereditary breast and ovarian cancer
(HBOC) cases, and are associated with risks of 50-85% for breast cancer and 15-40% for ovar-
ian cancer [1-4]. BARDI forms an obligate heterodimer with BRCA1, which functions as both
an E3 ubiquitin ligase [5,6] and as a direct mediator of homologous recombination for the
recruitment of RAD51 to the sites of DNA double-strand breaks [7-9]. Truncated BARDI var-
iants have been identified in breast and ovarian cancers [10-12] and germline variants in the
BARDI gene are associated with increased cancer risk [13]. Still, for both BRCAI and BARDI,
the functional and clinical consequences are often unknown for sequence changes that replace
the encoded amino acid residue.

Both BRCA1 and BARDI are tested on clinical gene panels for breast and ovarian cancer
susceptibility. Many BRCA 1 variants, as well as a few BARDI variants, have been determined
to be clinically pathogenic. However, many more variants, which are generally missense substi-
tutions, do not occur frequently enough in the population to assign a cancer risk and are classi-
fied as variants of uncertain significance (VUS). The ClinVar database [14] gathers
information on pathogenic and benign variants, but most variants in its database are VUS. A
gene panel testing 25 breast cancer-associated genes found 42% of all tests have findings of a
VUS in one or more genes, indicating many people have such variants and there is a growing
need for their classification [15]. Datasets such as the Cancer Genome Atlas (TCGA) gather
information on missense variants, but are unable to be used for the accurate prediction of the
cancer predisposition of a specific VUS. Assays examining homology-directed repair (HDR)
function have demonstrated that known pathogenic BRCA1 variants are non-functional in
HDR, while benign variants are functional [16-19]. BARDI consists of an amino-terminal
RING domain, three ankyrin repeat domains, and two carboxy-terminal BRCT domains
[5,20]. Previous work in our lab has examined the HDR function of 29 BARDI variants, focus-
ing on the RING and BRCT domains [21].

In this study, we identified 76 BARDI missense and truncation variants that were poten-
tially cancer-associated from a large dataset containing exome-sequencing data on matched
germline and tumor samples [19,22], and tested them for HDR function. Several HDR-defi-
cient variants were identified in both the ankyrin repeat and BRCT domains. To examine the
effects caused by loss of HDR function, cells expressing HDR-deficient BARD1 variants were
treated with DNA damaging cisplatin or ionizing radiation. Cells expressing HDR-deficient
variants were more sensitive to DNA damage and formed significantly fewer colonies than
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cells expressing wild-type BARD1. Although cells expressing HDR-deficient variants were
more sensitive to damage than wild-type cells, quantitative variations in HDR deficiency did
not correlate with differences in sensitivity to DNA damage agents. The results of this study
reveal functional domains of BARD1 and suggest that the functional analysis of BARD1 HDR
activity is predictive of breast and ovarian cancer risk.

Results

Identification of BARDI variants as potential cancer-associated loss of
function variants

BARDI missense variants with potential cancer predisposition were identified in a set of
10,389 TCGA cancer samples from 33 cancer types using whole exome sequencing (Fig 1A)
[19,22]. 62 rare germline variants and 14 somatic variants were found with variant calling. The
variant allele frequency (VAF) and loss of heterozygosity (LOH) of germline variants were also
examined to identify variants that could be functionally important. Six variants—S339T,
T343I, V523A, N450H, G451fs and L239Q—were identified as having significantly higher
LOH, indicating they had an increased likelihood of being pathogenic (Fig 1B). At the begin-
ning of this study, variants were selected from a cohort of 4,034 samples [19,23] that later
became part of a larger set of 10,389 samples [22,24]. Because of changes to selection criteria
and data analysis, most, but not all, of the variants analyzed in this study were present in the
larger data set, which was used to update the variant calling (Fig 1C). While several variants
were not present in our newer data set, they are still likely present in the exome sequencing
data. Analyzed variants were present in 24 of the 33 cancer types examined, not just breast or
ovarian cancer, as might be predicted for a BRCA1 binding partner (Fig 1D).

Analysis of BARDI variants in Homology-Directed Repair (HDR)

76 BARDI missense variants, a majority of which were located in the ankyrin repeat and
BRCT domains or between these domains, were tested for function in the homology-directed
repair (HDR) assay (Fig 2A). For the HDR assay, a cell line that has two non-functional GFP
coding sequences integrated into its DNA is used to examine DNA repair function. One of
these GFP-encoding genes contains a recognition site for the rare-cutting restriction endonu-
clease I-Scel. When the I-Scel expression plasmid is transiently transfected into these cells, a
double-strand break is made in one of the GFP sequences. If homology-directed repair uses
the second GFP coding sequence as a template to repair across the double-strand break, then
the encoded GFP is rendered functional [16,25]. We used a HeLa-derived cell clone called
HeLa-DR, which has the GFP-encoding recombination substrate integrated at a single site.
After transfection of the I-Scel expression plasmid, 10-20% of the cells were converted to
GFP-positive [16]. Endogenous BARDI expression was depleted in HeLa-DR cells by two
rounds of transfection of a siRNA that targets the 3>-UTR of the BARDI mRNA. Simulta-
neously with the silencing of endogenous BARD1, BARDI variants were expressed from tran-
siently transfected plasmids that were resistant to the siRNA. Two days following the first
transfection, the siRNA and plasmid were transfected again into the cells along with the plas-
mid that expresses the I-Scel endonuclease. Three days after the second transfection, the num-
ber of GFP-positive cells was determined using flow cytometry (S1 Table). Full HDR activity
was observed under conditions of mock depletion of BARD1 by transfection with a control
siRNA (Fig 2A, bar 1) and by depletion of BARD1 using the 3’-UTR targeted siRNA with res-
cue by transfection of a plasmid that expressed wild-type BARD1 (Fig 2A, bar 3). Cells
depleted of BARD1 and transfected with an empty vector had a 25-fold decrease in HDR
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Fig 1. Selection of BARDI missense variants for functional analysis using sequencing data of cancer patient samples. (A) BARDI missense variants of
interest were identified in a cohort of 4,034 samples from 12 cancer types and a larger set of 10,389 TCGA samples from 33 cancer types with whole exome
sequencing [19,22]. (B) Identification of LOH in BARDI through comparison of VAF in tumor and normal samples. Each dot depicts one variant. The
diagonal line denotes neutral selection of the germline variant where the normal and tumor variant allele frequencies (VAFs) are identical. LOH was
considered significant at False Discovery Rate (FDR) < 0.05. (C) Number of samples containing each of the 76 BARDI variants in the 10,389 cohort [22]. (D)
Number of samples affected by each BARDI variant for each of the 33 cancer types.

https://doi.org/10.1371/journal.pgen.1008049.9001
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Fig 2. Functional analysis of BARDI variants. (A) 76 BARDI single missense substitutions were tested for function in the HDR
assay. HeLa-DR cells [16] were treated with control siRNA (lane 1) or siRNA specific to the BARDI 3’-untranslated region (UTR)
(lanes 2-80) and empty vector (lanes 1,2) or BARDI expression plasmid (lanes 3-80). Two positive controls were used: cells
treated with empty vector and control siRNA (lane 1), and cells depleted of endogenous BARD1 with wild-type BARD1 rescue
(lane 3). Cells treated with empty plasmid and BARDI 3’UTR siRNA were used as a negative control (lane 2). HDR function was
characterized by the percentage of GFP-positive cells measured using flow cytometry. Results in each experiment (+S.E.M.) were
normalized to the WT rescue (lane 3), which was set equal to 1. Results represent three independent transfections per BARDI
plasmid. Variants that are benign and pathogenic according to ClinVar are labeled blue and red respectively. Variants with
conflicting interpretations are labeled gray. HDR-deficient variants are marked by an asterisk and classified by having HDR
function less than 0.6 and p < 0.01 when compared with endogenous BARDI1 (control siRNA) using the Student’s ¢-test. (B)
BARDI variants tested in the HDR assay were examined for their expression relative to endogenous BARD1. Replicates were
pooled together to examine BARD1 expression. The BARD1 protein is indicated with an arrow, as the BARD1-specific band
migrated more slowly than a cross-contaminating band. The endogenously expressed BARD1 in control transfections (lanes 1, 14,
23,29, 33,41, 53, 65, 77, 90, 100) and the depleted BARD1 without rescue (lanes 2, 15, 24, 30, 34, 42, 54, 66, 78, 91, 101) can be
compared with the expression of variant BARD1 proteins as indicated. A tagged BARD1 V507A plasmid was used to confirm
BARDI expression (lanes 31 and 32, upper arrow) and migrated more slowly than endogenous BARD1 (lane 29, lower arrow). All
missense variants had expression higher than the endogenously expressed BARD1.

https://doi.org/10.1371/journal.pgen.1008049.9002

activity measured as the percentage of GFP-positive cells (Fig 2A, bar 2). We set the level of
GFP expression following a double-strand break to a value of 1 relative to wild-type rescue
(Fig 2A, bar 3) to facilitate comparison between experiments.

