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Simple Summary: The Italian population is characterized by a high genetic heterogeneity mostly due
to its long history of migration and colonization and to its geographical conformation. Consistently,
several BRCA1/2 pathogenic variants (PVs) have been reported to be recurrent or even founder in
defined geographical areas including the Bergamo province in Northern Italy. In this study, we
retrospectively analyzed the data from 1019 women affected with breast cancer with BRCA1/2 PVs.
We compared the BRCA1/2 PVs spectrum found in the carrier individuals from the Bergamo province
(BGP) with that of the general Italian population. We found that the majority of the BGP PVs had
a local origin and remained confined to the BGP or to the surrounding Lombardy region. We also
observed that the BGP BRCA1/2 PV spectrum is private and conserved comprising a smaller number
of variants with an average higher frequency with respect to that of carrier individuals from the rest
of Italy.
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Abstract: Germline pathogenic variants (PVs) in the BRCA1 or BRCA2 genes cause high breast cancer
risk. Recurrent or founder PVs have been described worldwide including some in the Bergamo
province in Northern Italy. The aim of this study was to compare the BRCA1/2 PV spectra of
the Bergamo and of the general Italian populations. We retrospectively identified at five Italian
centers 1019 BRCA1/2 PVs carrier individuals affected with breast cancer and representative of the
heterogeneous national population. Each individual was assigned to the Bergamo or non-Bergamo
cohort based on self-reported birthplace. Our data indicate that the Bergamo BRCA1/2 PV spectrum
shows less heterogeneity with fewer different variants and an average higher frequency compared to
that of the rest of Italy. Consistently, four PVs explained about 60% of all carriers. The majority of
the Bergamo PVs originated locally with only two PVs clearly imported. The Bergamo BRCA1/2 PV
spectrum appears to be private. Hence, the Bergamo population would be ideal to study the disease
risk associated with local PVs in breast cancer and other disease-causing genes. Finally, our data
suggest that the Bergamo population is a genetic isolate and further analyses are warranted to prove
this notion.

Keywords: BRCA1; BRCA2; pathogenic variants; spectrum; breast cancer; Italy; Bergamo province

1. Introduction

Individuals carrying a germline pathogenic variant in the BRCAI or BRCA2 gene have
a significantly increased lifetime risk of developing breast and ovarian cancer [1]. Diagnos-
tic screening performed worldwide based on gene sequencing has identified thousands of
different BRCA1/2 pathogenic variants (PVs). Although most of these PVs are individually
rare, or even private to single families, recurrent variants, which sometimes could be traced
to a common ancestor (founder effect), have been described within ethnically and/or
geographically defined populations [2—4].

Traditionally, well-documented founder BRCA1/2 PVs, such as those in the Ashke-
nazim [5,6], Icelanders [7,8], and Finns [9], have been instrumental to informed prioriti-
zation strategies for time- and cost-effective genetic testing and prompt identification of
carrier individuals. With the advent of gene panel testing through next generation sequenc-
ing, genetic isolates, with their reduced genetic and environmental heterogeneity, are still a
valuable resource to delve into genotype-phenotype associations of both Mendelian and
complex disorders [10-12]. For instance, relating to variation in high-risk breast/ovarian
cancer predisposing genes, refinement of penetrance estimates via elucidation of modifying
gene-gene and gene—environment relationships would be a prerequisite to a more effective
and personalized care of carrier individuals.

In Italy, population genetics analyses have brought to light a heterogeneous genetic
background mostly imputable to repeated colonization and migratory waves and to an
uneven geographical landscape, which has also facilitated the appearance of genetic iso-
lates [13-18]. With respect to the BRCA1/2 genes, a few PVs recurring in defined geo-
graphical areas and/or isolated populations have been described, e.g., in Calabria [19],
Sardinia [20], Tuscany [21,22], Veneto [23], and Friuli-Venezia Giulia [24], reviewed in [3].

More recently, the Bergamo province in the Northern Italian region of Lombardy has
emerged as a restricted geographical area inhabited by what appears to be a genetically
homogenous population. We showed that the BRCA1:c.190T>C, is a founder variant
in breast cancer families from Bergamo and has an estimated age of ~3000 years [25].
Upon extending our investigation to PALB2, the third high-penetrance breast cancer gene
identified thus far, we reported that also the ¢.1027C>T PV has been exclusively identified
in breast cancer patients—and to a significantly lower extent, in healthy individuals—from
Bergamo [26,27].

