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Abstract
PALB2 loss-of-function variants play an important role in breast, pancreatic and possibly, ovarian and gastric cancer
susceptibility. Their frequency can be influenced by founder effects, already described in some populations. Herein, we have
assessed the possible founder effect of PALB2 c.2257C>T (p.Arg753*) truncating variant among Greek breast cancer
patients, while investigating possible correlations with cancer diagnoses. Following a lead deriving from a background study
of highly selected Greek breast cancer patients, a total of 2496 breast and 697 ovarian cancer patients were directly
genotyped for the PALB2 c.2257C>T truncating variant. Consequently, haplotype analysis was conducted on identified
carriers, using seven microsatellite markers. The prevalence of the PALB2 variant was 0.24% (6/2496) and 0.14% (1/697)
among breast and ovarian cases, respectively. Family history seems to be an important factor for the variant identification,
although not reaching statistical significance. Microsatellite analysis on 12 carriers revealed a common shared haplotype,
spanning a chromosomal region of ~1.2 Mb; the variant was possibly introduced in the Greek population ~1600 years ago.
The variant confers high breast cancer risk, as illustrated by comparison with publicly available control groups. Genetic
testing for PALB2, especially for the Greek founder c.2257C>T truncating variant, should be seriously considered in Greek
breast cancer cases, since such findings could assist appropriate clinical management for the patients and their families.

Introduction

Partner and localizer of BRCA2 (PALB2) is a tumor sup-
pressor gene that originally was identified as a Fanconi
Anemia gene (FANCN) [1]. PALB2 plays a crucial role at
the repair of double-strand DNA breaks by homologous
recombination (HR), while acting as a molecular scaffold
for BRCA2 and BRCA1 in order to form a, necessary for
HR, complex [2, 3]. PALB2 biallelic pathogenic variants
were identified in patients with similar phenotype to bial-
lelic BRCA2/FANCD1 patients, displaying growth retarda-
tion and tumors, such as Wilms tumors and neuroblastomas
[4, 5].

The association of monoallelic, loss-of-function (LoF)
PALB2 variants to breast cancer (BrCa) predisposition was
first reported in 2007 [6]. Subsequently, in a large poly-
centric study, BrCa lifetime risk was estimated to be 33%
and 58% for PALB2 carriers without and with family his-
tory of BrCa, respectively. The latter is comparable to the
lifetime BrCa risk of BRCA2 carriers [7]. Recent large
sequencing studies reported association of PALB2
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pathogenic alleles with high BrCa risk, with respective odds
ratios (ORs) ranging from 5.53 to 9.53 [8–11].

Over the last years, gene panel testing enabled the eva-
luation of the contribution of PALB2 germline damaging
variants in other malignancies, such as ovarian, male BrCa,
pancreatic, and gastric cancer. Association of PALB2 var-
iants to ovarian cancer (OvCa) predisposition is con-
troversial. Quite recently, two studies determined ORs of
3.18 and 4.55 and therefore a moderate association,
although with no statistical power, was reported [12, 13].
On the contrary, a single study, analyzing ~2000 OvCa
patients, where a relatively high frequency of PALB2 LoF
variants (0.63%) was observed, reported 10-fold and 4-fold
increase, when using NHLBI Exome Sequencing Project
(ESP) and Exome Aggregation Consortium (ExAC) data as
control groups, respectively [14].

Beyond BrCa and possibly, OvCa predisposition,
germline PALB2 damaging alleles are known to be asso-
ciated with increased pancreatic cancer risk [15, 16], while
additional potential associations to gastric [17] and male
BrCa (~six-fold increased risk) [18] have been observed. It
seems that PALB2 pathogenic variants are rare among male
BrCa patients, while not detected in a cohort of 102 Greek
male BrCa patients tested [19].