The 76 variants tested were from across the full coding sequence of BARDI. Variants whose
HDR activity was lower than 0.6 and whose expression was greater than or equal to endoge-
nous BARD1 were considered to be repair-deficient (Fig 2A and B). The eight variants located
in the RING domain, as well the 22 in the region between the RING and ankyrin repeat
domains, all had HDR activity similar to wild-type. Previous work in our lab [21] examined
the HDR activity of 29 BARDI missense variants, including additional variants in the RING
domain. We combined the current HDR results with the previously published results into a
single table containing 105 variants (S1 Fig). In this previous work, the variants L44R, C53W,
and C71Y in the RING domain were found to be defective in HDR due to defective binding to
BRCAI. Surprisingly, in the current study, four of the 17 variants in the ankyrin domain,
which has no known DNA repair function, were found to express full-length BARD1 and be
defective in HDR. Variants A460T, L465F, L480S, and P530L had HDR activity lower than 0.6,
which was significantly lower than cells expressing endogenous BARDI. The five variants
located between the ankyrin repeat and BRCT domains were proficient in DNA repair with
the exception of R565C, whose HDR activity was just below the cutoff of 0.6. Of the 19 mis-
sense variants tested in the BRCT domain, which is known to be involved in recruiting and
retaining the BRCA1-BARD1 heterodimer to areas of DNA damage, five were found to be
defective in HDR [26,27]. The variants S660R and G698D had HDR function comparable to
cells transfected with empty vector. The variants T598I, P707S, and G753D had activity higher
than empty vector but still significantly lower than endogenous BARD1. A larger fraction of
residues conserved across several mammalian species were mutated in repair-deficient variants
(9/10) than in functional ones (38/55) (S2 Fig). Five truncation variants were also tested, and
all were about as equally defective as the empty vector in the HDR assay. Previous work has
suggested that filtering using high LOH could be used to identify BRCAL1 variants defective in
HDR [19]. However, BARDI variants that were found to have high LOH (Fig 1B) were all
functional, with the exception of truncation variant G451fs.

Testing the HDR function of BRCA1 variants has shown that, with the exception of variants
that impact mRNA splicing, known pathogenic variants of BRCA1 are HDR-defective, while
known benign variants are not [16,17,19]. Similarly, the BARDI variants S241C and E361D,
which have been found in patients with breast cancer and are benign according to ClinVar, are
functional in HDR (Fig 2A, blue dots). Truncation variants V154fs, S551%, and Q564*, where
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the asterisk indicates a stop codon, are listed as pathogenic according to ClinVar and were
non-functional in the HDR assay (Fig 2A, red dots). Several other variants that were tested
have been identified in breast cancer patients and have conflicting interpretations of pathoge-
nicity (Fig 2A, gray dots).

We tested whether the level of expression of any BARD1 variants could have affected their
HDR activity. Expression of BARD1 variants was examined via immunoblot (Fig 2B). The rel-
ative expression of the endogenous BARDI and siRNA-depleted BARD1 were shown (Fig 2B
lanes 1, 2, 14, 15, 23, 24, 29, 30, 33, 34, 41, 42, 53, 54, 65, 66, 77, 78, 90, 91, 100,101). Though
the expression levels of missense variants differed, they all expressed at higher levels than the
endogenous BARDI. As an example, BARD1 L480S (lane 63) had lower expression than the
plasmid encoded wild-type (lane 55), but both had more intensely labeled bands than the
endogenously expressed BARD1 (lane 53). The variant BARD1 H606D is present in the immu-
noblots in Fig 2B (lane 103), but is not listed in Fig 2A because full length protein was not
detected, and it was found to contain a nonsense mutation at codon 125. Similarly, BARD1
L359fs is present in Fig 2B (lane 50) and S3 Fig (lanes 5, 14) but is not listed in Fig 2A because
it was a miss-call during variant selection. Frameshift and nonsense codon variants (Fig 2B
lanes 10, 60, 81, 84, 112) lacked full length BARD1. Truncation variants G451fs, S551*, Q564"
and V767fs expressed truncated BARD1, while variant protein V154fs was not detected (53
Fig). We infer that repair defects observed in truncation variants with poor protein expression
were due to the absence of protein instead of expressed, non-functional variant protein. We
conclude that for the missense variants, a low level of HDR activity was not due to low expres-
sion of the BARD1 protein.

Comparison of BARD1 HDR activity with sensitivity to DNA damage by
ionizing radiation and cisplatin
BARDI variants A460T, P707S, G753D, and V767fs were selected for further analysis, as they
covered a range of HDR activities below 0.6 when transiently expressed. The selected variants
and wild-type BARDI were tagged with the His-Biotin-Tobacco Etch Virus (HBT) tag [28]
and integrated into the FRT site of a HeLa-DR derivative cell line called HeLa-DR-FRT/TR
[29]. The advantage of these FRT site-containing cells was that the BARDI gene was stably
expressed from a single site and should have consistent levels of expression. We tested the sta-
bly expressed variants in the HDR assay to confirm repair proficiency was the same as the tran-
siently expressed variants. The HDR activities of these variants from Fig 2 are shown in
isolation (Fig 3A). The same repair trends were observed in both transiently expressed and sta-
bly expressed BARDI variants (Fig 3A and 3B). BARD1 A460T-integrated cells had the most
residual repair activity among these variants, and cells integrated with BARD1 P707S, G753D
and V767fs had decreasing levels of repair proficiency respectively. Expression of the inte-
grated BARD1 variants was also greater than or equal to that of endogenous BARD1 (Fig 3C).
BRCAI1 expression in variant-integrated cell lines was similar in cells expressing endogenous
BARD1 and the various defective BARD1 variants (Fig 3C). Thus, none of the changes in
HDR observed with these BARD1 variants were attributable to changes in BRCA1 expression.
We examined whether the quantitative loss of HDR proficiency correlated with the sensitiv-
ity of cells to extrinsic DNA damage. Clonogenic cell sensitivity assays were performed on
HeLa-DR-FRT/TR cells expressing integrated BARD1 wild-type and variants, as well as
endogenous-only unintegrated cells. Cells were depleted of endogenous BARD1 or BRCA1
and subjected to ionizing radiation (IR) (Fig 4) or cisplatin (Fig 5). Depletion of BARD1 or
BRCAL from the endogenous-only cells (E/siBARD and E/siBRCA) examined the effect of a
non-rescued HDR defect on sensitivity to IR and provided a baseline for DNA damage
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sensitivity (Fig 4A, bottom). E/siBARD and E/siBRCA cells formed significantly fewer colonies
after IR than control cells (E/siCON). BARD1 variant-integrated cells depleted of endogenous
BARD1 (Variant/siBARD) all formed significantly fewer colonies following IR than the same
cells treated with control siRNA (Variant/siCON) (Fig 4A, top). For ease of comparison, we
included results from Variant/siBARD, E/siBARD, E/siBRCA and WT/siBARD cells on one
graph (Fig 4B). Immunoblots were done to confirm knockdown of endogenous BARDI1 (Fig
4C). While expression of each BARDI1 variant differed, it was still greater than or equal to that
of endogenous BARDI.

E/siBARD, E/siBRCA and Variant/siBARD cells formed significantly fewer colonies than
WT/siBARD cells at most irradiation concentrations (Fig 4B). It was expected that increased
HDR deficiency would result in increased sensitivity to DNA damage agents. For example, we
expected that cells expressing BARD1 V767fs, the most HDR-deficient variant, would form
the least number of colonies. Cells expressing BARD1 A460T, the variant with the most resid-
ual HDR activity, were expected to have the largest number of colonies compared with the
other variants. Interestingly, this was not the trend observed in the results. Instead, HDR-
defective BARD1 variants were all equally sensitive to IR, and as sensitive as non-rescued cells
depleted of BARDI or BRCAL. Similarly, all four BARD1 variants were more sensitive than
wild-type to treatment with cisplatin (Fig 5A). Variant/siBARD, E/siBARD and E/siBRCA
cells formed significantly fewer colonies than Variant/siCON and E/siCON cells. Variant/
siBARD, E/siBARD and E/siBRCA cells also formed significantly fewer colonies than WT/
siBARD cells (Fig 5B). As seen with IR, all BARD1 variants and non-rescued cells depleted of
BARDI1 or BRCA1 were equally sensitive to cisplatin. In addition, BARD1 variant expression
remained consistently equal to or greater than that of endogenous BARD1 in cells, indicating
that decreased colony formation was not associated with decreased variant expression (Fig
5C). While decreased HDR function resulted in decreased colony formation, quantitative dif-
ferences in the HDR activity did not correlate to quantifiable changes in sensitivity to cisplatin
or IR.

