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Abstract

Purpose To characterize the spectrum of germline muta-

tions in BRCA1, BRCA2, and PALB2 in population-based

unselected breast cancer cases in an Asian population.

Methods Germline DNA from 467 breast cancer patients

in Sarawak General Hospital, Malaysia, where 93% of the

breast cancer patients in Sarawak are treated, was

sequenced for the entire coding region of BRCA1; BRCA2;

PALB2; Exons 6, 7, and 8 of TP53; and Exons 7 and 8 of

PTEN. Pathogenic variants included known pathogenic

variants in ClinVar, loss of function variants, and variants

that disrupt splice site.

Results We found 27 pathogenic variants (11 BRCA1, 10

BRCA2, 4 PALB2, and 2 TP53) in 34 patients, which gave

a prevalence of germline mutations of 2.8, 3.23, and 0.86%

for BRCA1, BRCA2, and PALB2, respectively. Compared

to mutation non-carriers, BRCA1 mutation carriers were

more likely to have an earlier age at onset, triple-negative

subtype, and lower body mass index, whereas BRCA2

mutation carriers were more likely to have a positive

family history. Mutation carrier cases had worse survival

compared to non-carriers; however, the association was

mostly driven by stage and tumor subtype. We also iden-

tified 19 variants of unknown significance, and some of

them were predicted to alter splicing or transcription factor

binding sites.

Conclusion Our data provide insight into the genetics of

breast cancer in this understudied group and suggest the

need for modifying genetic testing guidelines for this

population with a much younger age at diagnosis and more

limited resources compared with Caucasian populations.

Keywords Breast cancer � Germline mutation � BRCA1/2 �
PALB2 � Malaysia

Introduction

Breast cancer is the most frequently diagnosed cancer and

the leading cause of cancer death among females world-

wide [1]. Incidence rates of breast cancer vary across the

globe and are likely due to differences in the reproductive

patterns, lifestyle/dietary factors, genetic susceptibility, and

differences in detection methods [2]. The incidence of

breast cancer may also vary within geographic locations

and ethnic groups [3]. In general, the highest risks/rates

occur in the more economically developed regions of the

world and among non-Hispanic Caucasian women. The

incidence for invasive female breast cancer in Asia is much

lower than in North America and Europe; however, rates
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have been increasing rapidly in many Asian populations

[4]. Although the adoption of a Westernized lifestyle has

been proposed to account for much of the rate increase,

Asian women have a distinct profile of breast cancer that

differs from that seen in Western populations, such as an

earlier age at onset and a higher frequency of more

aggressive tumors [5]. In addition, the prevalence of some

known breast cancer susceptibility loci also varies in

Western and Asian populations [6].

Germline mutations in the BRCA1 and BRCA2 genes

result in predisposition to breast and ovarian cancer;

carriers of germline mutations in either one of these genes

have a 47–55% probability of developing breast cancer

and a 17–39% risk of ovarian cancer by the age 70 years

[7]. Breast cancer patients carrying inherited mutations in

these genes, especially BRCA1, are more likely to be

diagnosed at young age, have a family history of breast

cancer, and develop triple-negative (estrogen receptor

[ER]-negative, progesterone receptor [PR]-negative, and

human epidermal growth factor receptor 2 [HER2]-neg-

ative) tumors [8, 9]. In addition, the spectrum of BRCA

mutations varies depending on geographic origin, popu-

lation, and ethnic group [10, 11]. Knowledge of BRCA

mutation status for women with newly diagnosed breast

cancer may influence the clinical management and

immediate treatment recommendations, such as perform-

ing prophylactic mastectomy to reduce the risk of con-

tralateral breast cancer and using poly ADP ribose

polymerase (PARP) inhibitors, which are particularly

effective in BRCA mutation carriers [12]. However, the

prevalence of BRCA mutations and clinical characteristics

associated with these mutations in non-Caucasian popu-

lations have been poorly characterized, especially in

population-based settings. Further, studies on germline

variants in other breast cancer genes are more limited.

In this study, we intend to determine the frequency of

germline mutations in BRCA1, BRCA2, and PALB2 in a

nearly population-based unselected series of breast cancer

patients and to assess their relationship with clinical fea-

tures and prognosis in Sarawak, Malaysia. Sarawak is the

largest state in Malaysia, which maintains a certain level of

autonomy in administration, immigration, and judiciary,

differentiating it from the Malaysian Peninsula states.

Sarawak comprises multiple ethnic groups including

natives of Borneo (51%, comprising 27 ethnic subgroups),

Malays (23%), and Chinese (29%) [13]. The breast cancer

incidence rate in Sarawak (age-standardized rate [ASR], 22

per 100,000 women) is much lower compared to Western

Europe (ASR, 96) and the incidence varies by ethnicity,

with the highest rate observed in Chinese (ASR: 36.7)

followed by Malays (ASR, 26.5) and natives (ASR, 10.6)

[14, 15].

