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Multimodel assessment of BRCA1 mutations in
Taiwanese (ethnic Chinese) women with early-onset,
bilateral or familial breast cancer

Wen-Hong Kuo1,12, Po-Han Lin2,3,4,12, Ai-Chu Huang2, Yin-Hsiu Chien2,5, Tsang-Pai Liu6, Yen-Shen Lu7,
Li-Yuan Bai4, Aaron M. Sargeant8, Ching-Hung Lin7, Ann-Lii Cheng7, Fon-Jou Hsieh9, Wuh-Liang Hwu2,5,10

and King-Jen Chang1,11

Although evidence suggests an importance of genetic factors in the development of breast cancer in Taiwanese (ethnic Chinese)

women, including a high incidence of early-onset and secondary contralateral breast cancer, a major breast cancer predisposition

gene, BRCA1, has not been well studied in this population. In fact, the carcinogenic impacts of many genetic variants of BRCA1

are unknown and classified as variants of uncertain significance (VUS). It is therefore important to establish a method to

characterize the BRCA1 VUSs and understand their role in Taiwanese breast cancer patients. Accordingly, we developed a

multimodel assessment strategy consisting of a prescreening portion and a validated functional assay to study breast cancer

patients with early-onset, bilateral or familial breast cancer. We found germ-line BRCA1 mutations in 11.1% of our cohort and

identified one novel missense mutation, c.5191C4A. Two genetic variants were initially classified as VUSs (c.1155C4T and

c.5191C4A). c.1155C4T is not predicted to be deleterious in the prescreening portion of our assessment strategy.

c.5191C4A, on the other hand, causes p.T1691K, which is predicted to have high deleterious probability because of

significant structural alteration, a high deleterious score in the predictive programs and, clinically, triple negative characteristics

in breast tumors. This mutant is confirmed by transcription activation and yeast growth-inhibition assays. In conclusion, we show

as high a prevalence of germ-line BRCA1 mutation in high-risk Taiwanese patients as in Caucasians and demonstrate a useful

strategy for studying BRCA1 VUSs.
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INTRODUCTION

Breast cancer is one of the most common cancers and is the leading
cause of cancer-related death in women throughout the world.
Interestingly, the prevalence of breast cancer is lower in Taiwanese
(ethnic Chinese) populations than in Caucasian populations,1 and the
epidemiological patterns are different in the two patient groups. First,
the median age of breast cancer patients in Taiwan (45–49 years) is
lesser than that in Western countries (70–74 years).2 Second, a rise in
incidence has been observed consistently in Asian countries,2–4 and
one age-period-cohort analysis showed that the increase in breast
cancer incidence was largely due to a rise in young patients.2 Third, a
longitudinal cohort revealed that young breast cancer patients in

Taiwan carried a greater risk for and shorter interval to progression
to secondary contralateral primary breast cancer than in western
women.5,6 As the young age and bilateral breast cancer are more
likely to be related to genetic predisposal of factors,7,8 it is important
to identify potential predisposing factors in Taiwanese patients.

However, genetic factors related to breast cancer, including BRCA1,
have not been well studied in the Asia-Pacific areas. Of the reported
studies conducted in China, Korea, Japan and Malaysia, germ-line
BRCA1 mutation occurred in approximately 4–9% of breast cancer
patients.9–12 This is lower than the B10% reported in non-Jewish
Caucasian women with early-onset or a familial history of breast
cancer.8 In Taiwan, two small studies found a few benign polymorphisms
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of BRCA1 without the identification of pathological mutants asso-
ciated with breast cancer development.13,14 Of these studies, only
deletion or frame-shift mutation of the BRCA1 gene could be clearly
defined as a deleterious mutant; other mutations, especially missense
changes, were of uncertain significance with regard to breast cancer
development and remained uncharacterized.

The BRCA1 gene contains 24 exons, spanning more than 70 kb in
the genomic DNA, and encodes 1863 amino acids.15 This large gene
displays several thousand different alleles, and most of them are
missense changes according to the Breast Cancer Information Core
(BIC) database. Categorizing missense changes as deleterious mutations
associated with breast cancer development vs benign polymorphisms is
difficult16 and poses significant obstacles in genetic studies.17 Currently,
these mutations are generally classified as deleterious, benign
polymorphisms or variants of uncertain significance (VUS).