Discussion

In this study, we found: 1) from 10,389 cancer samples across 33 cancer types, 76 BARDI mis-
sense variants were identified as potentially pathogenic and were selected for functional analy-
sis. 2) 16 of the 76 tested variants were defective for HDR, suggesting that these were
potentially pathogenic variants. 3) Four of the 17 variants tested in the ankyrin repeat domain,
for which there was no previously known DNA repair function, were deficient in homologous
recombination. 4) Five of the 19 variants tested in the BRCT domain, which does have known
DNA repair functions, were deficient in homologous recombination. 5) Variants that were
deficient in HDR rendered the cells sensitive to treatment with DNA-damaging cisplatin or
IR. 6) Quantitative differences in HDR deficiency among defective variants did not translate to
quantitatively different sensitivity to DNA damage.

The BRCA1-BARDI heterodimer is necessary for tumor suppressor function [5,30]. Vari-
ants that affect binding between BRCA1 and BARD1 have been linked to familial breast cancer
or are non-functional in the HDR assay [21,31,32]. Loss of BARD1 has been linked to
increased susceptibility to hereditary breast and ovarian cancer (HBOC) and is associated with
loss of tumor suppressor activity [4,13,33-36]. The importance of BARDI in cancer develop-
ment indicates how significant it is to determine whether BARDI VUS are benign or
pathogenic.

A rise in the quantity of genomic data has led to an increasing number of VUS, uncertain
due to their low frequency and conflicting reports of pathogenicity. In this paper, potentially
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Fig 3. HBT-tagged BARDI variants expressed from a single FRT site function similarly to transiently transfected variants in HDR.
(A) Of the 76 BARDI variants examined for HDR functionality (Fig 2A), BARD1 A460T, P707S, G753D, and V767fs were selected for
further study based on their range of HDR activity. (B) BARDI variants integrated into a single FRT site in HeLa-DR-FRT/TR cells [29]
functioned similarly to the same variants expressed in HeLa-DR cells by transient transfection. HBT-tagged BARD1 WT and variants were
integrated into HeLa-DR-FRT/TR cells via the FRT site for consistent single-site expression. Cells were treated with control or BARDI
3’UTR siRNA and examined via the HDR assay. Unintegrated HeLa-DR-FRT/TR cells were used as a control. For comparison, results
from transiently transfected cells were selected from Fig 2 (Fig 3A), and the results from expressing the integrated BARD1 variants are
shown. While HDR activity was lower in cells containing integrated BARD1 as compared with transiently expressed BARD1, the
integrated variants exhibited the same trend as the transiently expressed variants—BARD1 A460T was the most proficient, followed by
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BARD1 P707S, G753D, and V767fs. (C) Endogenous BARD1 was knocked down in treated stable cell lines, and BRCA1 and BARD1
expression were examined. HBT-tagged BARDI variants migrated more slowly on electrophoresis gels than endogenous BARD1, as
indicated by the upper (HBT-tagged) and lower (endogenous) arrows. HBT BARD1 was unaffected by the 3’UTR-targeted siRNA, while
endogenous BARDI1 was depleted. All of the BARDI variants expressed at higher levels than the endogenously expressed BARDI1 (middle).
BRCAL1 protein levels were not affected in variant-integrated cells (top).

https://doi.org/10.1371/journal.pgen.1008049.9003

pathogenic BARDI variants were identified in a dataset of 10,389 cancer samples from 33 dif-
ferent cancers [22]. From germline and somatic samples, 76 variants from across the entire
BARDI gene were identified as suggestive for being pathogenic. Analysis from the tumor
sequencing data indicated BARD1 S339T, T343I, V523A, N450H, G451fs, and L239Q had sig-
nificantly increased LOH, suggesting that these variants were more likely to be pathogenic.
However, with the exception of the G451fs truncation variant, the other five variants were
found to be functional in HDR. Previous work [19] has proposed that HDR-deficient BRCA1
variants could be identified using filtering based on increased LOH. In contrast, we have
found that increased LOH does not correlate with HDR deficiency for BARD1 variants. As we
are unaware of other studies regarding the relationship between LOH and HDR-deficient
BRCA1 and BARDI variants, these contrary results suggest that increased LOH is not a reli-
able indicator of non-functional variants. Data suggest that the HDR assay is a more effective
method for identifying deficient variants. As the variant expression plasmids used only contain
the mRNA coding sequence and we do not have access to patient samples, we cannot accu-
rately examine the mRNA expression levels. However, if the mRNA expression levels of LOH
mutants are lower than wild-type BARDI, this could indicate an HDR deficiency that we do
not observe in our protein expression experiments.

In addition, the variant A460T, which was non-functional in HDR, was identified as poten-
tially pathogenic during the original analysis of exome sequencing data [19] but was not con-
sidered pathogenic after updated analysis. These differences demonstrate the importance of
empirical results, such as the HDR assay, for evaluating whether a given variant is predictive of
cancer. Conversely, the results from functional assays may provide feedback for the improve-
ment of the bioinformatic interpretation of genomic data. While large scale genomic analyses
should be used to identify functionally significant variants, functional assays must still be uti-
lized for more comprehensive characterization of these variants.

The 76 BARDI missense variants were tested in the HDR assay to examine DNA repair
function. Variants were considered non-functional if their HDR activity was below 0.6 and sig-
nificantly different from endogenous BARD1. Previous work in our lab [21] characterized
fully non-functional variants as those with HDR activity significantly different from endoge-
nous BARD1 but not empty vector, and intermediate variants as those significantly different
from both endogenous BARD1 and empty vector. We have changed our classification stan-
dards based on the strength of the reproducibility in this study and for ease of analysis. We
now interpret variants as functional or nonfunctional and do not include the intermediate
phenotype. This interpretation is supported by the new data that the BARD1 A460T variant
would have been ranked as intermediate using the previous interpretation, but assays measur-
ing DNA damage sensitivity using IR and cisplatin indicated that BARD1 A460T was just as
sensitive as the V767fs variant, which scored similar to the empty vector in the HDR assay.

Based on BRCAL variant function in HDR, it was anticipated that BARD1 variants with
impact on HDR function would map to the RING and BRCT domains. In this study, we tested
eight variants in the BARD1 RING domain and none of them were defective for HDR. In a
prior study [21], we had analyzed another nine variants in the BARD1 RING domain; three of
these were defective for DNA repair activity. In the current study, we tested 19 variants in the
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Fig 4. Sensitivity of BARDI variants to ionizing radiation. (A) Endogenous-only cells and cells expressing BARD1 WT, A460T, P707S, G753D, and V767fs
were treated with control, BARDI 3’UTR or BRCAI 3’UTR siRNA and X-ray irradiated at doses of 1, 2, 4 and 6 Gy. Colonies were counted after 12 days of
growth followed by staining with crystal violet. Results in each experiment (+S.E.M.) were carried out in triplicate and converted to logarithmic scale. In each
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plot, the dashed line indicates control siRNA (siCON), and the solid line indicates depletion with the BARDI (siBARD) or BRCAI (siBRCA) 3’UTR-targeted
siRNA. The Student’s t-test was done to examine the growth of variant and endogenous-only cell lines treated with BARDI or BRCA1 siRNA relative to variant
and endogenous-only cells treated with control siRNA (indicated by asterisks; * = p < 0.05, ** = p < 0.01). Cells expressing the four BARDI variants, as well as
endogenous-only cells depleted of BARD1 and BRCAL1, were significantly different from variant and endogenous-only cells treated with control siRNA across
most irradiation doses. (B) Results from panel A are shown for the BARD1 WT and variant cell lines treated with BARDI 3’'UTR siRNA and endogenous-only
cells treated with BARDI or BRCAI 3’UTR siRNA. A Student’s ¢-test was done to compare the colony formation of BARD1 variant and BRCAL1 or
BARDI-depleted cell lines to BARD1 WT cells (indicated by asterisks). Colony counts of variants and BRCA1 or BARDI-depleted cell lines were significantly
different (p < 0.01) from WT at all concentrations except siBARD 6 Gy (p < 0.05) and P707S 1 Gy, G753D 1 Gy, and G753D 2 Gy (p > 0.05). (C) An
examination of the expression of endogenous BARD1 and BRCAL1 in treated BARDI variant-expressing and endogenous-only cell lines. Cells treated with
BARDI 3’UTR siRNA had depleted endogenous BARD1 expression, while HBT BARD1 was unaffected. Cells treated with BRCA1 3’UTR siRNA showed
depletion of endogenous BRCA1 and BARD1 expression. In all cases, the band representing the expression of the variant HBT BARD1 was denser than the
faster migrating band from the endogenous BARD1 protein.

https://doi.org/10.1371/journal.pgen.1008049.9004

BARD1 BRCT domain, and five of these were defective. BARD1 T598I, S660R, G698D, P707S,
and G753D were found to be non-functional in the BRCT domain. The BRCT domain has
been shown to interact with the HP1 protein in order to retain both the BRCA1-BARD1 com-
plex and CtIP, which is involved in DNA end resection, at the damage site [26]. The
BARDI-HP1 interaction is also necessary for the accumulation of DNA helicase FANC]J at
sites of DNA damage [37]. BARD1 L570E/V571E and L570A/V571A variants have been
shown to inhibit the interaction between BARD1 and HP1 [26]. The BARD1 BRCT domain is
also necessary for binding poly(ADP-ribose) (PAR), allowing for rapid recruitment of the
BRCA1-BARDI complex to areas of DNA damage [27]. The variants K619A, C645R and
V695L have been shown to disrupt BARD1-PAR interaction [27]. The T598 residue tested in
this study (T598I) is located on the surface of the protein next to K619, and could possibly
affect PAR binding. However, the relationship between BARD1-PAR binding and HDR is
unclear since the BARD1 K619A and V695L variants, as well as several others that disrupt
PAR binding, have been shown to be functional in HDR [38,39]. BRCA1 also binds to the
BARDI BRCT domain [40], and previous work in our lab has identified that this binding is
affected by the BARD1 G623E variant [21]. Most of the non-functional variants we identified
in the BRCT domain, with the exception of T598]I, are not located near known binding sites
for proteins associated with DNA repair.