Materials and methods

Study population

The study population includes invasive breast cancer cases

diagnosed and treated from 2010 to 2015 in the Department

of Radiotherapy, Oncology and Palliative Care, Sarawak

General Hospital, Malaysia, where *93% of all breast

cancer cases in Sarawak are treated [15]. Tumor charac-

teristics including histology, grade, size, nodal status, and

receptor status were extracted from the pathology report.

Data on breast cancer risk factors were obtained through a

detailed questionnaire. Active clinical follow-up was con-

ducted for all cases with the annotation of treatment (yes/

no for hormone, radiation, and chemo therapies), relapse,

and survival status. Among 1700 patients who were treated

during this period of time, saliva samples were collected

from 480 patients. The project was approved by the Ethics

Committee of the National Institute of Health, Malaysia,

and exempted from review by the National Institutes of

Health (NIH) Office of Human Subject Research Protec-

tions since it did not involve the use of personal identifying

information (OHSRP number: 5410).

Breast cancer subtypes

Estrogen receptor (ER), progesterone receptor (PR), and

human epidermal growth factor receptor-2 (HER2)

expression were assessed with immunohistochemical (IHC)

staining of formalin-fixed, paraffin-embedded tissue sec-

tions, while HER2 expression was further determined by

fluorescence in situ hybridization (FISH), as previously

described [16]. Breast cancer subtypes were defined as

ER-positive or PR-positive/HER2-negative (ER? or PR

?/HER2-, luminal A), ER? or PR?/HER2? (luminal B),

ER-/PR-/HER2? (HER2-enriched), and ER-/PR-/

HER2- (triple-negative, TN).

Sequencing

Saliva samples were collected using OrageneTM DNA Self-

Collection Kit (DNA Genotek), and genomic DNA was

purified according to manufacturer’s instructions and

quantitated by Nanodrop. Patients with insufficient or low-

quality DNA (n = 13) and missing clinical information

(n = 3) were excluded from the further investigation. To

determine the nature and frequency of mutations in the

BRCA1, BRCA2, and PALB2 genes, we performed targeted

sequencing to an average depth of 250 reads on a total of

464 subjects using a custom-designed AmpliSeq panel

including the entire coding region of BRCA1; BRCA2;

PALB2; Exons 6, 7, and 8 of TP53; and Exons 7 and 8 of
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PTEN. The sequencing and quality control measures were

described previously in detail [17].

Variant annotation

Variants were identified and quality filtered with the Gen-

ome analysis toolkit (GATK) [18] and the Torrent Variant

Caller (version 5.0-7) and annotated by Annovar. Common

variants with frequency[1% in any public database (1000

Genome, Exome Sequencing Project [ESP], The Exome

Aggregation Consortium [ExAC]) were excluded. Putative

functional variants were annotated by reference to ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar/).

All rare variants were further analyzed using an infor-

mation-theory-based method for in silico prioritization of

variants to assess effects on DNA–protein and RNA–protein

binding, including transcription factors, splicing factors, and

other RNA binding proteins [19]. The Shannon Human

Splicing Mutation Pipeline (http://www.mutationforecaster.

com) was used to analyze variants for their potential effects

on both natural and cryptic splicing [20]. The predicted

information content is known as its Ri, which is a measure of

binding site strength (in bits) [21]. Changes to splicing

regulatory factor binding were also examined using infor-

mation models described in Mucaki et al. [22]. To assess

potential effects on transcription factor binding, a modified

version of the Shannon pipeline was used which utilized

transcription factor informationmodels built from ENCODE

ChIP-seq data sets [23]. RNA protein binding sites were

analyzed using models obtained from the RNA-Binding

Protein Database (BPDB; http://rbpdb.ccbr.utoronto.ca/)

and the Catalog of Inferred Sequence Binding Preferences of

RNA binding protein (CISBP-RNA; http://cisbp-rna.ccbr.

utoronto.ca/). Furthermore, potential changes to mRNA

stability due to variants found in untranslated regions were

evaluated using SNPfold [24] and mFOLD [25].

Pathogenic variants included known pathogenic alleles

in ClinVar and unreported loss of function variants (fra-

meshift and stop-gain) or variants that alter the first or

second base of the splice site. Variants of unknown sig-

nificance (VUS) included variants that were designated as

VUS by ClinVar, non-synonymous that have never been

reported, and rare (absent in 1000 Genome) synonymous or

intronic variants that were predicted to be deleterious.