Approaches to studying the mutation effects of disease genes usually
proceeds in one of the two directions: clinical epidemiological studies
and functional assays.18 However, evaluation of the phenotype–geno-
type correlation based on epidemiological data is often problematic
because the sample size of rare genetic variants is insufficient for
meaningful epidemiological analysis. Although functional assays pro-
vide supportive, qualitative evidence to characterize the mutant
proteins, they are usually not available in clinical practice. Therefore,
to better characterize germ-line BRCA1 mutations, here we establish
an effective method to distinguish the deleterious mutation and
benign polymorphism, and apply this method in the assessment of
our breast cancer patients. This method is described as multimodel
assessment, including mutation prescreening and validated functional
assays. The prescreening aims to identify the high probable deleterious
mutations. After initial database searching, the VUSs are studied
followed by evaluation with pedigree analysis, tumor histopathology
and bioinformatics. Finally, functional assays are performed with the
possible deleterious mutations to prove their pathogenicity (Figure 1).
In this way, we successfully identified and confirmed a novel mutation
and demonstrated that the prevalence of BRCA1 mutation in Taiwa-
nese high-risk women is similar as in Caucasians.

MATERIALS AND METHODS

Patients
A total of 36 women diagnosed with breast cancer between 2005 July and 2007

December in the National Taiwan University Hospital Breast Cancer Center

were enrolled in this study. All patients were required to meet one of the

following criteria: (1) early-onset breast cancer (age before 35 years) or bilateral

breast cancer, (2) breast cancer onset before age 50 years together with at least

one first or second-degree relative having breast cancer or ovarian cancer or

(3) breast cancer after age 50 years, but with three relatives having breast cancer

or one relative having ovarian cancer. Written consent was obtained from each

participant. This study was approved by the Research and Ethical Committee of

National Taiwan University Hospital (IRB 0941171001).

Mutation screening of BRCA1 gene
BRCA1 gene mutation screening was performed by using BRCAChip, a

resequencing microarray for the detection of mutations in BRCA1, BRCA2

and TP53 genes and designed by Vita Genomics and manufactured by

Affymetrix (Santa Clara, CA, USA) using photolithography and solid-phase

DNA synthesis. Each microarray contained 28.2 kb of coding exon and flanking

intron sequence (both sense and antisense) of BRCA1, BRCA2 and TP53 genes.

In order to expand the detection of insertion/deletion mutation in BRCAChip,

specific probes for 456 previously reported insertion/deletion mutations in

BRCA1 and BRCA2 genes were also tiled on the BRCAChip.

Resequencing array assay was performed following Affymetrix’s instructions

(PN 701231). In brief, BRCA1 genes were amplified from genomic DNA by

conventional PCR,19 and the amplified products were purified, quantitated,

and pooled in equimolar amount for fragmentation, labeling and hybridization

with BRCA resequencing chip. After 16 h of hybridization, the chip was washed

and stained for scanning. The scanned image was analyzed with Affymetrix

GeneChip Operating Software. The intensity of each probe set and base calling

of each nucleotide were analyzed by GeneChip Sequence Analysis Software

(Affymetrix, Santa Clara, CA, USA) followed by visual inspection and con-

firmation. Genetic variants were detected by comparison with a consensus

wild-type sequence constructed for each gene. All potential genetic variants

were independently confirmed by repeated PCR amplification of the indicated

gene region(s) and direct sequencing in both forward and reverse directions.

Mutation database searching
The genetic variants found in our patients were compared with on-line

published databases: BIC (http://www.research.nhgri.nih.gov/bic/) and

ENTREZSNP (http://www.ncbi.nlm.nih.gov). Large-scale deletion, frame-shift

mutation and nonsense mutation of BRCA1 are considered to be deleterious

mutations. The missense changes could be classified as deleterious, benign

polymorphism and VUS. Some specific deleterious or benign genetic variants

have been documented, such as S1613G (benign polymorphism) and M1775R

(deleterious mutation).16 For VUS, we used multimodel assessment to evaluate

the pathogenicity (Figure 1).

Family history and tumor histopathology
Patients’ clinical information including age, sex, tumor histological type and

cancer history of family members were analyzed. Tumor stage was defined

according to the sixth edition of the American Joint Committee on Cancer

staging system. The tumor histological grade was evaluated by the Nottingham

combined histological grading system. The expression of estrogen receptor

(ER), progesterone receptor (PR) and HER2 in the tumor tissues was

determined by immunohistochemical staining. ER or PR was considered

positive when more than 10% of tumor cells showed positive staining. For

HER-2 staining, a score of 3+ was considered positive and a specimen with a

score of 2+ was determined by fluorescence in situ hybridization analysis.

