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PRECLINICAL STUDY
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Abstract
Purpose  Mutations in PALB2 have been associated with a predisposition to breast and pancreatic cancers. This study aims to 
characterize a novel PALB2 synonymous variant c.18G>T (p.Gly6=) identified in a family with pancreatic and breast cancers.
Methods  The PALB2 c.18G>T (p.Gly6=) variant in this family was identified using Memorial Sloan Kettering-Integrated 
Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT™). RT-PCR and subsequent cloning were performed to 
investigate whether this variant affects normal splicing.
Results  This variant completely disrupts normal splicing and leads to several abnormal transcripts, which presumably leads to 
premature protein truncation. The major abnormal transcript resulted in a deletion of 32 base pairs in exon 1 and frameshift.
Conclusions  Our results indicate that the PALB2 c.18G>T (p.Gly6=) variant is likely pathogenic. This study provided 
important laboratory evidence for classification of this variant and guided improved patient management.
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Introduction

The PALB2 (partner and localizer of BRCA2) gene encodes 
a protein that interacts and stabilizes BRCA2, which is cru-
cial for its chromatin localization and recruitment to DNA 
damage sites [1, 2]. The PALB2 protein serves as a central 
core of the BRCA1–PALB2–BRCA2 complex which is criti-
cal for BRCA2-mediated RAD51 recruitment and homolo-
gous recombination that repairs double-strand DNA breaks 
[3, 4]. It associates with BRCA1 and BRCA2 independently 
through its NH2 terminal coiled-coil and COOH terminal 
WD40 domains, respectively [3, 5, 6]. The ChAM domain 
is located at the center of the protein and is required for 
PALB2 chromatin localization [7]. The N-terminal coiled-
coil domain of PALB2 also mediates its own dimerization 
or oligomerization [8, 9]. Deletion of even only the last 4 
amino acids from the C terminus of PALB2 would result 

in a collapse of its structure and degradation of the protein 
[10, 11].

Biallelic inactivating germline variants in PALB2 lead to 
Fanconi anemia and predispose to childhood cancer (Fan-
coni anemia type N) [11, 12], whereas germline monoal-
lelic variants in PALB2 are associated with hereditary pre-
disposition to pancreatic cancer [13], female and male breast 
cancer [4, 14–17], and likely ovarian cancer [18], prostate 
cancer [19], gastric and colorectal cancer [20], as well as 
melanoma [21]. PALB2 germline mutations are reported in 
3–4% of patients with familial pancreatic cancer [22, 23] 
and in one of 615 unselected patients with exocrine pancre-
atic neoplasms [24] without including the case in this study. 
PALB2 germline mutations are related to an approximately 
2.3 to sixfold increase in the risk of hereditary breast cancer, 
with a lower prevalence in unselected female breast cancer 
cases [15, 17, 25, 26]. It has also been demonstrated that the 
risk associated with breast cancer for at least some PALB2 
pathogenic variants is comparable to the average risk associ-
ated with BRCA2 pathogenic variants, much higher than the 
expected rate [4].

To date, over 350 unique sequence variants in PALB2 
have been reported in different populations (http://datab​
ases.lovd.nl/share​d/varia​nts/PALB2​/uniqu​e). A considerable 
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number of these variants are exonic point substitutions that 
are categorized into missense, synonymous, or nonsense 
mutations. Synonymous variants are generally considered 
benign. However, recent studies have shown that some 
exonic substitution variants may severely affect gene func-
tion through disruption of pre-mRNA splicing [27, 28]. 
These mutations may strengthen or weaken critical splicing 
regulatory elements like exonic/intronic splicing enhancers 
or silencers, or create or destroy splice sites [28–30]. Alter-
ations in pre-mRNA splicing can result in exon skipping, 
intron inclusion and activation of cryptic sites or creation of 
ectopic splice sites, and can subsequently lead to production 
of aberrant spliced transcripts with premature termination 
codons that trigger nonsense-mediated mRNA decay, and 
this has been associated with the pathogenesis of a diverse 
set of human diseases [28, 29].