Other synonymous or intronic variants and variants clas-

sified as benign or likely benign by ClinVar were grouped

into a single ‘‘benign’’ category.

Multiplex ligation-dependent probe amplification

(MLPA)

A sample of 80 ng of genomic DNA was processed per the

manufacturer’s protocol (MRC-Holland, MLPA P002

BRCA1 probemix) for MLPA and run on an ABI-3730X.

Data files were processed by Coffalyser software and

reactions included an artificial positive duplication controls

for BRCA (MRC-Holland, Artificial Duplication DNA).

Statistical analyses

Chi-square, Fisher’s exact test, or Mantel–Haenszel Chi-

square test for categorical variables and ANOVA test for

continuous variables were used to test the variation of

patient characteristics by mutation status. Patients with

pathogenic variants and VUS variants were separately

compared to the reference group which consisted of carriers

of benign variants and mutation non-carriers. Multivariable

unconditional logistic regression was used to calculate the

odds ratios (ORs) and 95% confidence intervals (95% CIs)

for the associations between mutation status and patient

characteristics including age at diagnosis (continuous),

ethnicity (Chinese, Malay, Native; reference = Chinese),

family history of breast cancer (yes vs. no), grade (poorly

differentiated vs. well or moderately differentiated), tumor

subtype (luminal A, ER? or PR?/HER2?, HER2-en-

riched, and TN; reference = luminal A), body mass index

(BMI C25 vs.\25 kg/m2), parity (parity vs. nulliparity).

Overall survival was defined as the time between the

date of diagnosis and either the date of death or the date at

last follow-up (if death did not occur during the follow-up

period). Cases with unknown vital status or follow-up

duration (n = 37) were excluded from the analysis. The

Kaplan–Meier method was used to assess overall survival

among patients, stratified by mutation status. The log-rank

test was used to compare survival curves between groups.

A multivariable Cox-proportional hazard regression model

was also used to test the differences in survival between

mutation carriers and non-carriers with the adjustment of

age, stage, tumor subtype, and treatments (endocrine,

radiation, and chemo therapies; yes vs. no). Sensitivity

analyses excluding patients who were followed up within 3

or 6 months and remained alive from the analysis did not

lead to significant changes in results, and we therefore

included all patients in the survival analyses. All statistical

analyses were performed using SAS version 9.3 (SAS

Institute, Cary, NC).

Results

A total of 464 breast cancer patients with sequencing data

were included in this analysis. The distribution of clinical

characteristics and major breast cancer risk factors for

women included in this analysis was similar to that for all

other women treated in SGH during the same period of

time (n = 1700; Supplementary Table 1).
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Pathogenic variants

We identified 11 BRCA1 pathogenic variants in 13 patients,

10 BRCA2 pathogenic variants in 15 patients, 4 PALB2

pathogenic variants in four patients, and 2 TP53 pathogenic

variants in two patients (Table 1; Fig. 1), which gave a

prevalence of germline mutations of 2.8, 3.2, and 0.86% for

BRCA1, BRCA2, and PALB2, respectively, among unse-

lected breast cancer cases in Sarawak, Malaysia. All these

variants were extremely rare in the general population

(\0.05% in 1000 Genome, ESP, and ExAC). Only 4 of

them were recurrent variants (c.3214delC and c.5335delC

in BRCA1; c.5353_5354delAC and c.8961_8964delGAGT

in BRCA2) and all four are known variants that were

reported previously in other populations. The pathogenic

mutations included 9 previously undescribed, four in

BRCA1, 1 in BRCA2, 3 in PALB2 and one in TP53

(Table 1). Large deletions in BRCA1 were not detected in

any of the 150 patients we analyzed using MLPA (data not

shown).

Table 1 Pathogenic variants in BRCA1, BRCA2, PALB2, and TP53 identified among unselected breast cancer patients in Sarawak, Malaysia