Bioinformatics analysis
Sequence alignment. Highly conserved amino-acid sequences were considered

as important sites of protein function.20 Variants appearing in the high-degree

conservation sequence are more likely to be pathogenic than those in the low-

degree conservation sequence. We searched the full-length BRCA1 sequence of

the Vertebrata in the National Center for Biotechnology Information (http://

www.ncbi.nlm.nih.gov/). Sequence alignment was performed by using the

ClustalX 2.0.12 software (University College Dublin, Dublin, Ireland, http://

www.clustal.org).

Sequencing Analysis of BRCA1
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Figure 1 Multimodel assessment for distinguishing deleterious or benign

polymorphisms in BRCA1 mutation.
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Structural modeling. For comparative structural modeling, we created

mutants using the MODELLER program21 based on the template of human

wild-type BRCA1 BRCT domain interacting with a BACH1 phosphorylated

peptide (PDB code: 1T29). The 3-dimensional structure of the mutation was

built using UCSF Chimera program (University of California, San Francisco,

CA, USA, http://www.cgl.ucsf.edu/chimera/).

Web-servers prediction programs. We not only accessed the pathogenicity of

missense mutations by the above predictive methods but also compared the

results with three bioinformatics missense variants prediction web-servers:

PANTHER (Protein ANalysis THrough Evolutionary Relationships22), Poly-

Phen-2 (Polymorphism Phenotyping, v223) and CanPredict.24

PANTHER (http://www.pantherdb.org/tools/csnpScoreForm.jsp) is a classi-

fication system used to determine the association of protein sequence relation-

ships with function relationships. It uses the Hidden Markov Model for scoring

the ‘functional likelihood’ of a missense mutation based on the evolutionarily

conserved sequences. It generates a ‘substitution position-specific evolutionary

conservation’ (subPSEC) score for an amino-acid substitution. The scores are

continuous from 0 (benign) to –10 (high probability of deleterious). PolyPhen-

2 (http://genetics.bwh.harvard.edu/pph2/) is a second generation of PolyPhen

capable of predicting the pathogenicity of an amino-acid substitution mainly by

the structural alteration. This tool calculates the PSIC score (Position-Specific

Independent Counts) of the amino-acid substitution to probabilistically classify

the mutation as benign, possibly damaging or probably damaging. The higher

the PSIC score (ranging from 0 to 1), the greater is the probability of pathological

damage to the protein structure and function. CanPredict (http://www.cgl.ucs-

f.edu/Research/genentech/canpredict/) is a program used to distinguish cancer-

associated missense changes from those that are benign polymorphisms. By

using two computational metrics (Sorting Intolerant from Tolerant (SIFT) and

the Pfam-based LogR.E-value method), as well as Gene Ontology Similarity

Score, this approach increases the ability to predict the cancer relevance of

missense mutations. SIFT, a sequence homology-based tool, shows that well-

conserved positions between protein species tend to be predicted as deleterious.

The LogR.E-value is the calculated difference between wild-type and variant

proteins as based on the Pfam motif model. CanPredict categorizes missense

mutations as likely cancer, likely non-cancer or not determined.

Functional assays
Quantitative assessment of transcriptional activation in mammalian cells. Tran-

scription-based assay could characterize the deleterious mutations of BRCA1

COOH-terminus.16 To establish this functional assay, we constructed a wild-

type cDNA of BRCA1 into pcDNA3.1+ vector, then introduced the BRCA1 C-

terminus (cDNA 4186–5792, amino acid 1396-1863) to fuse with GAL4 DBD

(DNA binding domain) into pGBT9 vector by the restriction site of BamHI and

EcoRI. Then, the fusion segment of GAL4 DBD-BRCA1 C-terminus was sub-

cloned into pcDNA 3.1+ vector using the restriction site of HindIII and BamHI.

Site-directed mutagenesis was performed to create T1691K, M1775R and S1613G

mutants (Supplementary Table 1), according to the manual of QuikChange Site-

Directed Mutagenesis Kit (Stratagene, Agilent Technologies, La Jolla, CA, USA).