Frequency of PALB2 LoF variants varies among popu-
lations and it can possibly be influenced by founder effects.
So far, four PALB2 founder pathogenic variants have been
described namely, c.1592delT in Finland, with the cumu-
lative BrCa risk being estimated as 40% [20], c.2323C>T in
French-Canadians, accounting for ~0.5% of premenopausal
BrCa patients [21], and c.1027C>T and c.2167_2168delAT
in Italian families, with the latter also being reported in
individuals of Hispanic and African ancestry [22]. Addi-
tionally, the damaging allele, PALB2 c.3113G>A, detected
in Australia, which has a possible British origin, has been
shown to be associated with a very high cumulative BrCa
risk, reaching up to 90% [23].

Herein, the possible Greek founder effect of the PALB2
truncating variant c.2257C>T, p.(Arg753*), rs180177110,
which was initially detected through screening of a highly
selected cohort of BrCa patients, was investigated, while
assessment of possible correlations with diagnoses was
performed.

Materials and methods

Study group

This study involved 2496 Greek BrCa patients (mean age
50.7 years, range 22–87 years) and 697 Greek OvCa
patients (54.9 years, range 17–87 years). A control group of
1114 cancer-free women of Greek descent was included in

the analysis. The study was approved by the Bioethics
Committee of National Center for Scientific Research
‘Demokritos’ (Reference number: NCSRD-BC report 14/
02/2014) in agreement with the 1975 Helsinki statement.
All participants provided written informed consent prior to
genetic analysis. Among the BrCa cohort, 873 patients
reported as having at least one relative diagnosed with BrCa
and/or OvCa and/or pancreatic cancer, while 1623 patients
reported no family history or did not provide the relevant
information. Among OvCa patients, 220 reported as having
family history of BrCa and/or OvCa and/or pancreatic
cancer, while 477 patients reported no family history.

Background study

As a first step and in a distinct project assessing predis-
position in a highly selected cohort of Greek BrCa patients,
i.e. very young age at diagnosis (<35 years) and/or strong
family history of breast and/or OvCa, were massively par-
allel sequenced using a multigene cancer predisposition
panel [24] (Fostira et al., under review). Through this
screening, six distinct PALB2 pathogenic variants were
identified, among 11 patients, of which, five carried the
c.2257C>T truncating variant (Supplementary Table 1).

Genotyping for the PALB2 c.2257C>T truncating
variant

DNA was extracted from peripheral blood lymphocytes
using the salt-extraction procedure. In total, 2496 BrCa
patients and 697 OvCa patients referred to Molecular
Diagnostics Laboratory of NCSR Demokritos and pre-
viously tested negative for germline pathogenic alleles in
the BRCA1 and BRCA2 genes were analyzed. At this point,
screening for the c.2257C>T truncating variant was per-
formed with the SYBR green dye-based quantitative real-
time PCR assay using the CFX96 Touch Real-Time PCR
detection system (BIO-RAD, Life Science, CA, USA). A
1004-bp DNA fragment was amplified and detection was
performed with the KAPA SYBR FAST qPCR Master Mix
Universal Kit (KapaBiosystems, Cape Town, South Africa).
Negative and positive control DNA samples were included
in every assay. All positive samples were confirmed by
Sanger sequencing. Primers and protocols are available
upon request.

Haplotype analysis

Haplotype analysis was performed using six extragenic
(D16S3046, D16S403, 23037GT23, D16S417, D16S420,
and D16S401) and one intragenic (23622TCTA14) micro-
satellite markers covering a genomic area of 3.8 Mb on
chromosome 16, surrounding PALB2 gene. A schematic
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representation of their position, relative to PALB2 is shown
in Fig. 1.

The analysis included all 23 c.2257C>T Greek carriers
and 55 non-c.2257C>T carriers, of which five were family
relatives. Additionally, two c.2257C>T carriers from a
single Italian family were included in the analysis. The
intragenic marker was specifically analyzed in 45 additional
non-c.2257C>T carriers, due to its relatively low variability
observed. PCR was performed using the aforementioned
markers (the 5′-end of each forward primer was labeled by
6-FAM or HEX), followed by capillary electrophoresis on
an ABI 3130XL Genetic Analyzer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Primers and protocols are
available upon request.