Chr Position dbSNPa Ref Var Gene Variant Age FHBCb Subtype

chr17 41197802 C BRCA1 c.5548delG 41 N TN

chr17 41201209 rs80357590 G BRCA1 c.5335delC 38 Y TN

chr17 41201209 rs80357590 G BRCA1 c.5335delC 34 Y TN

chr17 41243941 rs62625308 G A BRCA1 R1203X 41 Y TN

chr17 41244320 rs80357635 CT BRCA1 c.3228_3229delAG 65 Y Luminal A

chr17 41244334 rs80357923 G BRCA1 c.3214delC 42 N TN

chr17 41244334 rs80357923 G BRCA1 c.3214delC 23 Y TN

chr17 41245481 CTTTTA BRCA1 S689X 37 N Luminal A

chr17 41246407 rs876659327 C BRCA1 c.1140dupG 44 N TN

chr17 41247940 C T BRCA1 c.594 ?1G[A 61 N Luminal A

chr17 41258474 rs80357382 T C BRCA1 R71G 36 N TN

chr17 41258503 rs80357093 C T BRCA1 C61Y 45 N HER2-enriched

chr17 41267767 rs80356880 G T BRCA1 T37K 31 N TN

chr13 32900701 rs80358810 G A BRCA2 W194X 54 N Luminal A

chr13 32903605 T BRCA2 c.657delT 43 N Luminal A

chr13 32905127 rs80359659 GACA BRCA2 c.755_758delACAG 42 UNK Luminal A

chr13 32907379 rs80359303 AAAT BRCA2 c.1763_1766delATAA 39 Y TN

chr13 32907502 rs80359314 A BRCA2 c.1888dupA 53 N TN

chr13 32910932 rs397507627 C BRCA2 c.2442delC 48 Y TN

chr13 32911601 rs80358557 C T BRCA2 Q1037X 60 Y TN

chr13 32913844 rs397507780 AC BRCA2 c.5353_5354delAC 49 UNK Luminal A

chr13 32913844 rs397507780 AC BRCA2 c.5353_5354delAC 50 Y Luminal A

chr13 32913844 rs397507780 AC BRCA2 c.5353_5354delAC 45 N Luminal A

chr13 32914069 rs80359520 AATT BRCA2 c.5575_5578delATTA 47 N TN

chr13 32953896 rs80359734 TGAG BRCA2 c.8961_8964delGAGT 58 Y Luminal A

chr13 32953896 rs80359734 TGAG BRCA2 c.8961_8964delGAGT 48 N Luminal A

chr13 32953896 rs80359734 TGAG BRCA2 c.8961_8964delGAGT 47 N Luminal A

chr13 32953896 rs80359734 TGAG BRCA2 c.8961_8964delGAGT 38 Y Luminal A

chr16 23635336 T PALB2 c.2828delA 38 N Luminal A

chr16 23641792 T G PALB2 c.1691-2A[G 49 N TN

chr16 23646182 C T PALB2 c.1559 ? 1G[A 24 N HER2-enriched

chr16 23647116 rs180177091 G A PALB2 N251X 64 Y TN

chr17 7577539 rs121912651 G A TP53 R254 W 34 Y TN

chr17 7578475 G TP53 c.455delC 45 N Luminal A

a Those without dbSNP ID are novel variants
b FHBC: family history of breast cancer
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Characteristics of pathogenic variant carriers

The average age of diagnosis among carrier cases of

pathogenic variants was 44 years (range 23–65 years), eight

years younger compared with non-carrier cases

(p = 0.0002) (Table 2). Furthermore, cases with any

pathogenic mutation were more likely to have a positive

family history of breast cancer (41 vs. 21%), develop triple-

negative (50 vs. 16%) or poorly differentiated (47 vs. 31%)

tumors, and be nulliparous (32 vs. 19%). In contrast, these

mutation carriers were less likely to have HER2-positive

tumors (luminal B or HER2-enriched, 6 vs. 29%) and be

overweight or obese (33 vs. 52%) (Table 2). There was no

significant difference in mutation frequency across different

ethnic groups. In the multivariable logistic regression model

including age, ethnicity, tumor subtype, grade, family his-

tory of breast cancer, BMI, and parity, the associations

remained significant for age (OR 0.94, 95% CI 0.90, 0.98;

p = 0.0051) and tumor subtype (ORTNvs.LuminalA = 2.66,

95% CI 1.08, 6.57; p = 0.033) and borderline significant

for family history of breast cancer (OR 2.18, 95% CI 0.92,

5.15; p = 0.076) (Table 3).

When comparing carriers for BRCA1 and BRCA2 muta-

tions separately to non-carriers, we found that the associa-

tions with age and triple-negative subtype were stronger for

BRCA1 mutations carriers, whereas the association with

family history was stronger for BRCA2 mutation carriers

(Table 3; Supplementary Table 2). Interestingly, the asso-

ciation for BMI was only seen among BRCA1 mutation

carriers but not among BRCA2 mutation carriers (Table 3).

Patients carrying pathogenic variants appeared to have

worse survival compared with non-carriers (Plog-

rank = 0.11) (Fig. 2); however, the association was mostly

driven by tumor stage and subtype and became less

significant after the adjustment of these variables and

treatments (Hazard Ratio [HR] 1.88, 95% CI 0.52, 6.72;

p = 0.33).