The pGL4.31[luc2P/GAL4UAS/Hygro] vector (Promega, Madison, WI,

USA) was used as a reporter in this assay, and transfection was normalized

with the internal control pGL4.74[hRluc/TK] Vector (Promega). Human 293T

cells were cultured in 24-well plates with Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal calf serum. After 24 h, 293T cells were co-

transfected with pcDNA 3.1+ constructed with GAL4 DBD-BRCA1 C-terminus

(wild type and mutants), pGL4.31 and pGL4.74 by using calcium phosphate

transfection method. Luciferase assay was performed 36-h post transfection by

using a Dual-GLO luciferase assay system (Promega), and cells were also

harvested for western blot. Cell lysates were electrophoresed in 10% SDS-PAGE,

and probed with an anti-GAL4 DBD monoclonal antibody (Clontech,

TAKARA BIO, Mountain View, CA, USA).

Yeast growth assay. We constructed wild type and mutations (S1613G,

M1775R and T1691K) of BRCA1 COOH-terminus (amino acid 1396–1863)

into pACT2 vectors. The diploid strain BY4741 of Saccharomyces cerevisiae,

kindly provided by Professor Lee FJ, has the genotype of MATa his3, leu2,

met15, ura3. Yeast was transformed with plasmid DNA by using the lithium

acetate method with single-stranded DNA as a carrier, and plated on solid

synthetic medium with 2% glucose lacking leucine. Colonies grew for 3 days at

30 1C. BY4741 transformants containing pACT2 constructs (vector alone, wild

type, S1613G, M1775R and T1691K) were grown overnight in liquid medium

lacking leucine to reach saturationed , and then inoculated into the fresh

medium from the initial OD600 of 0.2 at 30 1C in a shaker. The OD600 was

checked at 0, 3, 6 and 9 h. Yeast transformants were collected to determine the

expression of BRCA1 C-terminus by using western blot probed with anti-

BRCA1 antibody C-20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

RESULTS

BRCA1 sequence analysis
Among the 36 patients, 18 genetic variants were found, including 14
variants located in exons and 4 variants in exon–intron boundaries

Table 1 Sequence variants identified in the BRCA1 gene (N¼36)

Variants Location Type AA change Frequency Reported/novel Clinical relevance

5149del4 Exon 17 FS T1677IfsX1 1/36 Reported Deleterious

5454delC Exon 22 FS Q1779DfsX14 1/36 Reported Deleterious

5655C4T Exon 24 NS Q1846X 1/36 Reported Deleterious

1155C4T Exon 11 MS P346S 1/36 Reported Unknown

2731C4T Exon 11 MS P871L 20/36 Reported Benign

3432A4G Exon 11 MS E1038G 20/36 Reported Benign

3667A4G Exon 11 MS K1183R 20/36 Reported Benign

4956A4G Exon 16 MS S1613G 20/36 Reported Benign

5191C4A Exon 17 MS T1691K 1/36 Reported Unknown

233G4A Exon 3 Syn Not changed 4/36 Reported Benign

1850A4G Exon 11 Syn Not changed 1/36 Novel Benign

2201C4T Exon 11 Syn Not changed 20/36 Reported Benign

2430T4C Exon 11 Syn Not changed 20/36 Reported Benign

4427T4C Exon 13 Syn Not changed 20/36 Reported Benign

IVS14-14C4G Intron 14 Syn Non-coding 1/36 Novel —

IVS18+66G4A Intron 19 IVS Non-coding 19/36 Reported Benign

IVS22+23A4T Intron 23 IVS Non-coding 2/36 Novel —

IVS24+31 G4A Intron 24 IVS Non-coding 1/36 Novel —

Abbreviations: AA, amino acid; FS, frame-shift; IVS, intervening sequence; MS, missense mutation; Syn, synonymous.
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(Table 1). The 14 exon sequence variations consisted of two frame-
shift mutations, one nonsense mutation, six missense mutations and
five synonymous nucleotide polymorphisms with no amino-acid
substitution (Table 1). We first searched the BIC database for the 18
genetic variants. Three genetic variants (c.5149del4, c.5454delC and
c.5655C4T) were defined as deleterious mutations associated with
breast cancer. Four genetic variants had not been described in the BIC
database.

Among the six missense mutations, four were classified as benign
polymorphisms according to the BIC database: c.2731C4T,
c.3432A4G, c.3667A4G and c.4956A4G, which led to P871L,
E1038G, K1183R and S1613G, respectively. Another two missense
mutations (c.1155C4T and c.5191C4A) were classified as VUS.