Age estimation of PALB2 c.2257C>T Greek founder
truncating variant

The DMLE2.2 software was used to estimate the age of the
c.2257C>T truncating variant. The program uses the Mar-
kov Chain Monte Carlo algorithm to allow Bayesian esti-
mation of the variant age, based on linkage disequilibrium
between disease-causing variants and linked markers on
patients and non-affected individuals [25].

Case-control study and statistical analysis

Case-control study involved the genotyping of 1114 Greek
cancer-free females (control group), while additional com-
parisons were implemented, using FLOSSIES European,
ExAC non-TCGA non-Finnish European (NFE) and gno-
mAD non-cancer-NFE population datasets. Odds ratios
were calculated using Fisher’s exact test. Association of
PALB2 c.2257C>T truncating variant to early BrCa diag-
nosis and family history were investigated with Wilcoxon

rank-sum test. Statistical significance was reached in p
values below 0.05.

Results

Prevalence of PALB2 c.2257C>T truncating variant in
Greek breast/ovarian cancer patients

Following the recurrence of the c.2257C>T variant, i.e.
identified in five non-related individuals in the background
study, direct genotyping for the variant revealed seven
additional carriers, of which six and one were diagnosed
with BrCa and OvCa, respectively. Therefore, the overall
prevalence for the particular PALB2 truncating variant was
0.24% (6/2496) among BrCa patients and 0.14% (1/697)
among OvCa patients. No carriers were identified among
individuals in the control group (0/1114), which did not
reach statistical significance due to the limited number of
the controls tested (p= 0.186). Interrogation for the pre-
sence of the particular PALB2 variant in public datasets
revealed no carriers in the FLOSSIES European dataset (0/
7325; p < 0.01), three carriers in the ExAC non-TCGA NFE
dataset (3/27171; OR, 21.77; 95%CI, 4.65–135, p < 0.01)
and four carriers in the gnomAD non-cancer NFE dataset
(4/51,373; OR, 30.88; 95% CI, 7.31–148.7, p < 0.01).
Results are summarized in Supplementary Table 2.

Cascade testing for PALB2 c.2257C>T truncating
variant in relatives

In total, 16 relatives from 5 families consented to targeted
genetic testing (11 females and 5 males). Of these, 11 tested
positive for the c.2257C>T truncating variant (nine females
and two males), with four having already been diagnosed

Fig. 1 Schematic diagram of microsatellite markers positions, along chromosome 16, relative to the PALB2 gene. Microsatellite markers that
constitute the shared haplotype are highlighted in bold
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with BrCa (32, 39, 40, and 54 years), while one was
diagnosed with prostate cancer at the age of 80 years.

Association of age at BrCa diagnosis and family
history to PALB2 c.2257C>T truncating variant

The mean age at BrCa diagnosis of the patients in our
cohort and the six c.2257C>T carriers identified herein was
50.7 years (range 22–87 years) and 43.2 years (range 37–56
years), respectively. The majority of carriers (5/6) were
diagnosed with BrCa before the age of 45 years. Despite
this observation, no statistically significant association was
determined between the c.2257C>T truncating variant and
early age at BrCa diagnosis (p= 0.093). Among BrCa
patients with reported and no/unknown family history,
0.34% (3/873) and 0.18% (3/1623) carried the c.2257C>T
truncating PALB2 variant, respectively, while the only
identified OvCa carrier reported no family history. How-
ever, association of family history with PALB2 c.2257C>T
reached no statistical significance (p > 0.05). It is note-
worthy, that among the family relatives of the carriers,
malignancies observed included ovarian, gastric, pancreatic,
and prostate cancer. Age at diagnosis, along with informa-
tion on family history of the carriers are summarized in
Table 1.

Clinicopathological features of PALB2 c.2257C>T
carriers

In an effort to collect all available data on Greek c.2257C>T
carriers (five detected in the background study and seven
herein), seven pathology reports of BrCa diagnoses were

informative. The majority (5/7) of breast tumors were ductal
invasive, with most of them (4/7) being high-grade. Four of
the patients had positive estrogen and/or progesterone
receptors, while there was a single case with a triple
negative diagnosis. Histopathology data are summarized in
Table 1.