Here, we report a rare synonymous PALB2 substitution 
variant, c.18G>T (p.Gly6=) in a breast/ovarian cancer fam-
ily. We demonstrate that this mutation creates a novel 5′ 
splicing site and completely disrupts normal splicing of 
PALB2. This mutation led to a deletion of 32 bp in exon 1, 
which presumably leads to a frameshift and truncated pro-
tein. In addition, c.18G>T does not generate any normal 
transcript, which supports the pathogenicity of this vari-
ant. Our results indicated that, instead of being a silent and 
benign variant, this variant likely contributes to cancer pre-
disposition through disruption of normal splicing.

Materials and methods

Subject

The proband is a 56-year-old female diagnosed with pancre-
atic and thyroid cancers at 55 and 25 years old, respectively. 
A three-generation pedigree (Fig. 1) demonstrated that her 
father was diagnosed with lymphoma in his 50s. A paternal 
uncle was diagnosed with pancreatic cancer at 52 years old 
and two paternal aunts were diagnosed with breast cancer in 
their 60s. One of her three sisters was diagnosed with breast 
cancer at 48 years of age and other sister had total abdomi-
nal hysterectomy with bilateral salpingo-oophorectomy at 
her 40s. The patient provided written informed consent for 
genetic testing as part of a study approved by the Institu-
tional Review Board of Memorial Sloan Kettering Cancer 
Center.

cDNA analysis

The PALB2 c.18G>T variant identified through commer-
cial testing was confirmed prior to transcript analysis. Total 
RNA from the patient was extracted using the PAXgene 
Blood RNA Kit (PreAnalytiX, Qiagen, Valencia, CA) and 
was subsequently used for cDNA synthesis (Superscript 
III First-Strand Synthesis SuperMix, Invitrogen Life Tech-
nologies, Carlsbad, CA). Control RNA was extracted from 
another individual who did not carry the PALB2 c.18G>T 

Fig. 1   Patient pedigree. The patient described here is a 56-year-old 
female who was diagnosed with pancreatic and thyroid cancer at 55 
and 25  years old, respectively. The patient has one sister and two 

paternal aunts affected with breast cancer in their 60s. Her paternal 
uncle was affected with pancreatic cancer at 52 years old
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variant. RT-PCR was performed using the JumpStart RED-
Taq Ready Mix (Sigma), with control cDNA or the patient’s 
cDNA in the presence of M13-tagged forward and reverse 
primers (Forward, 5′utrF: 5′-GTA​AAA​CGA​CGG​CCA​GTG​
GCT​CCC​C ATT​CCT​TCCT-3′; Reverse, e3R: 5′-CAG GAA 
ACA GCT ATG AC TTA​GCT​GCG​GTG​AGA​GAT​CC-3′). 
Each PCR reaction contained 12.5 µl 2 × JumpStart REDTaq 
Ready Mix, 2 µl 10 µM primers (1 µl for each), 2 µl cDNA, 
and water to make a final volume of 25 µl. Cycling condi-
tions used in this study were 96 °C for 5 min, 94 °C for 30 s 
(35 ×), 58 °C for 45 s (35 ×) , and 72 °C for 60 s (35 ×) with 
a final extension at 72 °C for 5 min (1 ×).

Cloning

The RT-PCR products were cloned into pCR4 TOPO vectors 
(Invitrogen, Carlsbad, CA), following the manufacturer’s 
procedures (Invitrogen, Carlsbad, CA). DNA from colonies 
was amplified using the 5′utrF and e3R primers covering 
cDNA regions of exons 1 and 2. The PCR products were vis-
ualized by QIAxcel (QIAGEN), purified using ExoSAP-IT 

(Affymetrix), and then subjected to direct DNA sequencing 
analysis using primers M13F and M13R (BigDye Termina-
tor v3.1 Cycle Sequencing Kit and 3730 DNA Analyzer, 
Applied Biosystems, Foster City, CA).

Results

The variant c.18G>T disrupts normal splicing 
and presumably leads to premature protein 
truncation

To evaluate the potential effects of the variant on splicing, 
we used Alamut software, which incorporates five tools to 
predict the potential effects of PALB2 c.18G>T on normal 
mRNA splicing. All five tools predicted that the variant cre-
ate a novel 5′ donor splice site (Fig. 2A, B).