Analysis of the two BRCA1 VUS
Pedigree analysis. Two missense mutations of VUS were c.1155C4T
in exon 11 and c.5191C4A in exon 17, which resulted in P346S and
T1691K in BRCA1, respectively. The c.1155C4T missense mutation
occurred in a 44-year-old woman, whose mother developed breast
cancer at the age of 63 years. T1691K was identified form a 32-year-old
woman, and breast cancer familial history was found in her mother
and two maternal aunts at the age of 44, 48 and 57 years, respectively
(Table 2).

Tumor histopathology. The dominant histopathological feature of
breast cancer arising from BRCA1 mutation is high grade infiltrating
ductal carcinoma (IDC), and the immunohistochemical staining is

negative expression of ER, PR and HER2 (triple negative). In the
modified Manchester scoring prediction system, grade 3 IDC with
triple negative immunotyping contributes a significant impact in the
prediction of BRCA1 mutant, but positive expression of HER2
diminishes the predictive possibility of BRCA1 mutation.25

The patient with c.1155C4T developed a grade 2 IDC with negative
staining of ER, PR and positive expression of HER2; the other patient
with c.5191C4A mutation had a grade 3 IDC with triple negative
immunohistochemical staining. On the basis of the pathological
feature, c.1155C4T of BRCA1 is less likely to be a pathological
mutant and c.5191C4A mutation is of strong deleterious significance.

Bioinformatics study
Sequence alignment in BRCA1. We identified 13 full-length BRCA1
sequences of the Vertebrata in the National Center for Biotechnology
Information (Supplementary Table 2). Multi-alignment comparisons
show high levels of amino-acid identity in the ring domain, BRCT-N
and BRCT-C region between humans and other vertebrata (Figure 2a).
Amino acid threonine of codon 1691 (T1691) is located in the BRCT-N,
and is 100% conserved between Homo sapiens and Tetraodon. Codon
346 is not located in the ring domain or BRCT regions; the conservation
is lower at its nearby region between humans and other vertebrata.
Codon 346 proline (P346) is only conserved in primates and Bovidae,
and changed to serine in Rattus, Mus and Gallus. On the basis of the
levels of conservation observed, missense mutation T1691K is likely to
affect protein function whereas P346S is not.

Table 2 Clinical characteristics and bioinformatics analysis of genetic variants of BRCA1

Clinical characteristics

Genetic

variants AA change Frequency Tumor Age/sex Grade ER/PR/Her2 Familial history (age)

5149del4 T1677IfsX1 1/36 Bil. IDC 34/F 3 �/�/� Breast cancer: mother (41),

one maternal aunt (37)

37/F 3 �/�/�
5454delC Q1779DfsX14 1/36 IDC 32/F — �/�/� Breast cancer: mother, one maternal aunt

5655C4T Q1846X 1/36 Bil. IDC 33/F Breast cancer: sister (47), bilateral

49/F 2 �/�/�
1155C4T P346S 1/36 IDC 44/F 2 �/�/3+ Breast cancer: mother (63)

5191C4A T1691K 1/36 IDC 32/F 3 �/�/� Breast cancer: mother (44),

two maternal aunts (48, 57)

Bioinformatics analysis

Genetic

variants AA change Alignment

Secondary

structure element PolyPhen-2 Panther CanPredict

Our cohort

1155C4T P346S P: 5/13 — 0: Benign 0.24245: not deleterious Not determined

5191C4A T1691K T: 13/13 b-strand3/a-helix2

of BRCT-N

0.993:

probably damaging

0.90404: Deleterious Likely cancer

Well-known mutations

5443M4R M1775R M: 13/13 b-strand1/a-helix1

of BRCT-C

1.000:

probably damaging

0.78122: deleterious Likely cancer

4956A4G S1613G S: 8/13 — 0.205:

possibly damaging

0.39515: deleterious Not determined

Abbreviation: AA, amino acid.
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Figure 2 (a) Sequence alignment in BRCA1. P346 is conserved only in the primates and Bovidae, and changed to Ser in Rattus, Mus and Gallus. T1691 is

located in the BRCT-N, and conserved in all Vertebrata. (b) Ribbon presentation of the T1691K mutant structure modeling (purple) superimposed with

wtBRCA1 (white) structure interacting with BACH1 phosphorylated peptide; the interacting surface is shown as the mesh. T1691 is located in the loop

between the third b-strand and second a-helix of BRCT-N, which contribute to protein surface interactions with the phosphorylated BACH1 peptide. (c) Two