Variants of unknown significance (VUS)

In addition to pathogenic mutations, we also identified 20

variants whose pathogenic status could not be determined

and were designated as VUS, 6 in BRCA1, 5 in BRCA2, 6

in PALB2, and 3 in TP53 in 30 patients (Table 4). These

variants were either designated VUS by clinical laborato-

ries (ClinVar), or non-synonymous and have never been

reported, or rare intronic variants with predicted deleterious

effect. In aggregate, carriers of VUS were not significantly

different compared with non-carriers in age of onset (OR

1.00, 95% CI 0.96, 1.04; p 0.92) or TN status (OR 0.81,

95% CI 0.27, 2.40; p 0.70); however, like pathogenic

variant carriers, they were also less likely to have HER2-

positive tumors (OR 0.25, 95% CI 0.068, 0.92; p 0.037)

and more likely to have poorly differentiated tumors (OR

2.90, 95% CI 1.17, 7.19; p = 0.021) (Table 2). In addition,

a subset of these VUS carriers were diagnosed with breast

cancer before age 45 years; most of them had TN tumors,

suggesting that some of these VUS variants might be

pathogenic. Interestingly, the VUS carriers tended to have

lower frequency of positive family history (OR 0.17, 95%

CI 0.023, 1.32; p = 0.091) (Table 2).

In silico variant analysis using information theory

Three novel pathogenic variants abolish natural splice sites

(PALB2:c.1691-2A[G, PALB2:c.1559 ? 1G[A, and

BRCA1:c.594 ? 1G[A) (Supplementary Table 3). A

known missense variant (rs80357382 [R71G]) simultane-

ously weakens BRCA1 exon 3 natural donor (5.9 to 3.4

bits). ASSEDA predicts the activation of a cryptic site

within this donor splice site which would result in a 22nt

deletion (cryptic site shown to be used in BRCA1 isoform

NR_027676.1). This predicted splice form has been

observed in Spanish familial breast cancer patients with the

R71G mutation [26]. In addition, a rare intronic variant in

BRCA1 (g.41243354delAACTA) was flagged as a signifi-

cant cryptic site, which increased the strength of a cryptic

site from 1.2 to 4.2 bits (natural site is 2.9 bits, Supple-

mentary Table 3). Other predicted changes involving

cryptic splice sites were generally not deemed significant.

The impact of variants on splicing factor recognition

sequences (SFRS) was also assessed with information

theory-based models. TP53 missense mutation (R254W) is

deemed clinically significant in ClinVar. It is predicted to

create a 4.7 bit hnRNP A1 site 42nt from the natural donor

site of exon 6, which has been shown to induce exon

RING      NLS Coiled Coil BRCT

BRCA1

Non-sense

Mis-sense

Frame-shi�

Splice site

* * * 

BRC Repeats H           OB  T   OB       NLS

BRCA2

* 

Fig. 1 Locations of BRCA1/2 pathogenic variants identified among

breast cancer cases in Sarawak, Malaysia. Novel variants are

indicated by asterisk
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Table 2 Selected clinical characteristics and breast cancer risk factors by mutation class