To our surprise, we found four variants, BARD1 A460T, L465F, L480S, and P530L, were
identified as non-functional in the ankyrin repeat domain. Prior to this study, the ankyrin
repeat domain had no known reported function in DNA repair. Previous work has shown that
a large deletion of the ankyrin repeat domain results in chromosome instability and loss of
HDR function [38]. In addition, the BARD1 ankyrin domain has been shown to interact with
p53 to mediate apoptosis [41]. The oncoprotein Bcl-3, which interacts with BARDI, is also
involved in the regulation of NF-«B transcription via ankyrin repeat domain-associated pro-
tein interactions [42]. Our results indicate that the ankyrin repeat domain may have functions
that are necessary for DNA repair. For both the ankyrin and BRCT domains, the non-func-
tional variants identified may affect BARDI1 folding and structure, which could also affect
binding to proteins such as BRCA1 or HP1. For example, the BARD1 P707 and G753 residues
are located near one another on the surface of the protein. As coding substitutions at these
amino acids result in loss of HDR they may be part of a binding pocket. The identified variants
may also indicate binding sites for proteins whose interaction with BARD1 has not yet been
discovered. The characterization of non-functional BARDI variants in areas that are not well-
studied helps to further understand the roles of the ankyrin repeat and BRCT domains in
homology-directed repair.

Many of the BARDI variants tested have been recorded on ClinVar as having been isolated
from patients with breast cancer or hereditary cancer-predisposing syndromes. Variants
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Fig 5. Sensitivity of BARDI variants to cisplatin. (A) Cells expressing BARD1 WT, A460T, P707S, G753D, and V767fs cells, as well as endogenous-only cells,
were treated with control, BARDI 3’UTR or BRCAI 3’UTR siRNA and treated with cisplatin at concentrations of 1.875, 3.75, 7.5, and 15 uM. Colonies were
counted after 12 days of growth followed by staining with crystal violet. Results in each experiment were done in triplicate and converted to logarithmic scale
(£S.E.M.). In each plot, the dashed line indicates control siRNA, and the solid line indicates depletion with the BARDI or BRCAI 3’UTR-targeted siRNA. The
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Student’s t-test was done to examine the growth of variant and endogenous-only cell lines treated with BARD1 or BRCA1 siRNA relative to variant and
endogenous-only cells treated with control siRNA (indicated by asterisks; * = p < 0.05, ** = p < 0.01). Cells expressing the four BARD1 variants, as well as
endogenous-only cells depleted of BRCA1 and BARD1, were significantly different from variant and endogenous-only cells treated with control siRNA across
most cisplatin concentrations. (B) Results from panel A are shown for BARD1 WT, variant and endogenous-only cell lines treated with BARDI or BRCAI
3’UTR siRNA. A Student’s t-test was done to compare the colony formation of BARD1 variant cell lines, as well as endogenous-only cells depleted of BRCAI or
BARDI, to BARD1 WT cells. Colony counts from variants and endogenous-only cells were significantly different (p < 0.01) from BARD1 WT at most
concentrations, excepting A460T 3.75 uM, siBRCA1 3.75 uM and A460T 15 uM (p < 0.05) and A460T 1.875 uM and siBRCA 15 uM (p > 0.05). (C) An
examination of endogenous BARD1 and BRCAL1 expression in treated BARD1-expressing and control cell lines. Cells treated with BARDI 3’UTR siRNA had
depleted endogenous BARD1 expression, while HBT BARD1 was unaffected. Cells treated with BRCAI 3’UTR siRNA showed depletion of endogenous BRCA1
and BARD1 expression. The band representing the expression of variant HBT BARD1 was denser than the endogenous BARD1 protein band in all cases.

https://doi.org/10.1371/journal.pgen.1008049.9g005

S241C and E361D, which were functional in HDR, have been identified has likely benign, and
truncation variants V154fs, S551%, and Q564* are likely pathogenic. The variants V85L,
R194K, 1258T, N326S, R565H, and R641Q, which were functional in HDR, have conflicting
reports of pathogenicity, with reports indicating they were VUS or likely benign. Since these
variants were functional in the HDR assay, we would interpret such variants as likely benign.
The non-functional truncating variant V767fs also had conflicting reports of pathogenicity,
with reports indicating that it was a VUS or likely pathogenic. The trend observed is this paper
is supplemented by the 29 variants that were previously studied [21]—variants V507M and
R658C were functional in the HDR assay and are considered benign in ClinVar, and several
other functional variants are listed as having conflicting reports of pathogenicity because
reports indicate they are VUS or likely benign. Previous work has shown that pathogenic
BRCA1 variants are non-functional in the HDR assay, and benign variants are functional
[16,17,19]. Based on the data from ClinVar, this trend appears to be true for BARDI variants
as well, suggesting that the non-functional variants identified in this paper would be likely
pathogenic.

We also asked whether BARD1 HDR function affected cell sensitivity to DNA damage
agents. Cells expressing HDR-deficient variants A460T, P707S, G753D and V7671s, as well as
endogenous-only, non-rescued cells depleted of BRCA1 or BARD1, were more sensitive to
treatment with IR or cisplatin than cells expressing wild-type BARDI. Testing non-rescued
cells allowed us to set a standard for the effect of non-functional DNA repair on damaged cells.
We had hypothesized that the more HDR-deficient a variant was, the fewer colonies cells
expressing that variant would form after damage, indicating a quantitative sensitivity to the
DNA damage. The results did not support that expectation. Following treatment with IR or
cisplatin, HDR-defective variants were in fact more sensitive to DNA damage, but they were as
sensitive to DNA damage as cells depleted of BRCA1 or BARD1, suggesting that residual repair
did not affect sensitivity.

The HDR assay indicates which variants are functional and non-functional, but it does not
provide information on how this affects cell growth. This paper has shown that loss of homolo-
gous recombination results in increased sensitivity to DNA damage, as indicated by decreased
colony formation. The HDR results also reveal a correlation between BARD1 variants that
cause a loss of DNA repair function with those that are likely cancer predisposing. While we
examined in this study a large number of BARDI variants across the length of the protein,
including all three functional domains, many more BARDI VUS exist. In future work, we
hope to mutagenize the BARDI functional domains on a larger scale, as we have previously
done with the BRCAI N-terminus [29]. Creating a library of all potential BARDI variants in
these functional domains and testing the HDR function of these variants would allow us to
identify additional pathogenic variants and regions of interest. The work done in this study
helps better understand the role of BARD1 in DNA repair, and how loss of homology-directed
repair affects cell growth and sensitivity.
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Materials and methods
Ethics statement

Sequencing results from de-identified tumors have already been published, and no additional
ethical approval was required.

Selection of BARDI1 variants

BARD1 missense variants conferring potential cancer predisposition were identified in a
cohort of 4,034 samples from 12 cancer types [19] that was part of larger set of 10,389 TCGA
samples from 33 cancer types [22]. Germline single nucleotide variants (SNVs) were identified
with variant calling on whole exome sequencing data using GATK [43] (version 3.5, using its
haplotype caller in single-sample mode with duplicate and unmapped reads removed and
retaining calls with a minimum quality threshold of 10) and VarScan [44] (version 2.3.8 with
default parameters, except where-min-var-freq 0.10,—p value 0.10,-min-coverage 3,-strand-
filter 1) operating on a mpileup stream produced by SAMtools (version 1.2 with default
parameters, except where -q 1 -Q 13). Germline indels were identified using VarScan and
GATK (same parameters and version as above) in single-sample mode. Pindel [45] (version
0.2.5b8 with default parameters, except where -x 4, -1, -B 0, and -M 3 and excluded centromere
regions (genome.ucsc.edu)) was also applied for indel prediction. For all analyses, the
GRCh37-lite reference was used and an insertion size of 500 was specified whenever this infor-
mation was not provided in the BAM header.