hydrogen bonds (blue dotted lines) from the T1691 to S1715 and D1692 may contribute to stabilizing the structure and the binding surface. Superposition
of lysine substitution disrupts the hydrogen bonds and causes steric hindrance between K1691 and S1715 side chains.
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Structure modeling. The BRCA1 missense mutation T1691K lies at
the loop between the third b-sheet and second a-helix of BRCT-N.
To investigate the structural consequences of this missense mutation,
we used the X-ray crystal structure of wild type (wt) BRCA1 COOH
terminus (PDB:1T29) as a template to generate T1691K point muta-
tion on it. In the wtBRCA1, the loop in which T1691 is located forms
the protein surface and is a part of the binding pocket interacting with
the BACH1 phosphorylated peptide26,27 (Figure 2b). The buried
T1691 residue makes the hydrogen bond to S1715 and D1692, as a
contribution to hold the structure of protein surface and the binding
pocket (Figure 2c). As a result of T1691K mutation, the two hydrogen
bonds are disrupted. Moreover, steric hindrance develops because of
the significantly greater length of the lysine residue compared with
threonine. The bump check confirmed that the interatomic distances
are too short between the side chains of K1691 and S171528 (Supple-
mentary Table 3). Therefore, T1691K causes steric hindrance and
losses of hydrogen bonds, which would no longer stabilize the local
structure but significantly alter the binding surface. The structural
analysis also compares well with the interspecies sequence alignment;
the sequence of this loop and S1715 are 100% conserved between
humans and Tetraodon. This fact may reflect that the loop has the
important role for interacting with the phosphorylated peptide.26

Web-servers prediction programs. Bioinformatics analysis of missense
mutation was performed by PolyPhen-2, PANTHER and CanPredict
to calculate the impact of the mutations. For the two VUSs, T1691K
mutation was calculated as 0.993 (probably damaging) by PolyPhen-2,
0.90404 (deleterious) by PANTHER and ‘likely cancer’ by CanPredict;
P346S was calculated as 0 (benign) by PolyPhen-2, 0.24245 (not
deleterious) by PANTHER and not determined by CanPredict (not
found in the Pfam database). Thus, T1691K was consistently
determined to be a deleterious mutation by the three programs, and
P346S was considered as a benign polymorphism. The results of
the web-servers predictions support the result of the two bioinfor-
matics analyses described above. Therefore, P346S was not analyzed
further.

Functional assay
Quantitative assessment of transcriptional activation in mammalian
cells. The known mutation M1775R was used as a deleterious
control, and benign polymorphism S1613G and wt BRCA1 (amino
acids 1396–1863) were used as neutral controls. The expression levels
of DBD–BRCA1 fusion protein were comparable for wild type and
variants in mammalian cells. Variant M1775R displayed marked
reduction of relative luciferase activity (B2% of wt) and S1613G
displayed slightly increased relative luciferase activity (B120% of wt).
The test VUS T1691K also showed significant reduced activity (B2%
of wt), similar to the known mutation M1775R (Figure 3b). This
quantitative assessment revealed that T1691K mutant protein lacked
transcriptional activation activity, indicating that T1691K is a deleter-
ious mutation.

Yeast growth assay. The expression of wt BRCA1 protein inhibits
S. cerevisiae growth.29 Taking the phenotype, the suppression of
growth curve can be used to distinguish deleterious mutants from
benign polymorphisms. Protein expression levels were similar for all
constructs by western blotting. Yeasts containing wt BRCA1 or
S1613G constructs were fully suppressed in the growth curves,
indicating that S1613G is actually a benign polymorphism. The
known mutant M1775R showed a partial growth suppression pheno-
type. Yeast transformed with T1691K construct exhibited a growth

curve similar to that of the transformants containing pACT2 vector
alone (Figure 3e), which was consistent with the evidence that T1691K
has no effect on growth inhibition. This phenotype suggests that
T1691K is a deleterious mutant.

Clinical patient characteristics
In the 36 patients, four deleterious mutations of BRCA1 were con-
firmed by the multimodel assessment, resulting in an 11.1% incidence
in this case series. The four mutants consisted of one novel
(c.5191C4A) and three known mutations (c.5149del4, c.5454delC
and c.5655C4T). All four patients with deleterious BRCA1 mutation
were diagnosed with IDC before age 35, and have familial breast
cancer histories. Two of them had developed secondary contralateral
breast cancer at the time of this report. The patient with c.5149del4
had grade 3 bilateral IDC, and one first degree relative and one second
degree relative with breast cancer. The patient with c.5454delC had
one first degree relative and one second degree relative with breast
cancer. Mutation c.5655C4T occurred in a patient presenting with
bilateral breast cancer; the sister of this patient also had breast cancer.
Mutation c.5191C4A presented in a patient with one first degree
relative and two second degree relatives having breast cancer (Table 2).