All (n = 464) Pathogenic (n = 34) VUS (n = 29) Non-carriers (n = 401) pa pb

n % n % n % n %

Age

Mean (SD) 51.4 11.2 44.5 10.11 50.3 8.96 52.1 11.3 0.0002c 0.41c

20–40 64 13.8 11 32.4 3 10.3 50 12.5 0.0012 0.069

40–50 152 32.8 15 44.1 10 34.5 127 31.7

50–60 141 30.4 4 11.8 14 48.3 123 30.7

60? 107 23.1 4 11.8 2 6.9 101 25.2

Vital status

Allive 419 90.5 28 82.4 27 93.1 364 91.0

Death 44 9.5 6 17.7 2 6.9 36 9.0

Unknown 1 1

Ethnicity

Chinese 215 46.3 15 44.1 11 37.9 189 47.1 0.22 0.60

Malay 112 24.1 13 38.2 7 24.1 92 22.9

Natives 126 27.2 6 17.7 10 34.5 110 27.4

Others 11 2.4 1 3.5 10 2.5

Family history

No 360 78.4 19 59.4 27 96.4 314 78.7 0.012 0.025

Yes 99 21.6 13 40.6 1 3.6 85 21.3

Missing 5 2 1 2

ER

Positive 298 65.2 15 44.1 18 64.3 265 67.1 0.0069 0.76

Negative 159 34.8 19 55.9 10 35.7 130 32.9

Missing 7 1 6

PR

Positive 265 58.0 13 38.2 18 64.3 234 59.2 0.017 0.60

Negative 192 42.0 21 61.8 10 35.7 161 40.8

Missing 7 1 6

HER2

Positive 118 26.2 2 5.9 3 11.1 113 29.1 0.0022 0.047

Negative 332 73.8 32 94.1 24 88.9 276 71.0

Missing 14 2 12

Subtype

Luminal A 243 54.1 15 44.1 16 59.3 212 54.6 0.00002 0.12

Luminal B 64 14.3 1 3.7 63 16.2

HER2-enriched 54 12.0 2 5.9 2 7.4 50 12.9

TN 88 19.6 17 50.0 8 29.6 63 16.2

Missing 15 2 13

Stage

0 11 2.4 1 3.6 10 2.5 0.79 0.68

1 67 14.7 6 17.7 6 21.4 55 13.9

2 185 40.5 14 41.2 11 39.3 160 40.5

3 157 34.4 10 29.4 9 32.1 138 34.9

4 37 8.1 4 11.8 1 3.6 32 8.1

Missing 7 1 6

Grade

Well differentiated 57 12.4 4 14.3 53 13.3 0.017 0.03

Moderately differentiated 249 54.0 18 52.9 9 32.1 222 55.6
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skipping in other instances of inherited breast cancer [27].

Other pathogenic mutations were found to simultaneously

alter SF binding sites; however their impact on phenotype

cannot be discerned without additional functional evidence.

There were 9 VUS which were predicted to alter the

strengths of splicing factors (Supplementary Table 3).

Table 2 continued

All (n = 464) Pathogenic (n = 34) VUS (n = 29) Non-carriers (n = 401) pa pb

n % n % n % n %

Poorly differentiated 155 33.6 16 47.1 15 53.6 124 31.1

Missing 3 1 2

Chemotherapy

No 102 22.5 4 11.8 8 27.6 90 23.0 0.19 0.57

Yes 352 77.5 30 88.2 21 72.4 301 77.0

Missing 10 10

Surgery

No 36 7.9 2 5.9 4 13.8 30 7.7 0.99 0.28

Yes 418 92.1 32 94.1 25 86.2 361 92.3

Missing 10 10

Ratiotherapy

No 107 25.0 5 15.6 5 19.2 97 26.2 0.19 0.50

Yes 321 75.0 27 84.4 21 80.8 273 73.8

Missing 36 2 3 31

BMI

Mean (SD) 25.4 4.84 23.1 4.5 24.6 4.27 25.6 4.9 0.005c 0.28c

\23 148 32.3 16 48.5 11 39.3 121 30.5 0.13 0.66

23–25 77 16.8 6 18.2 3 10.7 68 17.1

25–30 162 35.4 9 27.3 11 39.3 142 35.8

[30 71 15.5 2 6.1 3 10.7 66 16.6

Missing 6 1 1 4

Age at menarche

\13 136 29.4 11 32.4 9 31.0 116 29.1 0.69 0.82

13 160 34.6 13 38.2 11 37.9 136 34.1

13? 166 35.9 10 29.4 9 31.0 147 36.8

Missing 2 2

Parity

Nulliparous 94 20.3 11 32.4 6 20.7 77 19.2 0.067 0.84

1 or more children 370 79.7 23 67.7 23 79.3 324 80.8

Age at pregnancyd

\21 71 19.5 3 13.0 4 17.4 64 20.1 0.61 0.43

21–25 156 42.7 9 39.1 13 56.5 134 42.0

26? 138 37.8 11 47.8 6 26.1 121 37.9

Missing 5 5

Breastfeedingd

No 131 28.2 12 35.3 10 34.5 109 27.2 0.31 0.40

Yes 333 71.8 22 64.7 19 65.5 292 72.8

a Comparison between pathogenic and non-carriers (including carriers of benign variants); Chi-Square test or Fisher’s Exact test whichever

appropriate
b Comparison between VUS and non-carriers (including carriers of benign variants); Chi-Square test or Fisher’s Exact test whichever

appropriate
c Student’s t test
d Among parous women
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Variants found either in the first exon or first intron of

each gene were analyzed for their potential impact on

transcription factor binding, resulting in three flagged VUS

(Supplementary Table 3). A novel synonymous TP53

mutation (T170T) found in two patients is predicted to

abolish a pre-existing ETV1 while simultaneously creating

a TCF7L2 site (the latter has been shown to bind to TP53

promoter based on ENCODE data [28]). A novel variant

identified in IVS1 of BRCA1 (g.41275988G[A) was also

predicted to create a 4.7 bit ETV6 site, a transcriptional

repressor.

Discussion

While breast cancer is the most common cause of cancer

incidence and mortality for women worldwide, the

knowledge of breast cancer epidemiology and genetics in

populations outside North America and Europe is limited.