All variants were limited to limited to coding regions of full-length transcripts obtained
from Ensembl release 70 plus the additional two base pairs flanking each exon that cover splice
donor/acceptor sites. SNVs were based on the union of raw GATK and VarScan calls, while
indels were required to be called by at least two out of the three variant callers (GATK, VarS-
can, Pindel). High-confidence, Pindel-unique calls (at least 30x coverage and 20% VAF) were
also included. Further, variants were required to have an Allelic Depth (AD) > 5 for the alter-
native allele. Readcount analyses for variants passing these filters were performed in both nor-
mal and tumor samples using bam-readcount (version 0.8.0 commit 1b9¢52c, with parameters
-q 10, -b 15) in order to quantify the number of both reference and alternative alleles. Variants
were required to have at least 5 counts of the alternative allele and an alternative allele fre-
quency of at least 20%. Of these, rare variants were filtered for, with < 0.05% minor allele fre-
quency in 1000 Genomes and ExAC (release r0.3.1).

Variants passing manual review, with low allele frequencies (MAF < 0.05%), and signifi-
cant LOH were prioritized for characterization. These variants, their cancer type distributions
and frequencies are shown in the latest data release of the 10,389 samples [22] to the research
community on NCI Genome Data Commons (https://gdc.cancer.gov/about-data/
publications/PanCanAtlas-Germline-AWG).

Cloning of BARDI1 variants

For transient expression, BARDI (NCBI Reference Sequence: NM 000465.3) wild-type and
missense variants were cloned into a pcDNA3 vector backbone containing a rabbit 5-globin
intron upstream of the BARDI translation initiation site to drive expression of the 777 amino
acid human BARDI transgene. Variants were cloned using the New England BioLabs Q5 Site-
Directed Mutagenesis kit. For stable integrations, BARDI wild-type and missense variants
were cloned into a pcDNA5/FRT/TO vector backbone containing the His-Biotin-Tobacco
Etch Virus (TEV) (HBT) tag [28]. PCR reactions were done using PfuUltra II Fusion HS DNA
Polymerase. Vectors and inserts were ligated together using Gibson assembly [46]. Colonies
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with successful ligations were fully sequenced to confirm expected variants. All variants were
verified using Sanger sequencing services provided OSU Comprehensive Cancer Center
(OSUCCC) Genomics Shared Resource.

Homology-Directed Repair (HDR) assay

For examining the HDR function of transiently expressed of BARDI variants, HeLa-DR-13-9
(HeLa-DR) cells were utilized. HeLa-DR cells contain two non-functional GFP coding
sequences, one of which is interrupted by an I-Scel restriction endonuclease site. Cells were
cultured in DMEM media containing 1% penicillin/streptomycin, 1% GlutaMAX, 10% bovine
serum, and 1.5 pg/ml puromycin. Cells were seeded in a 24-well plate and transfected with
siRNA to the BARDI 3’-UTR (5-AGCUGAAUAUUAUACCAGAATAT-3’) or control siRNA
(5 pmol), and BARD1 wild-type, variant, or pcDNA3 empty vector (300 ng). All transfections
were carried out using Lipofectamine 2000 per the manufacturer’s recommendations. Cells
were moved to 6-well plates 24 hours later. 48 hours after the first transfection, cells were
transfected with 25 pmol siRNA, 750 ng DNA, and 750 ng of expression plasmid containing
the restriction endonuclease I-Scel to induce a double-strand break. If HDR is functional, the
break is repaired by gene conversion with the second GFP allele, and cells become GFP-posi-
tive [16,25]. 72 hours after the second transfection, cells were collected and GFP-positive cells
were counted using the FACSCalibur in the OSUCCC Analytical Cytometry Shared Resource.
10,000 cells were counted, and the remaining cells were used for immunoblotting. Cells trans-
fected with BARDI siRNA and BARD1 wild-type plasmid (wild-type rescue), and cells treated
with control siRNA and empty vector, served as positive controls. Cells treated with BARD1
siRNA and empty vector were used as a negative control. HDR activity, as defined by the per-
centage of GFP-positive cells, was normalized to wild-type rescue control and set to 1.

For examining the HDR function of stably integrated BARDI variants, HeLaDR-FRT/TR
cells [29] were used. Cells integrated with pcDNAS5-FRT/TO-HBT-tagged BARDI wild-type or
variants (A460T, P707S, G753D and V767fs) were seeded in 24-well plates. Cells not integrated
with BARDI variants were used as a negative control. Cells were transfected with siRNA to the
BARDI 3-UTR or control siRNA. All transfections were carried out using Oligofectamine
according to the manufacturer’s recommendations. Transfections were carried out on the
same time pattern as detailed for transiently expressed BARDI. For 24-well transfections, 30
pmol siRNA was used, and for 6-well transfections, 50 pmol siRNA and 3 pg of I-Scel expres-
sion plasmid were used. Cells were collected and GFP-positive cells counted as detailed for
transiently expressed BARDI. HDR activity, as defined by the percentage of GFP-positive cells,
was normalized to cells treated with control siRNA for each individual cell line and set at 1.

Alignment of BARD1 protein sequences

Homo sapiens, Felis catus, Canis lupis familiaris, Mus musculus, Monodelphis domestica, and
Ovis aries BARDI protein sequences were aligned using Clustal Omega [47] to examine con-
served residues.

Integration of variants into HeLaDR-FRT/TR cells

pcDNAS5-FRT/TO-HBT-tagged BARDI wild-type and variants were co-transfected with plas-
mid expressing the flippase recombinase in a 1:2 ratio into HeLa-DR-FRT/TR cells to induce
integration at the flippase recognition target site [48,49]. Transfections were done according to
Lipofectamine 2000 manufacturer’s recommendations. 24 hours after transfection, cells were
incubated at 30°C for 24 hours and then moved back to 37°C. Integrated cells were selected for
with 550 pg/ml Hygromycin-B.
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Immunoblotting

For BARDI variants, replicates were combined, spun down at 1200 rpm for 5 minutes and
resuspended in 150 pl of 1X LDS-PAGE dye. Samples were sonicated at 45% for 15 seconds
three times. Sample was resolved on 6 or 8% SDS-PAGE gels and transferred to PVDF mem-
brane. Samples were probed with BARD1 (Bethyl, 1:1000) and BRCA1 (1:500) [50] antibodies.
Antibodies to RHA1 (1:20000) [50] and a-tubulin (Sigma, 1:20000) were used as loading con-
trols. Membranes were incubated with fluorescent (LI-COR, 1:20000) or chemiluminescent
(GE, 1:5000) rabbit and mouse secondary antibodies.

Clonogenic assays

HeLaDR-FRT/TR cells stably expressing pcDNA5-HBT-BARD1 WT, A460T, P707S, G753D
and V767fs, as well as control cells expressing only endogenous BARD1, were seeded in 24-well
dishes and transfected with 30 pmol of siRNA to the BARDI 3’-UTR, BRCA1 3’-UTR or control
siRNA. Transfections were done using Oligofectamine as per the manufacturer’s protocol. Cells
were transferred to 6-well dishes after 24 hours, and were treated with 50 pmol siRNA 48 hours
after the first transfection. 48 hours after the second transfection, 1000 cells of each treatment
condition were plated in 10-cm dishes. Remaining cells were saved for immunoblotting to con-
firm knockdown. After 24 hours, cells were treated with either ionizing radiation (IR) or cisplatin.
Cells that were treated with IR were subjected to 0, 1, 2, 4, or 6 Gy using the RS 2000 X-Ray Irra-
diator. For cisplatin treatment, cells were treated with 0, 1,875, 3.75, 7.5, and 15 uM of cisplatin
for 2 hours, after which cells were washed twice with 1X PBS and fresh media was added.
Untreated cells were used as a control. After two weeks of growth at 37°C, cells were fixed with
cold methanol and stained with crystal violet. Dishes were coded to blind their treatment and
cells were counted using OpenCFU [51]. The log value of the count was used for comparison.

Statistical analysis

All BARDI variants in the HDR and clonogenic assays were tested in triplicate. For HDR
assays using transiently expressed BARDI variants, HDR activity was normalized to wild-type
rescue, which was set to 1. The Student’s ¢-test was applied to determine whether BARD1 vari-
ant HDR activity significantly differed (p < 0.01) from endogenous BARD1. Variants that
were significantly different and below the cutoff of 0.6 were considered non-functional. For
clonogenic assays, the Student’s -test was carried out to examine whether BARD1 variant-
expressing and endogenous-only cells treated with BARDI or BRCA1 3’-UTR siRNA formed a
significantly different number of colonies than variants treated with control siRNA and cells
expressing BARD1 wild-type (p < 0.05).