The effect of the variant c.18G>T on RNA splicing was 
evaluated by amplifying regions of PALB2 from cDNA 
derived from the patient. PCR was designed to generate a 
fragment that spanned part of exon 1 and the entire coding 

Fig. 2   In silico predictions of the PALB2 c.18G>T variant. The Ala-
mut software was used to evaluate the potential effects of the variant 
on splicing. All five tools predicted that the variant creates a new 5ʹ 

donor splicing site  (A WT and Mut; B Splicing report showing the 
creation of a new splice donor site at the c.16 position)
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region of exon 2, which is likely affected by the substitution. 
An additional band was detected in the patient, but not in 
the 13 controls (Fig. 3A). This band represents an aberrant 
RNA splicing product attributable to the variant. Further 
RT-PCR, cloning, and sequencing results revealed that the 
alteration leads to a 32 nucleotide deletion at the end of exon 
1 (Fig. 3B). As shown in Fig. 4B, the c.18G>T mutation 
introduced a new 5′ splice site (GU) within exon 1 that is 32 
bps away from the canonical splice donor site at the 5′ end 
of intron 1. The recognition and utilization of this newly 
created splicing site by the splicing machinery results in the 
deletion of 32 base pairs in the mRNA transcript and pre-
sumably leads to a stop codon at amino acid position 93. The 
mutation presumably produced a truncated PALB2 protein 
of 30 amino acids instead of 1186, which is nonfunctional.

The PALB2 c.18G>T variant completely disrupts 
normal splicing in the mutant allele

To determine whether the PALB2 c.18G>T mutant allele 
completely disrupts normal splicing, i.e., whether the 
mutant allele is able to generate any PALB2 normal tran-
scripts with the p.Gly6 synonymous mutation, we sought 
other heterozygous variants within this region. The het-
erozygous variant (c.−47G>A) in the 5′UTR allowed us to 

determine whether the mutant allele generates any PALB2 
wild-type full-length transcripts. We first determined 
which allele at the c.−47 position is in cis with the mutant 
allele at the c.18 position by cloning the exon 1 PCR prod-
uct using genomic DNA as a template followed by DNA 
sequencing. The sequencing results indicate that c.−47A 

Fig. 3   RT-PCR analysis demonstrates PALB2 c.18G>T leads to dele-
tion of 32 bp in exon 1. A RT-PCR products run on QIAxcel. Two 
extra bands were observed in the patient, but not in the negative con-

trols (n = 13). B Electropherogram showing that the variant causes 
exon partial deletion. The boundary of exons is marked by red (exon 
1) and green (exon 2) arrow

PALB2 Mutant (c.18T)

A

B

PALB2 WT (c.18G)

Exon 1 Exon 2

GGGAAGCCCCTCAGCTGTGAGGAGAAGGAAAAG gt agTTAAAGGAGAAATTAGCA

Exon 1 Exon 2

GGTAAGCCCCTCAGCTGTGAGGAGAAGGAAAAG gt agTTAAAGGAGAAATTAGCA

Fig. 4   PALB2 c.18G>T mutant creates a novel 5ʹ splice site that 
results in a 32 nucleotide deletion of the 3ʹ end of exon 1. A Wild-
type sequence adjacent to the PALB2 c.18 position. B the PALB2 
c.18G>T mutant sequence. The splicing sites for the wild type and 
mutant sequences are indicated
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is in cis with the wild-type c.18G allele and c.−47G is in 
cis with the mutant c.18T allele in the patient.

To investigate whether the c.−47G is present in the wild-
type transcript, we cloned the RT-PCR products into the 
TOPO sequencing vector and then sequenced 126 colonies. 
Thirty-eight (38) clones from the patient contained the full-
length transcript, all of which contained the A at the c.−47 
position, indicating that the mutant allele was unable to gen-
erate any normal transcript (Fig. 5A). Seventy-seven (77) 
clones with the exon 1 3ʹ 32 bp deletion contained the G 
allele at the c.−47 position (Fig. 5B). These results indicate 
that the aberrant splicing caused by this mutation is quite 

efficient as the mutant T allele at the c.18 position com-
pletely abolishes normal splicing. In addition, a variety of 
alternative splicing products that led to different retention 
of intron 1 or deletion of exon 2 were detected in different 
clones (Fig. 6). Interestingly, in additional to these two major 
transcripts, we also observed 2 clones containing 463 bp 
retention of intron 1 (the 809 bp RT-PCR product), 6 clones 
containing 134 bp retention of intron 1 (the 480 bp product), 
and one clone containing 134 bp retention but lack of exon 
2 (the 420 bp product) with the A allele at the c.−47 posi-
tion. We also observed 2 clones containing 134 bp reten-
tion of intron 1 with the G allele at the c.−47 position (the 