In this study, we conducted a comprehensive analysis of

BRCA1, BRCA2, and PALB2 mutations in a population-

based study of breast cancer in the Sarawak region of

Malaysia. We showed that the prevalence of pathogenic

mutations was 2.8, 3.2, and 0.86%, respectively, for

BRCA1, BRCA2, and PALB2, which is similar to those

reported among unselected patients in other populations

[29]. We also documented the spectrum of mutations and

demonstrated that, as in other populations, pathogenic

mutations were associated with earlier age of diagnosis,

triple-negative tumors, and positive family history.

Table 3 Associations between BRCA1/2 mutations and patient characteristics and risk factors

Overall BRCA1 BRCA2

OR 95% CI p OR 95% CI p OR 95% CI p

Age

Per 5-year increase 0.94 0.90–0.98 0.0051 0.93 0.87–0.99 0.028 0.97 0.92–1.03 0.36

Ethnicity

Chinese Ref Ref Ref

Malay 1.49 0.56–3.91 0.42 1.07 0.22–5.32 0.94 2.25 0.62–8.18 0.22

Natives 0.79 0.26–2.40 0.67 1.7 0.35–8.23 0.51 0.28 0.03–2.48 0.25

Tumor subtype

Luminal A Ref Ref Ref

TN 2.66 1.08–6.57 0.033 6.45 1.39–29.9 0.017 2.13 0.61–7.45 0.24

Grade

Well/moderately differentiated Ref Ref Ref

Poorly differentiated 1.48 0.62–3.54 0.38 1.23 0.31–4.92 0.77 1.03 0.27–3.85 0.97

Family history of breast cancer

No Ref

Yes 2.18 0.92–5.15 0.076 2.29 0.59–8.83 0.23 3.45 1.04–11.43 0.043

Parity

Nulliparous Ref Ref Ref

Parous 0.50 0.20–1.25 0.14 0.51 0.12–2.13 0.36 0.42 0.11–1.57 0.2

BMI

B25 Ref Ref Ref

[25 0.53 0.23–1.27 0.15 0.17 0.034–0.88 0.035 1.43 0.43–4.72 0.56

Bold values indicate p\ 0.05

Fig. 2 Kaplan–Meier curve for overall survival among breast cancer

cases in Sarawak, Malaysia, stratified by carrier status of carrying rare

variants in BRCA1, BRCA2, PALB2, and TP53
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Consistent with what was reported in other populations,

BRCA1 mutation carriers were more likely to have younger

ages at diagnosis and develop TN tumors compared with

BRCA2 mutation carriers among Malaysian breast cancer

cases in Sarawak. Interestingly, we found that BRCA2

mutation carriers seemed to have a stronger association

with family history of breast cancer compared with BRCA1

mutation carriers, which is consistent with data from a

recent study based on a larger number of sequenced Chi-

nese breast cancer patients [30]. Although genetic testing

guidelines such as the National Comprehensive Cancer

Network (NCCN) are well established in Western coun-

tries, the criteria may need to be modified in Malaysia

where resources are more limited and the average age at

breast cancer onset is much younger. For example, if using

B45 years as age threshold, one-third of the cases in Sar-

awak would qualify for genetic testing. On the other hand,

four BRCA2 carriers would not have been detected using

NCCN criteria (no family history, diagnosed at age

[45 years, with luminal A tumors), indicating the need for

gene-specific testing guidelines.

PALB2 pathogenic mutations were identified in four

subjects (2 Chinese and 2 Malay), less than 1% of our study

group. While the two Malay PALB2 mutation carriers both

had a very early age of onset (24 and 38), the Chinese

carriers did not (49 and 64 years of age) but they both had

TN tumors. Sequencing exons 6, 7, and 8 of the TP53 gene

yielded two pathogenic mutation carriers, one Chinese

diagnosed at age 34 with family history and one Native

patient diagnosed at age 45 without family history. These

Table 4 Variants of unknown significance (VUS) identified among unselected breast cancer patients in Sarawak, Malaysia