Supporting information

S1 Table. GFP expression percentages for BARD1 variant HDR assays.
(XLSX)

S1 Fig. Functional analysis of 105 BARDI variants. 105 BARDI single missense substitutions
were tested for function in the HDR assay. Results from Lee at al. 2015 are included with vari-
ants tested in this paper. HeLa-DR cells [16] were treated with control siRNA (lane 1) or
siRNA specific to the BARDI 3’-untranslated region (UTR) (lanes 2-109) and empty vector
(lanes 1, 2) or BARDI expression plasmid (lanes 3-109). Two positive controls were used: cells
treated with empty vector and control siRNA (lane 1), and cells depleted of endogenous
BARD1 with wild-type BARD1 rescue (lane 3). Cells treated with empty plasmid and BARDI
3’'UTR siRNA were used as a negative control (lane 2). HDR function was characterized by the
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percentage of GFP-positive cells measured using flow cytometry. Results in each experiment
(£S.E.M.) were normalized to the WT rescue (lane 3), which was set equal to 1. Results repre-
sent three independent transfections per BARDI expression plasmid. Variants that are benign
and pathogenic according to ClinVar are labeled blue and red respectively. Variants with con-
flicting interpretations are labeled gray. HDR-deficient variants are marked by an asterisk and
classified by having HDR function less than 0.6 and p < 0.01 when compared to endogenous
BARDI (control siRNA) using the Student’s ¢-test.

(TIF)

$2 Fig. BARD1 protein sequence differences between mammalian species. Human
(Homo_sapiens), domestic cat (Felis_catus), domestic dog (Canis_lupis_familiaris), mouse
(Mus_musculus), gray short-tailed opossum (Monodelphis_domestica) and domestic sheep
(Ovis_aries) BARD1 protein sequences were aligned using Clustal Omega to examine con-
served residues. Asterisks (*) indicate positions with a single, fully conserved residue. Colons
(:) indicate residue conservation between groups of strongly similar properties. Periods (.)
indicate conservation between groups of weakly similar properties. Residues that were mutated
in HDR-deficient, non-truncating variants are highlighted in yellow. Residues mutated in
HDR-functional variants are highlighted in green.

(PDF)

$3 Fig. Immunoblots of truncated BARD1 variants. Truncated BARDI variants tested in the
HDR assay were examined for their expression relative to endogenous BARD1. Replicates were
pooled together to examine BARD1 expression. The BARDI protein is indicated with an arrow.
The endogenously expressed BARDI in control transfections (lanes 1, 10) and BARD1 WT rescue
(lanes 3, 12) were compared with the expression of truncated BARD1 variant proteins. Variants
were run on 4-12% Bis-Tris and 6% acrylamide gels due to a contaminating band that co-migrated
with BARD1 WT on 4-12% Bis-Tris gels. Variants G451fs (lanes 6, 15), S551* (lanes 7, 16), Q564"
(lanes 8, 17) and V767fs (9, 18) expressed truncated protein. Variant V154fs (lanes 4, 13) does not
contain the residue recognized by the BARD1 antibody used, and may express truncated protein.
(TIF)

Acknowledgments

The OSUCCC Genomics Shared Resource provided Sanger sequencing analysis. The
OSUCCC Analytical Cytometry Resource provided FACSCalibur analysis of HDR assay sam-
ples. We also thank Zhi Zeng for his aid with the clonogenic assays.

Author Contributions
Conceptualization: Aleksandra I. Adamovich, Li Ding, Jeffrey D. Parvin.
Data curation: Aleksandra I. Adamovich, Fernanda Martins Rodrigues, Kuan-lin Huang.

Formal analysis: Aleksandra I. Adamovich, Fernanda Martins Rodrigues, Kuan-lin Huang,
Feng Chen.

Funding acquisition: Li Ding, Jeffrey D. Parvin.

Investigation: Aleksandra I. Adamovich, Tapahsama Banerjee, Margaret Wingo, Kathryn
Duncan, Jie Ning, Cindy Lee, Jeffrey D. Parvin.

Methodology: Aleksandra I. Adamovich, Tapahsama Banerjee, Margaret Wingo, Kathryn
Duncan, Jie Ning, Fernanda Martins Rodrigues, Cindy Lee.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008049 March 29, 2019 18/21


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008049.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008049.s004
https://doi.org/10.1371/journal.pgen.1008049

@.PLOS ‘ GENETICS

Functional analysis of BARD1 missense variants

Project administration: Tapahsama Banerjee, Jeffrey D. Parvin.

Software: Fernanda Martins Rodrigues, Kuan-lin Huang.

Supervision: Feng Chen, Li Ding, Jeffrey D. Parvin.

Validation: Aleksandra I. Adamovich, Tapahsama Banerjee, Fernanda Martins Rodrigues.

Writing - original draft: Aleksandra I. Adamovich, Jeffrey D. Parvin.

Writing - review & editing: Aleksandra I. Adamovich, Tapahsama Banerjee, Margaret

Wingo, Kathryn Duncan, Jie Ning, Fernanda Martins Rodrigues, Kuan-lin Huang, Cindy
Lee, Feng Chen, Li Ding, Jeffrey D. Parvin.

References

1.

10.

11.

12.

13.

14.

15.

Antoniou AC, Easton DF. Polygenic Inheritance of Breast Cancer: Implications for Design of Association
Studies. Genet Epidemiol. 2003; 25: 190-202. https://doi.org/10.1002/gepi.10261 PMID: 14557987

Godwin AK, Miron A, Blank S V., Huzarski T, Kriege M, Borg A, et al. Common Breast Cancer Suscepti-
bility Alleles and the Risk of Breast Cancer for BRCA1 and BRCA2 Mutation Carriers: Implications for
Risk Prediction. Cancer Res. 2010; 70: 9742-9754. https://doi.org/10.1158/0008-5472.CAN-10-1907
PMID: 21118973

Parmigiani G, Chen S, Iversen ES, Friebel TM, Finkelstein DM, Anton-Culver H, et al. Validity of models
for predicting BRCA1 and BRCA2 mutations. Ann Intern Med. 2007; 147: 441—-450. https://doi.org/10.
7326/0003-4819-147-7-200710020-00002 PMID: 17909205

Levy-Lahad E, Friedman E. Cancer risks among BRCA1 and BRCA2 mutation carriers. British Journal
of Cancer. 2007. https://doi.org/10.1038/sj.bjc.6603535 PMID: 17213823

Wu LC, Wang ZW, Tsan JT, Spillman MA, Phung A, Xu XL, et al. Identification of a RING protein that
can interact in vivo with the BRCA1 gene product. Nat Genet. 1996; 14: 430—440. https://doi.org/10.
1038/ng1296-430 PMID: 8944023

Hashizume R, Fukuda M, Maeda |, Nishikawa H, Oyake D, Yabuki Y, et al. The RING Heterodimer
BRCA1-BARD1 Is a Ubiquitin Ligase Inactivated by a Breast Cancer-derived Mutation. J Biol Chem.
2001; 276: 14537-14540. https://doi.org/10.1074/jbc.C000881200 PMID: 11278247

Scully R, Ganesan S, Brown M, De Caprio JA, Cannistra SA, Feunteun J, et al. Location of BRCA1 in
human breast and ovarian cancer cells. Science. 1996; 272: 123-6. PMID: 8600523

Moynahan ME, Chiu JW, Koller BH, Jasint M. Brca1 controls homology-directed DNA repair. Mol Cell.
1999; 4: 511-518. https://doi.org/10.1016/S1097-2765(00)80202-6 PMID: 10549283

Snouwaert JN, Gowen LC, Latour AM, Mohn AR, Xiao A, Dibiase L, et al. BRCA1 deficient embryonic
stem cells display a decreased homologous recombination frequency and an increased frequency of
non-homologous recombination that is corrected by expression of a Brca1 transgene. Oncogene. 1999;
18: 7900-7907. https://doi.org/10.1038/sj.onc.1203334 PMID: 10630642

Ghimenti C, Sensi E, Presciuttini S, Brunetti IM, Conte P, Bevilacqua G, et al. Germline mutations of the
BRCA1-associated ring domain (BARD1) gene in breast and breast/ovarian families negative for
BRCA1 and BRCA2 alterations. Genes Chromosom Cancer. 2002; 33: 235-242. https://doi.org/10.
1002/gcc.1223 PMID: 11807980

De Brakeleer S, De Gréve J, Loris R, Janin N, Lissens W, Sermijn E, et al. Cancer predisposing mis-
sense and protein truncating BARD1 mutations in non-BRCA1 or BRCA2 breast cancer families. Hum
Mutat. 2010; 31: E1175-85. https://doi.org/10.1002/humu.21200 PMID: 20077502

Lee MK, Pennil C, Walsh T, Thornton AM, Swisher EM, King M-C, et al. Detection of inherited mutations
for breast and ovarian cancer using genomic capture and massively parallel sequencing. Proc Natl
Acad Sci. 2010; 107: 12629-12633. https://doi.org/10.1073/pnas.1007983107 PMID: 20616022

Hart SN, McFarland R, Polley EC, Lilyquist J, Feng B, Thomas A, et al. Associations Between Cancer
Predisposition Testing Panel Genes and Breast Cancer. JAMA Oncol. 2017; 3: 1190-1196. https://doi.
org/10.1001/jamaoncol.2017.0424 PMID: 28418444

Malheiro A, Riley G, Hart J, Jang W, Ovetsky M, Hoffman D, et al. ClinVar: improving access to variant
interpretations and supporting evidence. Nucleic Acids Res. 2017; 46: D1062—-D1067. https://doi.org/
10.1093/nar/gkx1153 PMID: 29165669