Among the 36 patients, patients with BRCA1 deleterious mutation
are significantly younger (32.7 vs 37.7 years, P¼0.023) and are more
likely to have a history of familial breast cancer (P¼0.025) than
patients without deleterious mutation. By using univariate analysis,
negativity of ER expression (P¼0.005) and triple negativity of IDC
(P¼0.019) comprises the significant dominant pathology types of
patients with deleterious mutation. Other characteristics, including
pathological stage, histological type, grade and HER2 expression are
not significantly different.

DISCUSSION

In this study, we analyzed germ-line BRCA1 mutation in 36 high-risk
breast cancer patients and found 11.1% prevalence in this patient
cohort. By the multimodel assessment, we identify a novel deleterious
mutation c.5191C4A (p.T1691K) that affects BRCA1 protein func-
tion and could be relevant to breast cancer development. We also
demonstrate in this cohort that patients with BRCA1 deleterious
mutation are younger, have a more dominant familial history and
are more likely to have triple negative (negative expression of ER, PR
and HER2) histopathological characteristics when compared with
non-BRCA1 mutants.

This is the first study to provide evidence that germ-line BRCA1
mutation has an important genetic impact in breast cancer patients
with early-onset and/or familial history in the Taiwanese population.
Among the four mutants, c.5149del4 has been widely reported in
Western countries.30 c.5454delC is also found in Caucasians and
reported as a founder mutation in Malay and Philippine breast cancer
patients.31,32 c.5655C4T and c. 5191C4A are recorded twice and
once in the BIC database, respectively. Other genetic variants, such as
c.2201C4T, c.2430T4C, c.2731C4T, c.3432A4G, c.3667A4G,
c.4427T4C and c.4956A4G, have been reported in Western and
Asian countries.12 Our cohort shows that the genetic spectrum of
germ-line BRCA1 in the Chinese population of Taiwan is similar with
the other races of the world.

The 11.1% prevalence of this case series is similar with reports of
non-Ashkenazi Jewish Caucasian women, but the prevalence is higher
compared with prior Asia-Pacific studies. Prior studies from the
Chinese population showed 5.9 or 2.8% of germ-line BRCA1 muta-
tion in women with familial breast cancer or with breast cancer before
40 years.9 Malaysia presented 2.8% germ-line BRCA1 mutation in
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early-onset breast cancer patients without familial history.10 One
Korean study demonstrated 6.8% prevalence of germ-line BRCA1
mutation from 354 patients with familial breast cancer.11 Possible
reasons for the higher prevalence in our cohort are the small
patient number and slightly different enrollment criteria used in the
study. Also, VUS of BRCA1 was not characterized in the prior
Chinese, Korean and Malaysia studies, and these studies only included
frame-shift mutations and little known missense mutations as deleter-
ious mutants. This reflects the fact that VUS (especially missense
changes) of BRCA1 poses a problem in the genetic study of breast
cancer.17

Currently, functional assays are required to characterize the
contribution of BRCA1 VUS for breast cancer development, and at
least five functional assays have been reported.33 However, the
sensitivity and specificity of the different types of functional assays
used to determine the VUS of BRCA1 are variable.33 It is a difficult
and impractical task to perform all of the functional assays, and

characterizing all the VUSs identified in patients using the functional
assays is not an effective and efficient strategy. Therefore, we devised
the multimodel assessment using clinical information (pedigree and
pathological study) and bioinformatics analysis for pre-screening the
VUS, excluding the obvious non-deleterious VUS, and selecting the
possible deleterious VUS for further assessment by validated func-
tional assays. First, to improve the prediction accuracy, we add tumor
histopathology to the clinical pedigree assessment. Negative expression
of ER or triple negative type is the major feature in breast cancer
arising from germ-line BRCA1 mutation.25 Second, we use several
bioinformatics methods to definite the impact of amino-acid sub-
stitution on the protein function. In our study, we demonstrate that
the novel mutation T1691K is located in the high-degree sequence
conserved region, and the three-dimensional simulation structure
shows that change of this region influences the interaction with
BACH1. Unlike previous simulation models in which M1775R or
M1775K directly cause steric hindrance in binding with the phos-