Haplotype analysis and age estimation of PALB2
c.2257C>T truncating variant

Haplotype analysis revealed that all Greek carriers shared a
~1.2 Mb common haplotype, indicating that this variant
originated from a single recombination event in a common
ancestor 1250–2100 years ago. Specifically, it is estimated
that the variant originated 50–84 generations ago with an
average generation length of 25 years, since according to
demographic data the population growth rate is 0.135.
Hence, the variant occurred, on average, 64 generations
ago, corresponding to 1600 years. The alleles comprising
the haplotype shared among carriers, are summarized on
Supplementary Table 3. In total, 46 carrier chromosomes
were analyzed, and all were found to share the following
core haplotype: “157-228-127-166-263”. The conserved
haplotype, defined between markers D16S403 (5′) and
D16S420 (3′), possibly derived from recombination events
that occurred between markers D16S403-D16S3046 and
D16S420-D16S401. On the contrary, the damaging variant
detected on the Italian carriers presumably occurred from an
independent or a subsequent recombination event, as they
share a different, but partially overlapping, haplotype.
Haplotype maps for genotyped individuals are depicted in
Fig. 2, along with the pedigrees of carrier families.

Table 1 Available data on tumor
pathology and family history of
PALB2 c.2257C>T carriers

Family no. Cancer type
(age dx)

FH Histological
type (grade)

ER
status

PR
status

HER2-
status

Ki-67 LN
affected

330a BrCa (44) Yes N/A N/A N/A N/A N/A N/A

776a BrCa (33) Yes IDC (III) − + + 15% yes

945a BrCa (34) Yes IDC (III) + N/A N/A N/A N/A

1309a BrCa (58) Yes IDC (III) + − − 18% yes

1586a BrCa (34) Yes DCIS (II) + + + N/A no

2135 BrCa (41) Yes ILC (II) + + − 30% yes

3008 BrCa (56) Yes IDC (III) − − − 80% N/A

3160 BrCa (37) Yes IDC (II) − − + 10% N/A

3270 BrCa (42) N/A N/A N/A N/A N/A N/A N/A

3271 BrCa (39) No N/A N/A N/A N/A N/A N/A

3272 BrCa (44) N/A N/A N/A N/A N/A N/A N/A

2594 OvCa (64) N/A N/A N/A N/A N/A N/A N/A

FH family history, dx diagnosis, BrCa breast cancer, OvCa ovarian cancer, IDC invasive ductal carcinoma,
DCIS ductal carcinoma in situ, ILC invasive lobular carcinoma, ER estrogen receptor, PR progesterone
receptor, HER2 human epidermal growth factor 2, LN lymph node, N/A not available
aCarriers identified in a previous study
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Discussion

Testing for PALB2-inherited deleterious variants nowadays
occupies a critical part of, at least, BrCa predisposition
assessment, based on which specific practice guidelines for
risk management can be followed. Herein, a recurrent,
PALB2 truncating variant namely, c.2257C>T, has been
proven to have a founder effect, illustrated by a shared
common 1.2 Mb haplotype, originated from a single
recombination event that occurred ~1600 years ago, speci-
fically for individuals of Greek descent. The allele pre-
valence observed was 0.24% and 0.14% of BrCa and OvCa
patients tested, respectively. The truncating variant
c.2257C>T, has been registered nine times in ClinVar, but
has also been reported in individuals originating from Italy
[26], Germany [27], United States [7], and Korea [28]. In a
recent meta-analysis, in which results from 48 multigene
panel studies were summarized, seven c.2257C>T carriers
were reported [29]. It is therefore possible that distinct
mutational events occurred, resulting in the presence of
c.2257C>T truncating variant in different populations.

Recent large-scale studies on BrCa patients, who met the
criteria for genetic testing, revealed that the prevalence of
PALB2 LoF variants ranged between 0.8% and 1.2%
[9, 30, 31]. Of the founder PALB2 damaging alleles
reported in other populations, c.2323C>T [21] and
c.1592delT [32] were identified in ~0.9% and ~0.5% of
unselected for family history, BrCa patients, respectively,

while prevalence of the founder allele in our study is
relatively lower.