Tung N, Battelli C, Allen B, Kaldate R, Bhatnagar S, Bowles K, et al. Frequency of mutations in individu-
als with breast cancer referred for BRCA1 and BRCAZ2 testing using next-generation sequencing with a
25-gene panel. Cancer. 2015; 121: 25-33. https://doi.org/10.1002/cncr.29010 PMID: 25186627

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008049 March 29, 2019 19/21


https://doi.org/10.1002/gepi.10261
http://www.ncbi.nlm.nih.gov/pubmed/14557987
https://doi.org/10.1158/0008-5472.CAN-10-1907
http://www.ncbi.nlm.nih.gov/pubmed/21118973
https://doi.org/10.7326/0003-4819-147-7-200710020-00002
https://doi.org/10.7326/0003-4819-147-7-200710020-00002
http://www.ncbi.nlm.nih.gov/pubmed/17909205
https://doi.org/10.1038/sj.bjc.6603535
http://www.ncbi.nlm.nih.gov/pubmed/17213823
https://doi.org/10.1038/ng1296-430
https://doi.org/10.1038/ng1296-430
http://www.ncbi.nlm.nih.gov/pubmed/8944023
https://doi.org/10.1074/jbc.C000881200
http://www.ncbi.nlm.nih.gov/pubmed/11278247
http://www.ncbi.nlm.nih.gov/pubmed/8600523
https://doi.org/10.1016/S1097-2765(00)80202-6
http://www.ncbi.nlm.nih.gov/pubmed/10549283
https://doi.org/10.1038/sj.onc.1203334
http://www.ncbi.nlm.nih.gov/pubmed/10630642
https://doi.org/10.1002/gcc.1223
https://doi.org/10.1002/gcc.1223
http://www.ncbi.nlm.nih.gov/pubmed/11807980
https://doi.org/10.1002/humu.21200
http://www.ncbi.nlm.nih.gov/pubmed/20077502
https://doi.org/10.1073/pnas.1007983107
http://www.ncbi.nlm.nih.gov/pubmed/20616022
https://doi.org/10.1001/jamaoncol.2017.0424
https://doi.org/10.1001/jamaoncol.2017.0424
http://www.ncbi.nlm.nih.gov/pubmed/28418444
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkx1153
http://www.ncbi.nlm.nih.gov/pubmed/29165669
https://doi.org/10.1002/cncr.29010
http://www.ncbi.nlm.nih.gov/pubmed/25186627
https://doi.org/10.1371/journal.pgen.1008049

@.PLOS ‘ GENETICS

Functional analysis of BARD1 missense variants

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ransburgh DJR, Chiba N, Ishioka C, Toland AE, Parvin JD. Identification of breast tumor mutations in
BRCAT1 that abolish its function in homologous DNA recombination. Cancer Res. 2010; 70: 988—995.
https://doi.org/10.1158/0008-5472.CAN-09-2850 PMID: 20103620

Towler WI, Zhang J, Ransburgh DJR, Toland AE, Ishioka C, Chiba N, et al. Analysis of BRCA1 Variants
in Double-Strand Break Repair by Homologous Recombination and Single-Strand Annealing. Hum
Mutat. 2013; 34: 439-445. https://doi.org/10.1002/humu.22251 PMID: 23161852

Starita LM, Young DL, Islam M, Kitzman JO, Gullingsrud J, Hause RJ, et al. Massively parallel func-
tional analysis of BRCA1 RING domain variants. Genetics. 2015; 200: 413-422. https://doi.org/10.
1534/genetics.115.175802 PMID: 25823446

Lu C, Xie M, Wendl MC, Wang J, McLellan MD, Leiserson MDM, et al. Patterns and functional implica-
tions of rare germline variants across 12 cancer types. Nat Commun. Nature Publishing Group; 2015; 6:
1-13. https://doi.org/10.1038/ncomms10086 PMID: 26689913

Bowcock AM, Baer R, Ayi T-C, Hwang L-Y, Tsan JT. Conservation of function and primary structure in
the BRCA1-associated RING domain (BARD1) protein. Oncogene. 2002; 17: 2143-2148. https://doi.
0rg/10.1038/sj.onc.1202123 PMID: 9798686

Lee C, Banerjee T, Gillespie J, Ceravolo A, Parvinsmith MR, Starita LM, et al. Functional Analysis of
BARD1 Missense Variants in Homology-Directed Repair of DNA Double Strand Breaks. Hum Mutat.
2015; 36: 1205—-1214. https://doi.org/10.1002/humu.22902 PMID: 26350354

Shi Y, Hibshoosh H, Cordes MG, Hersey P, Thiessen N, Mills GB, et al. Pathogenic Germline Variants
in 10,389 Adult Cancers. Cell. 2018; 173: 355-370.e14. https://doi.org/10.1016/j.cell.2018.03.039
PMID: 29625052

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, et al. Mutational landscape and significance
across 12 major cancer types. Nature. 2013; 502: 333-339. https://doi.org/10.1038/nature 12634 PMID:
24132290

Kumar B, Chan TA, Kucherlapati RS, Auman JT, Stewart C, Becker K-F, et al. Scalable Open Science
Approach for Mutation Calling of Tumor Exomes Using Multiple Genomic Pipelines. Cell Syst. 2018; 6:
271-281.e7. https://doi.org/10.1016/j.cels.2018.03.002 PMID: 29596782

Pierce AJ, Hu P, Han M, Ellis N, Jasin M. Ku DNA end-binding protein modulates homologous repair of
double-strand breaks in mammalian cells. Genes Dev. 2001; 15: 3237-3242. https://doi.org/10.1101/
gad.946401 PMID: 11751629

Miyoshi Y, Asano M, Ohta T, Klevit RE, Vittal V, Wu W, et al. Interaction of BARD1 and HP1 Is Required
for BRCA1 Retention at Sites of DNA Damage. Cancer Res. 2015; 75: 1311-1321. https://doi.org/10.
1158/0008-5472.CAN-14-2796 PMID: 25634209

Li M, Yu X. Function of BRCA1 in the DNA Damage Response Is Mediated by ADP-Ribosylation. Can-
cer Cell. 2013; 23: 693—704. https://doi.org/10.1016/j.ccr.2013.03.025 PMID: 23680151

Tagwerker C, Flick K, Cui M, Guerrero C, Dou Y, Auer B, et al. A Tandem Affinity Tag for Two-step Puri-
fication under Fully Denaturing Conditions. Mol Cell Proteomics. 2006; 5: 737—748. https://doi.org/10.
1074/mcp.M500368-MCP200 PMID: 16432255

Starita LM, Islam MM, Banerjee T, Adamovich Al, Gullingsrud J, Fields S, et al. A Multiplex Homology-
Directed DNA Repair Assay Reveals the Impact of More Than 1,000 BRCA1 Missense Substitution
Variants on Protein Function. Am J Hum Genet. ElsevierCompany.; 2018;103: 103(4):498-508. https://
doi.org/10.1016/j.ajhg.2018.07.016 PMID: 30219179

Nandula S, Ludwig T, Murty V, Baer R, McCarthy E, Basso K, et al. The basal-like mammary carcinomas
induced by Brca1 or Bard1 inactivation implicate the BRCA1/BARD1 heterodimer in tumor suppression.
Proc Natl Acad Sci. 2008; 105: 7040-7045. https://doi.org/10.1073/pnas.0711032105 PMID: 18443292

Shattuck Eidens D, Mcclure M, Simard J, Labrie F, Narod S, Couch F, et al. A Collaborative Survey of

80 Mutations in the BRCA1 Breast and Ovarian Cancer Susceptibility Gene: Implications for Presymp-
tomatic Testing and Screening. JAMA J Am Med Assoc. 1995; 273: 535-541. https://doi.org/10.1001/

jama.1995.03520310033026

Couch FJ, Weber BL. Mutations and polymorphisms in the familial early-onset breast cancer (BRCA1)
gene. Hum Mutat. 1996; 8: 8—18. https://doi.org/10.1002/humu.1380080102 PMID: 8807330

Thai TH, Du F, Tsan JT, Jin Y, Phung A, Spillman MA, et al. Mutations in the BRCA1-associated RING
domain (BARD1) gene in primary breast, ovarian and uterine cancers. Hum Mol Genet. 1998; 7: 195—
202. https://doi.org/10.1093/hmg/7.2.195 PMID: 9425226

Baer R, Ludwig T. The BRCA1/BARD1 heterodimer, a tumor suppressor complex with ubiquitin E3
ligase activity. Curr Opin Genet Dev. 2002; 12: 86—91. PMID: 11790560

McCarthy EE, Celebi JT, Baer R, Ludwig T. Loss of Bard1, the heterodimeric partner of the Brca1 tumor
suppressor, results in early embryonic lethality and chromosomal instability. Mol Cell Biol. 2003; 23:
5056—-63. https://doi.org/10.1128/MCB.23.14.5056-5063.2003 PMID: 12832489