Fig. 5   SNP tagging demonstrates that the mutant allele does not generate any wild-type transcript. A The sequencing result revealed that c.−47A 
is in cis with the wild-type allele. B c.−47G is in cis with the mutant allele in the patient

Fig. 6   Summary of splicing 
variants from the RT-PCR 
products. A Wild type; B 32 bp 
deletion at the end of exon1;  C 
134 bp Retention of intron 1;  D 
Retention of intron 1 and 32 bp 
deletion at the end of exon1; E 
463 bp retention of intron 1; F 
134 bp Retention of intron 1 and 
exon2 deletion. Star indicates 
the SNP at the c.−47 position
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480 bp product). The partial intronic retentions of intron 1 
and exon 2 deletion are caused by activation or inactiva-
tion of alternative 3′ splice acceptor sites (AG) in the intron 
and represent the naturally occurring alternative transcripts 
affecting this region. Taken together, we did not detect any 
correctly spliced mRNA transcripts from the mutant allele. 
These results suggest that this mutation completely abolishes 
normal mRNA splicing in the mutant alleles.

We also tested other family members in this family. The 
proband’s two living sisters unaffected with breast or pan-
creatic cancer do not carry this variant. Unfortunately, speci-
mens from the deceased sister and other family members 
were unavailable for testing.

Discussion

Clinical laboratories detect many novel and rare synonymous 
variants in the course of sequencing patient samples for a 
panel of genes. Unless they have been previously reported 
to segregate in affected individuals or impact splicing, their 
clinical significance remains uncertain or is assumed to be 
likely benign, since they do not alter the amino acid at that 
position. However, synonymous variants have the poten-
tial to create new splice sites and cause abnormal splicing, 
leading to protein truncation, loss of expression due to non-
sense-mediated decay, or in-frame deletion of a portion of 
the protein. All of these consequences likely cause absent or 
altered protein function and would be pathogenic, if loss of 
the gene’s function is associated with disease.

Several software tools that predict the generation or loss 
of splice sites are available [31]. Although most splice site 
prediction tools use similar types of data as the basis of 
their predictions, different programs often give varying 
scores for the likelihood of a splicing impact by a particu-
lar variant. Despite the variability in their predictions, they 
have been reported to have high sensitivity to predict splice 
sites, although their specificity may be low [32, 33]. ACMG 
and AMP guidelines for variant interpretation recommend 
using multiple in silico tools and combining their predictions 
to use as a single piece of supporting evidence for variant 
interpretation [34]. Although they cannot be used as the sole 
source of evidence for variant classification, they can sug-
gest further analysis of a variant, such as investigating RNA 
from patient cells, using in vitro splicing assays, or testing 
additional family members when available, to help clarify 
its clinical significance.

The synonymous c.18G>T variant in PALB2 gene has 
been classified as a variant of uncertain significance by 
three clinical laboratories in ClinVar (https​://www.ncbi.
nlm.nih.gov/clinv​ar/varia​tion/14243​2/, accessed August 
24, 2018). As this variant has not previously been reported 
in the literature and is absent from large population 

databases (gnomAD, 1000 Genomes), without further 
analysis our initial classification would also be uncertain 
significance. However, this variant was predicted to create 
a new 5′ splice site by five different software programs, 
which prompted us to further investigate its clinical signif-
icance using patient’s RNA. Our results demonstrate that 
the c.18G>T variant indeed created a new 5′ splice site at 
position c.17, causing abnormal splicing including dele-
tion of the downstream portion of exon 1 as well as several 
other abnormal transcripts. The major abnormal transcript 
alters the reading frame and introduces a premature stop 
codon 26 amino acids downstream (p.Gly6Valfs*26). 
Based on these results, the impact of this variant on the 
PALB2 protein is not a synonymous change, but is in fact 
loss of function of the protein either through nonsense-
mediated decay (predicted to occur based on the position 
of the variant) or truncation.