Chr Position dbSNP Ref Var Gene Variant Clinvar Age FHBCa Subtype

chr17 41203101 G A BRCA1 P1771S VUS 58 N TN

chr17 41234479 T C BRCA1 I1433M VUS 50 N HER2-enriched

Chr17 41243354 AACTA BRCA1 Intron, rare

chr17 41244100 rs80357272 G A BRCA1 P1150S VUS 48 N HER2-enriched

chr17 41245262 rs273898682 T A BRCA1 A762S VUS 63 N Luminal A

chr17 41275988 G A BRCA1 Intron, Rare 53 N Luminal A

chr17 41275988 G A BRCA1 Intron, Rare 47 N Luminal A

chr17 41275988 G A BRCA1 Intron, Rare 53 N Luminal B

chr17 41275988 G A BRCA1 Intron, Rare 38 N TN

chr13 32899216 G C BRCA2 R107T VUS 56 N Luminal A

chr13 32900718 rs587781402 C T BRCA2 T200I VUS 41 N Luminal A

chr13 32907093 rs786202916 C T BRCA2 P493L VUS 59 N TN

chr13 32907093 rs786202916 C T BRCA2 P493L VUS 53 N Luminal A

chr13 32931892 rs397507926 G A BRCA2 G2544D VUS 41 N TN

chr13 32944554 A C BRCA2 T2783P VUS 58 TN

chr16 23632742 rs183489969 C G PALB2 E1018D VUS 74 N Luminal A

chr16 23632742 rs183489969 C G PALB2 E1018D VUS 44 N

chr16 23632742 rs183489969 C G PALB2 E1018D VUS 41 N

chr16 23632742 rs183489969 C G PALB2 E1018D VUS 59 N Luminal A

chr16 23641379 rs780397699 G C PALB2 S699C VUS 40 N Luminal A

chr16 23641520 rs587781818 C T PALB2 S652N VUS 59 N Luminal A

chr16 23646141 rs568935449 TCA PALB2 Rare Inton 50 Y Luminal A

chr16 23646436 G A PALB2 T477T VUS 55 N Luminal A

chr16 23646436 G A PALB2 T477T VUS 36 N Luminal A

chr16 23646436 G A PALB2 T477T VUS 47 N Luminal A

chr16 23647143 A C PALB2 F242V VUS 59 N Luminal A

chr17 7578129 C A TP53 UTR3 48 N Luminal A

chr17 7578420 C T TP53 T170T 41 N TN

chr17 7578420 C T TP53 T170T 50 N TN

chr17 7578470 rs137852789 C T TP53 G154S VUS 38 N TN

a FHBC: family history of breast cancer
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results suggest that using multiple-gene panel sequencing

might be beneficial to identify additional mutation carriers

in Malaysia.

Our survival analysis was limited by short follow-up

time (median = 1.8 years) and few events. Nevertheless,

we did observe a worse outcome among pathogenic

mutation carriers, mostly among BRCA1 mutation carriers

(only one death among BRCA2 mutation carriers). How-

ever, stage and tumor subtype were much stronger pre-

dictors for survival in multivariable analysis than mutation

status. After the adjustment of stage and subtype as well as

treatment variables, the association between mutation sta-

tus and survival became insignificant.

When evaluating key breast cancer risk factors among

mutation carriers, we found that BRCA1 mutation carriers

were less likely to be parous and overweight/obese

compared with non-carrier cases. Recent studies suggest

that BRCA1 mutations accelerate ovary aging and women

with BRCA1 mutations had decreased ovarian reserve

[31], which is consistent with the reduced parity observed

among BRCA1 mutation carriers in our study. It is unclear

why BRCA1 mutation carriers were thinner and the

association did not appear to be driven by age, ethnicity,

tumor subtype, or other examined variables. Although

based on the small number of cases, the association

remained significant in the multivariable model and

showed clear distinction between BRCA1 and BRCA2

mutation status. Given that the questionnaire was taken at

the diagnosis, it is unlikely that the lower BMI was

treatment related.

As expected from the diversity of this population, there

were a number of previously uncharacterized pathogenic

mutations and other variants. Our variant analysis results

suggest that several of these variants, including both

pathogenic and VUS, may disrupt splicing and transcription

binding sites. For example, three previously unreported

pathogenic variants (two in PALB2 and one in BRCA1)

abolish natural splicing sites. A rare intronic BRCA1 variant

strengthens a cryptic splicing site. However, the cryptic site

is associated with BRCA1 exon 10, which is *4000 nt in

length. The likelihood that this cryptic site will be activated

is uncertain, as splicing of large exons has been demon-

strated to be dependent on strong splicing regulatory ele-

ments. In addition, 9 VUS were predicted to alter the

strengths of splicing factors and their possible impact on

natural exon splicing implores further study. Furthermore, 3

VUS were predicted to have the potential of impacting

transcription binding. While these variants remain classified

as VUS, these predictions could provide insight into the

potential effects of the nucleotide changes on overall tran-

scriptional regulation of these genes.

Our study is limited by the small number of mutation

carriers, particularly for analyses of each gene separately.

Nevertheless, ours is the first study to demonstrate the

frequency and spectrum of mutations in BRCA1, BRCA2,

and PALB2 among unselected breast cancer patients in a

nearly population-based setting in Sarawak, Malaysia. We

identified a number of novel pathogenic variants and VUS

that may impact splicing or transcription binding. Our data

provide insight into the genetics of breast cancer in this

understudied group and highlight the need for modifying

guidelines for genetic testing that better serve the need for

this population.
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