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008049 March 29, 2019 20/21


https://doi.org/10.1158/0008-5472.CAN-09-2850
http://www.ncbi.nlm.nih.gov/pubmed/20103620
https://doi.org/10.1002/humu.22251
http://www.ncbi.nlm.nih.gov/pubmed/23161852
https://doi.org/10.1534/genetics.115.175802
https://doi.org/10.1534/genetics.115.175802
http://www.ncbi.nlm.nih.gov/pubmed/25823446
https://doi.org/10.1038/ncomms10086
http://www.ncbi.nlm.nih.gov/pubmed/26689913
https://doi.org/10.1038/sj.onc.1202123
https://doi.org/10.1038/sj.onc.1202123
http://www.ncbi.nlm.nih.gov/pubmed/9798686
https://doi.org/10.1002/humu.22902
http://www.ncbi.nlm.nih.gov/pubmed/26350354
https://doi.org/10.1016/j.cell.2018.03.039
http://www.ncbi.nlm.nih.gov/pubmed/29625052
https://doi.org/10.1038/nature12634
http://www.ncbi.nlm.nih.gov/pubmed/24132290
https://doi.org/10.1016/j.cels.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29596782
https://doi.org/10.1101/gad.946401
https://doi.org/10.1101/gad.946401
http://www.ncbi.nlm.nih.gov/pubmed/11751629
https://doi.org/10.1158/0008-5472.CAN-14-2796
https://doi.org/10.1158/0008-5472.CAN-14-2796
http://www.ncbi.nlm.nih.gov/pubmed/25634209
https://doi.org/10.1016/j.ccr.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23680151
https://doi.org/10.1074/mcp.M500368-MCP200
https://doi.org/10.1074/mcp.M500368-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16432255
https://doi.org/10.1016/j.ajhg.2018.07.016
https://doi.org/10.1016/j.ajhg.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30219179
https://doi.org/10.1073/pnas.0711032105
http://www.ncbi.nlm.nih.gov/pubmed/18443292
https://doi.org/10.1001/jama.1995.03520310033026
https://doi.org/10.1001/jama.1995.03520310033026
https://doi.org/10.1002/humu.1380080102
http://www.ncbi.nlm.nih.gov/pubmed/8807330
https://doi.org/10.1093/hmg/7.2.195
http://www.ncbi.nlm.nih.gov/pubmed/9425226
http://www.ncbi.nlm.nih.gov/pubmed/11790560
https://doi.org/10.1128/MCB.23.14.5056-5063.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832489
https://doi.org/10.1371/journal.pgen.1008049

@.PLOS ‘ GENETICS

Functional analysis of BARD1 missense variants

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Eyfjord JE, Risch HA, Evans C, Manoukian S, Peto J, Radice P, et al. Average Risks of Breast and
Ovarian Cancer Associated with BRCA1 or BRCA2 Mutations Detected in Case Series Unselected for
Family History: A Combined Analysis of 22 Studies. Am J Hum Genet. 2003; 72: 1117-1130. https://
doi.org/10.1086/375033 PMID: 12677558

Wu W, Togashi Y, Johmura Y, Miyoshi Y, Nobuoka S, Nakanishi M, et al. HP1 regulates the localization
of FANCJ at sites of DNA double-strand breaks. Cancer Sci. 2016; 107: 1406—1415. https://doi.org/10.
1111/cas.13008 PMID: 27399284

Baer R, Murty VVVS, Nandula S V., Jasin M, Modi AP, Wang S, et al. Structural Requirements for the
BARD1 Tumor Suppressor in Chromosomal Stability and Homology-directed DNA Repair. J Biol Chem.
2007; 282: 34325-34333. https://doi.org/10.1074/jbc.M705198200 PMID: 17848578

Billing D, Leuzzi G, Nanez SA, Lin C-S, Szabolcs M, Zha S, et al. The BRCT Domains of the BRCA1
and BARD1 Tumor Suppressors Differentially Regulate Homology-Directed Repair and Stalled Fork
Protection. Mol Cell. 2018; 72: 127—-139.e8. https://doi.org/10.1016/j.molcel.2018.08.016 PMID:
30244837

Simons AM, Horwitz AA, Starita LM, Griffin K, Williams RS, Glover JNM, et al. BRCA1 DNA-binding
activity is stimulated by BARD1. Cancer Res. 2006; 66: 2012—-2018. https://doi.org/10.1158/0008-5472.
CAN-05-3296 PMID: 16489000

Berardi P, Cartier L, Irminger-Finger |, Jefford CE, Feki A, Krause K-H, et al. BARD1 induces apoptosis
by catalysing phosphorylation of p53 by DNA-damage response kinase. Oncogene. 2005; 24: 3726—
3736. https://doi.org/10.1038/sj.onc.1208491 PMID: 15782130

Dechend R, Hirano F, Lehmann K, Heissmeyer V, Ansicau S, Wulczyn FG, et al. The Bcl-3 oncoprotein
acts as a bridging factor between NF-kB/Rel and nuclear co-regulators. Oncogene. 1999; 18: 3316—
3328. https://doi.org/10.1038/sj.onc.1202717 PMID: 10362352

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The genome analysis
toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010; 20: 1297-1303. https://doi.org/10.1101/gr.107524.110 PMID: 20644199

Shen D, Larson DE, Mardis ER, McLellan MD, Wilson RK, Ding L, et al. VarScan 2: Somatic mutation
and copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012; 22: 568—
576. https://doi.org/10.1101/gr.129684.111 PMID: 22300766

Ye K, Schulz MH, Long Q, Apweiler R, Ning Z. Pindel: A pattern growth approach to detect break points
of large deletions and medium sized insertions from paired-end short reads. Bioinformatics. 2009; 25:
2865-2871. https://doi.org/10.1093/bicinformatics/btp394 PMID: 19561018

Smith HO, Chuang R-Y, Gibson DG, Young L, Hutchison CA, Venter JC. Enzymatic assembly of DNA
molecules up to several hundred kilobases. Nat Methods. 2009; 6: 343—345. https://doi.org/10.1038/
nmeth.1318 PMID: 19363495

Remmert M, Lopez R, Li W, Dineen D, Sievers F, Gibson TJ, et al. Fast, scalable generation of high-
quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7: 539. https://
doi.org/10.1038/msb.2011.75 PMID: 21988835

Craig N. The Mechanism Of Conservative Site-Specific Recombination. Annu Rev Genet. 1988; 22:
77—-105. https://doi.org/10.1146/annurev.ge.22.120188.000453 PMID: 3071260

Sauer B. Site-specific recombination: developments and applications. Curr Opin Biotechnol. 1994; 5:
521-527. https://doi.org/10.1016/0958-1669(94)90068-X PMID: 7765467

Schlegel BP, Starita LM, Parvin JD. Overexpression of a protein fragment of rna helicase a causes inhi-
bition of endogenous brca1 function and defects in ploidy and cytokinesis in mammary epithelial cells.
Oncogene. 2003; 22: 983-991. https://doi.org/10.1038/sj.onc.1206195 PMID: 12592385

Geissmann Q. OpenCFU, a New Free and Open-Source Software to Count Cell Colonies and Other
Circular Objects. PLoS One. 2013; 8: €54072. https://doi.org/10.1371/journal.pone.0054072 PMID:
23457446

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008049 March 29, 2019 21/21


https://doi.org/10.1086/375033
https://doi.org/10.1086/375033
http://www.ncbi.nlm.nih.gov/pubmed/12677558
https://doi.org/10.1111/cas.13008
https://doi.org/10.1111/cas.13008
http://www.ncbi.nlm.nih.gov/pubmed/27399284
https://doi.org/10.1074/jbc.M705198200
http://www.ncbi.nlm.nih.gov/pubmed/17848578
https://doi.org/10.1016/j.molcel.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30244837
https://doi.org/10.1158/0008-5472.CAN-05-3296
https://doi.org/10.1158/0008-5472.CAN-05-3296
http://www.ncbi.nlm.nih.gov/pubmed/16489000
https://doi.org/10.1038/sj.onc.1208491
http://www.ncbi.nlm.nih.gov/pubmed/15782130
https://doi.org/10.1038/sj.onc.1202717
http://www.ncbi.nlm.nih.gov/pubmed/10362352
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
https://doi.org/10.1093/bioinformatics/btp394
http://www.ncbi.nlm.nih.gov/pubmed/19561018
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
https://doi.org/10.1146/annurev.ge.22.120188.000453
http://www.ncbi.nlm.nih.gov/pubmed/3071260
https://doi.org/10.1016/0958-1669(94)90068-X
http://www.ncbi.nlm.nih.gov/pubmed/7765467
https://doi.org/10.1038/sj.onc.1206195
http://www.ncbi.nlm.nih.gov/pubmed/12592385
https://doi.org/10.1371/journal.pone.0054072
http://www.ncbi.nlm.nih.gov/pubmed/23457446
https://doi.org/10.1371/journal.pgen.1008049