Interestingly, the calculated cumulative BrCa risks for
PALB2 c.3113G>A and c.1592delT were 91% [23] and
40% [20] by the age of 70 years, respectively. It seems,
therefore that different PALB2 damaging alleles can be
associated with variable cancer risks and although at this
point a similar estimation on the Greek founder allele lacks
statistical power due to the small number of carriers, it
would be rather interesting to pursue it in the near future.

Noteworthy, we have observed that the Greek founder
PALB2 damaging variant is associated with high BrCa risk,
when compared to ExAc and gnomAD control datasets,
respectively. The wide OR range observed can be mainly
attributed to the small number of carriers. This finding is
important for Greek BrCa patients, as well as to their family
relatives in terms of their clinical management.

Family history plays an important role when counseling
cancer patients; especially for a PALB2 carrier, strong family
history for BrCa, i.e. two first-degree relatives diagnosed
before the age of 50 years, increased the cumulative BrCa
risk from 33% to 58% [7]. Although, it did not reach sta-
tistical significance, ascertainment of our cohort for family
history, i.e. at least one relative diagnosed with breast,
ovarian, and/or pancreatic cancer, almost doubled the pre-
valence of the founder allele (0.34%; 3/873) among BrCa
cases, indicating that family history is a significant aspect and
should be considered when testing for PALB2 LoF variants.

Fig. 2 Results of haplotype analysis performed, along with the pedi-
grees of seven unrelated Greek families and an Italian family, that
carry the c.2257C>T truncating variant. Probands are indicated with an
arrow. Breast cancer is designated with black color, pancreatic cancer
with purple, gastric or stomach with green, prostate cancer with blue,

kidney cancer with brown, lung cancer with light blue, leukemia with
yellow and thyroid with orange. ca cancer, BrCa breast cancer, PrCa
prostate cancer, MT mutant allele, WT wild type allele. Carriers are
designated with + and non-carriers with −
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Several studies support that the majority of PALB2
tumors are hormone receptor positive [7, 9]. Quite recently
this association was specifically reported in >1000 BrCa
patients, where a four-fold association of PALB2 damaging
alleles to estrogen receptor-positive diagnosis was illu-
strated [33]. On the contrary, PALB2 pathogenic variants
have been reported as enriched in triple-negative breast
cancer (TNBC) diagnoses [11, 34, 35]. Therefore, it can be
assumed that there is no clear association of PALB2 tumors
with a specific histological BrCa subtype or it could be
dependent on the type of the damaging allele [36]. It seems
that the association of PALB2-pathogenic variants to TNBC
predisposition is comparable to that conferred by BRCA2-
pathogenic variants, which for many years was not estab-
lished [35, 37]. Herein, the majority of our c.2257C>T
carriers (4/7) developed hormone positive breast tumors,
while there was a single triple negative diagnosis.

Moreover, multiple case-control studies have assessed
the association of PALB2 damaging variants to OvCa pre-
disposition, with a single study, up to now, showing sta-
tistical significant association [14], while another [13]
reporting a non-statistically significant, four-fold increased
association. In our cohort of 697 OvCa cases, we have
identified a single PALB2 c.2257C>T carrier, indicating a
weak to no association of the particular allele to OvCa
susceptibility.

Our study has limitations, the major of which being bias
on patient selection. Since our laboratory specializes in
hereditary cancer, BrCa patients referred and thus included
in the study have been somewhat selected, mainly on young
age and family history.

Detection of the Greek founder allele, PALB2
c.2257C>T, in symptomatic and asymptomatic individuals
is consequential in terms of clinical management, while the
strong association of the allele to BrCa diagnosis, should
not be overlooked. To this end, testing at least for the
PALB2 c.2257C>T truncating variant in BRCA1/2 negative
BrCa patients of Greek descent, should be seriously
considered.
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