Interestingly, two other synonymous variants in PALB2 
have also been reported to cause altered splicing. One of 
them is a c.48G>A (p.Lys16=) variant that occurs at the 
last base of exon 1, which was reported in a patient with 
breast cancer and was demonstrated to impact splicing, 
leading to a frameshift and introducing a premature ter-
mination codon 20 amino acids downstream [35]. The 
other is a c.2559C>T (p.Gly853=) variant that has been 
reported in a patient with breast cancer and was shown to 
alter splicing, leading to a frameshift in exon 6 [36]. Both 
of these variants were predicted to create new splice sites 
by five different computational tools, as well.

Loss of function of PALB2 is associated with increased 
risk for breast cancer [15, 37, 38] and with autosomal 
recessive Fanconi anemia, type N [6, 11]. Based on its 
demonstrated impact on splicing in patient cells, the 
c.18G>T variant is now considered to be likely patho-
genic for these diseases. The improved classification of 
this variant has significant impact on the patient’s medical 
management and for counseling of the patient and family 
members regarding disease risk and reproductive planning. 
It is worth mentioning that, based on the classification of 
this variant as likely pathogenic, we were able to treat our 
patient with a PARP inhibitor and she had ongoing treat-
ment response. This finding highlights the importance of 
interpreting synonymous variants with caution, particu-
larly when they are predicted to alter splicing by multiple 
in silico tools. Unfortunately, further analysis of variants 
for their splicing impact by additional assays is often not 
feasible for most clinical laboratories. However, due to 
their significant consequences for patient management and 
counseling, laboratories should make effort to pursue such 
analyses when possible.

Funding  This study was funded by Department of Pathology, Memo-
rial Sloan Kettering Cancer Center.

https://www.ncbi.nlm.nih.gov/clinvar/variation/142432/
https://www.ncbi.nlm.nih.gov/clinvar/variation/142432/


85Breast Cancer Research and Treatment (2019) 173:79–86	

1 3

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

References

	 1.	 Xia B, Sheng Q, Nakanishi K, Ohashi A, Wu J, Christ N, Liu X, 
Jasin M, Couch FJ, Livingston DM (2006) Control of BRCA2 
cellular and clinical functions by a nuclear partner, PALB2. Mol 
Cell 22(6):719–729

	 2.	 Sy SM, Huen MS, Chen J (2009) PALB2 is an integral component 
of the BRCA complex required for homologous recombination 
repair. Proc Natl Acad Sci USA 106(17):7155–7160

	 3.	 Zhang F, Ma J, Wu J, Ye L, Cai H, Xia B, Yu X (2009) PALB2 
links BRCA1 and BRCA2 in the DNA-damage response. Curr 
Biol 19(6):524–529

	 4.	 Southey MC, Teo ZL, Winship I (2013) PALB2 and breast cancer: 
ready for clinical translation! Appl Clin Genet 6:43–52

	 5.	 Tischkowitz M, Xia B, Sabbaghian N, Reis-Filho JS, Hamel N, 
Li G, van Beers EH, Li L, Khalil T, Quenneville LA et al (2007) 
Analysis of PALB2/FANCN-associated breast cancer families. 
Proc Natl Acad Sci USA 104(16):6788–6793

	 6.	 Xia B, Dorsman JC, Ameziane N, de Vries Y, Rooimans MA, 
Sheng Q, Pals G, Errami A, Gluckman E, Llera J et al (2007) 
Fanconi anemia is associated with a defect in the BRCA2 partner 
PALB2. Nat Genet 39(2):159–161

	 7.	 Bleuyard JY, Buisson R, Masson JY, Esashi F (2012) ChAM, a 
novel motif that mediates PALB2 intrinsic chromatin binding and 
facilitates DNA repair. EMBO Rep 13(2):135–141

	 8.	 Buisson R, Masson JY (2012) PALB2 self-interaction 
controls homologous recombination. Nucleic Acids Res 
40(20):10312–10323

	 9.	 Sy SM, Huen MS, Zhu Y, Chen J (2009) PALB2 regulates recom-
binational repair through chromatin association and oligomeriza-
tion. J Biol Chem 284(27):18302–18310

	10.	 Oliver AW, Swift S, Lord CJ, Ashworth A, Pearl LH (2009) Struc-
tural basis for recruitment of BRCA2 by PALB2. EMBO Rep 
10(9):990–996