Figure 3 Functional assays of BRCA1 genetic variants. (a) Location of missense variant (T1691K), benign polymorphism (S1613G) and deleterious control

(M1775R). The fusion protein DBD–BRCA1 C-terminus was subcloned into pcDNA3.1+ vector for quantitative transcriptional activation assay. The wt

BRCA1 or mutant BRCA1 COOH-terminus was constructed into pACT2 for yeast growth curve assay. (b) Quantitative transcriptional activation assay in

mammalian cells. Cells were cotransfected with a pGL4.31vector (GAL4-responsive firefly luciferase reporter), pGL4.74 vector (Renilla luciferase driven by a

constitutive promoter as internal control) and a pcDNA3.1+ construct containing GAL4 DBD fused with wt BRCA1 or mutant BRCA1 COOH-terminus.
Measurements were done in triplicates and normalized against the internal transfection Renilla luciferase. Wt BRCA1 was used as the control (100%) of

relative luciferase activity. (c) Determination of the expression of BRCA1 C-terminus by using western blot with mouse anti-GAL4 DBD monoclonal antibody

in mammalian cell extracts. (d) S. cerevisiae was transformed with pACT2 contained with wt BRCA1 or mutant BRCA1 COOH-terminus. Colonies were grown

for 3 days at 30 1C on solid synthetic medium with 2% glucose lacking leucine. Grossly, the colony size of transformants with pACT2 vector alone or

T1691K was larger than that with wt BRCA1 or S1613G. (e) Growth curves of S. cerevisiae transformed with pACT2 constructs (vector alone, wild type,

S1613G, M1775R and T1691K) in YPD medium lacking leucine. The initial OD600 was 0.2, and all transformants grew in a 30 1C shaker. The OD600 was

checked at 0, 3, 6 and 9 h. (f) Determination of the expression of BRCA1 C-terminus by using western blot probed with anti-BRCA1 antibody C-20.
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phorylated peptide,34 T1691K may significantly alter the protein
surface leading to disruption in BACH1 interaction. This observation
is consistent with the previous observation that the loop containing
T1691 is critical for BACH1 binding.26

Web-severe programs in our multimodel assessment strategy of
mutants shows that T1691K was predicted as a deleterious mutant
based on a high score. However, PolyPhen and PANTHER may
overpredict damaging classes and SIFT (CanPredict) may overpredict
tolerated classes of mutations.35 These limitations of the classification
systems are observed in the benign control S1613G, which is predicted
as damaging, although the impact score is lower than true mutants
(Table 2, T1691K and M1775R). Therefore, bioinformatics analyses
provide the predictive value, but the functional assay is still required to
validate the mutation. Two sets of functional assays, including
transcriptional activation assay and yeast growth inhibition, are
important to provide qualitative evidence.33 T1691K is confirmed as
a deleterious mutation, and S1613G is proved to be a benign
polymorphism, consisted with previous observations. Therefore, an
effective and robust assessment model is established for the analysis of
BRCA1 VUS.

The development of multimodel assessment is based on the well-
known protein structure and functions. The highly conserved sequence,
well-known structure and functions of BRCA1 are only in the C-
terminus (two BRCT domains) and the Ring domain. Functional assay
of transcriptional activation is used to evaluate mutations in the C-
terminus of BRCA1, and yeast growth inhibition is used for two BRCT
domains.33 For Ring domain, changing the functional analysis to
BARD1 binding assay may be a feasible way.36 Although the currently
designed multimodel assessment is limited in the C-terminus of
BRCA1, most functionally compromised mutants are located in the
C-terminus and Ring domain. Therefore, the strategy of multimodel
assessment is clinically applicable for evaluating most VUSs of BRCA1.

The multimodel assessment strategy described here not only
improves genetic counseling but also identifies the specific patient
group with BRCA1 mutation that would be appropriate to receive new
targeted therapy. A poly(ADPribose) polymerase (PARP) inhibitor, for
example, was shown to have promising activity in the treatment of
BRCA-deficient breast and ovary cancers in phase I and II clinical
trials.37,38 These facts underscore the growing importance of establish-
ing comprehensive methods for the accurate classification of BRCA1
alleles. Though the patient number is limited in the current study, this
effective assessment model will be used and further evaluated in future
large-scale studies.
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