	11.	 Reid S, Schindler D, Hanenberg H, Barker K, Hanks S, Kalb R, 
Neveling K, Kelly P, Seal S, Freund M et al (2007) Biallelic muta-
tions in PALB2 cause Fanconi anemia subtype FA-N and predis-
pose to childhood cancer. Nat Genet 39(2):162–164

	12.	 Tischkowitz M, Xia B (2010) PALB2/FANCN: recombining can-
cer and Fanconi anemia. Can Res 70(19):7353–7359

	13.	 Jones S, Hruban RH, Kamiyama M, Borges M, Zhang X, Par-
sons DW, Lin JC, Palmisano E, Brune K, Jaffee EM et al (2009) 
Exomic sequencing identifies PALB2 as a pancreatic cancer sus-
ceptibility gene. Science 324(5924):217

	14.	 Southey MC, Teo ZL, Dowty JG, Odefrey FA, Park DJ, Tisch-
kowitz M, Sabbaghian N, Apicella C, Byrnes GB, Winship I et al 
(2010) A PALB2 mutation associated with high risk of breast 
cancer. Breast Cancer Res 12(6):R109

	15.	 Rahman N, Seal S, Thompson D, Kelly P, Renwick A, Elliott A, 
Reid S, Spanova K, Barfoot R, Chagtai T et al (2007) PALB2, 

which encodes a BRCA2-interacting protein, is a breast cancer 
susceptibility gene. Nature genetics 39(2):165–167

	16.	 Blanco A, de la Hoya M, Balmana J, Ramon y Cajal T, Teule A, 
Miramar MD, Esteban E, Infante M, Benitez J, Torres A et al 
(2012) Detection of a large rearrangement in PALB2 in Spanish 
breast cancer families with male breast cancer. Breast Cancer Res 
Treat 132(1):307–315

	17.	 Antoniou AC, Casadei S, Heikkinen T, Barrowdale D, Pylkas K, 
Roberts J, Lee A, Subramanian D, De Leeneer K, Fostira F et al 
(2014) Breast-cancer risk in families with mutations in PALB2. 
N Engl J Med 371(6):497–506

	18.	 Norquist BM, Harrell MI, Brady MF, Walsh T, Lee MK, Gulsuner 
S, Bernards SS, Casadei S, Yi Q, Burger RA et al (2016) Inher-
ited mutations in women with ovarian carcinoma. JAMA Oncol 
2(4):482–490

	19.	 Pritchard CC, Mateo J, Walsh MF, De Sarkar N, Abida W, Beltran 
H, Garofalo A, Gulati R, Carreira S, Eeles R et al (2016) Inher-
ited DNA-repair gene mutations in men with metastatic prostate 
cancer. N Engl J Med 375(5):443–453

	20.	 Kim MS, Lee SH, Yoo NJ, Lee SH (2013) Frameshift mutation of 
a tumor suppressor gene PALB2 in gastric and colorectal cancers 
with microsatellite instability. APMIS 121(10):1015–1016

	21.	 Aoude LG, Xu M, Zhao ZZ, Kovacs M, Palmer JM, Johansson P, 
Symmons J, Trent JM, Martin NG, Montgomery GW et al (2014) 
Assessment of PALB2 as a candidate melanoma susceptibility 
gene. PloS ONE 9(6):e100683

	22.	 Hofstatter EW, Domchek SM, Miron A, Garber J, Wang M, Com-
poneschi K, Boghossian L, Miron PL, Nathanson KL, Tung N 
(2011) PALB2 mutations in familial breast and pancreatic cancer. 
Fam Cancer 10(2):225–231

	23.	 Slater EP, Langer P, Niemczyk E, Strauch K, Butler J, Habbe N, 
Neoptolemos JP, Greenhalf W, Bartsch DK (2010) PALB2 muta-
tions in European familial pancreatic cancer families. Clin Genet 
78(5):490–494

	24.	 Lowery MA, Wong W, Jordan EJ, Lee JW, Kemel Y, Vijai J, Man-
delker D, Zehir A, Capanu M, Salo-Mullen E et al: Prospective 
evaluation of germline alterations in patients with exocrine pan-
creatic neoplasms. J Natl Cancer Inst 2018

	25.	 Hollestelle A, Wasielewski M, Martens JW, Schutte M (2010) 
Discovering moderate-risk breast cancer susceptibility genes. Curr 
Opin Genet Dev 20(3):268–276

	26.	 Erkko H, Dowty JG, Nikkila J, Syrjakoski K, Mannermaa A, Pyl-
kas K, Southey MC, Holli K, Kallioniemi A, Jukkola-Vuorinen A 
et al (2015) Penetrance analysis of the PALB2 c.1592delT founder 
mutation. Clin Cancer Res 17(5):405–424

	27.	 Liu HX, Cartegni L, Zhang MQ, Krainer AR (2001) A mechanism 
for exon skipping caused by nonsense or missense mutations in 
BRCA1 and other genes. Nat Genet 27(1):55–58

	28.	 Cartegni L, Chew SL, Krainer AR (2002) Listening to silence and 
understanding nonsense: exonic mutations that affect splicing. Nat 
Rev Genet 3(4):285–298

	29.	 Wang GS, Cooper TA (2007) Splicing in disease: disruption of 
the splicing code and the decoding machinery. Nat Rev Genet 
8(10):749–761

	30.	 Jensen CJ, Oldfield BJ, Rubio JP (2009) Splicing, cis genetic vari-
ation and disease. Biochem Soc T 37:1311–1315

	31.	 Jian X, Boerwinkle E, Liu X (2014) In silico tools for splicing 
defect prediction: a survey from the viewpoint of end users. Genet 
Med 16(7):497–503

	32.	 Houdayer C, Caux-Moncoutier V, Krieger S, Barrois M, Bonnet 
F, Bourdon V, Bronner M, Buisson M, Coulet F, Gaildrat P et al 
(2012) Guidelines for splicing analysis in molecular diagnosis 
derived from a set of 327 combined in silico/in vitro studies on 
BRCA1 and BRCA2 variants. Hum Mutat 33(8):1228–1238

	33.	 Vreeswijk MP, Kraan JN, van der Klift HM, Vink GR, Cornelisse 
CJ, Wijnen JT, Bakker E, van Asperen CJ, Devilee P (2009) 



86	 Breast Cancer Research and Treatment (2019) 173:79–86

1 3

Intronic variants in BRCA1 and BRCA2 that affect RNA splicing 
can be reliably selected by splice-site prediction programs. Hum 
Mutat 30(1):107–114

	34.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, 
Grody WW, Hegde M, Lyon E, Spector E et al (2015) Standards 
and guidelines for the interpretation of sequence variants: a joint 
consensus recommendation of the American College of Medical 
Genetics and Genomics and the Association for Molecular Pathol-
ogy. Genet Med 17(5):405–424

	35.	 Catucci I, Peterlongo P, Ciceri S, Colombo M, Pasquini G, Barile 
M, Bonanni B, Verderio P, Pizzamiglio S, Foglia C et al (2014) 
PALB2 sequencing in Italian familial breast cancer cases reveals 
a high-risk mutation recurrent in the province of Bergamo. Genet 
Med 16(9):688–694

	36.	 Casadei S, Norquist BM, Walsh T, Stray S, Mandell JB, Lee 
MK, Stamatoyannopoulos JA, King MC (2011) Contribution of 
inherited mutations in the BRCA2-interacting protein PALB2 to 
familial breast cancer. Can Res 71(6):2222–2229

	37.	 Foulkes WD, Ghadirian P, Akbari MR, Hamel N, Giroux S, Sab-
baghian N, Darnel A, Royer R, Poll A, Fafard E et al (2007) Iden-
tification of a novel truncating PALB2 mutation and analysis of 
its contribution to early-onset breast cancer in French-Canadian 
women. Breast Cancer Res 9(6):R83

	38.	 Easton DF, Pharoah PD, Antoniou AC, Tischkowitz M, Tavtigian 
SV, Nathanson KL, Devilee P, Meindl A, Couch FJ, Southey M 
et al (2015) Gene-panel sequencing and the prediction of breast-
cancer risk. N Engl J Med 372(23):2243–2257


	A synonymous germline variant PALB2 c.18G>T (p.Gly6=) disrupts normal splicing in a family with pancreatic and breast cancers
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Subject
	cDNA analysis
	Cloning

	Results
	The variant c.18G>T disrupts normal splicing and presumably leads to premature protein truncation
	The PALB2 c.18G>T variant completely disrupts normal splicing in the mutant allele

	Discussion
	References