To gain further insights into the BRCA1/2 PV spectrum of the Bergamo province
population, we retrospectively collected data from 1019 BRCA1/2 PV carrier individuals
ascertained at five Italian centers. We assigned them, based on self-reported birthplace, to
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the Bergamo province (BGP) or the non-Bergamo province (non-BGP) cohort, and carried
out comparative analyses. We report herein a distinct distribution, frequency, and type of
BRCA1/2 PVs in the BGP compared to the general Italian population, consistent with the
hypothesis that the BGP BRCA1/2 PV spectrum is private.

2. Results
2.1. Distribution of the PV's Found in BGP

Twenty-five different BRCA1/2 PVs were identified in the 100 BGP carriers. Of these,
10 had a frequency ranging between 34% and 3%, and were deemed as common; the remain-
ing 15 PVs were considered rare as they were found in one or two carriers (Table 1). All the
10 common PVs were found also outside the BGP. The BRCA1:c.190T>C, largely the most
common BGP PV, was also found almost uniquely in several North-Italian regions; four
other common PVs, namely the BRCA2:¢.5904_5907del AGTC, BRCA1:c.2727_2730delTCAA,
BRCAZ2:¢c.6469C>T, and BRCA2:c.6625dupA were found only in Lombardy. Conceiv-
ably, these five PVs may have originated in BGP and then spread throughout Lom-
bardy and Northern Italy. The remaining five common PVs were found in BGP even
though some carriers were observed in other regions (Table 1). Interestingly, four com-
mon PVs, namely BRCA1:c.190T>C, BRCA2:¢c.5904_5907del AGTC, BRCA2:c.8878C>T, and
BRCA1:¢c.5062_5064delGTT were found in 59 of the 100 BGP carriers (Table 1; Table S1).
Thus, only four PVs explain more than half of the BGP BRCA1/2 carriers. Of the 15 rare
PVs, 11 were almost exclusively found in BGP or in BGP and Lombardy. Carriers of the
BRCAZ2:c.6468_6469delTC and BRCA2:c.1813delA were found in BGP but also in regions
other than Lombardy. The BRCA1:c.5266dupC and BRCA1:c.514delC PVs were spread
nation-wide with frequencies clearly suggesting that they originated from Apulia and
Sicily, respectively. Overall, these observations indicate that the majority of BRCA1/2
PVs found in BGP originated locally—with a handful PVs explaining about 60% of the
carriers—and suggest that the BRCA1/2 PV spectrum in BGP is private.

2.2. Comparison between the BGP and Non-BGP PV Spectra

In 1019 carriers, we identified a total of 304 different PVs; of these, 25 were found
in BGP carriers and 299 in non-BGP carriers. Thus, 20 PVs were common to the BGP
and non-BGP cohorts. We studied the PV distribution and frequency to test whether
or not the BGP and non-BGP PV spectra were different. As a first test, we considered
the number of different PVs with respect to the number of carriers in the two cohorts.
Since 299 different PVs were observed in the 919 non-BGP carrier cohort, 32 PVs should
have been proportionally found in the 100 Bergamo carriers. On the contrary, in this
cohort, only 25 PVs were identified. Even if these numbers are not statistically different
Xz (dof=1) = 1.28, p = 0.26), the Bergamo PV spectrum seems to comprise a smaller number
of PVs. Consistently, four PVs account for approximately 59% of the BGP carriers while
50 PVs were necessary to explain 59% of the non-BGP carriers. We further studied the
distribution of the 10 most frequent PVs in the non-BGP carriers (Table 2). None of these
PVs had the same frequency in the BGP carriers. In particular, one PV was statistically less
frequent in the BGP cohort with frequency difference of 8 (p = 0.0056). Five PVs were more
frequent in the BGP carriers with three showing statistically significant higher frequency
difference between 4.9 and 31.7, and two having frequency difference slightly higher than
2. The four remaining PVs, which altogether were found in 75/919 (8.2%) of the non-BGP
carriers, were not found in the BGP carriers (Table 2). Finally, we studied the 20 PVs that
were found in both the BGP and non-BGP carriers. We implemented a univariate logistic
regression analysis to assess the strength of association between being carrier of a given
PV and the BGP versus non-BGP birth sites. Figure 1 reports the odds ratios (ORs) and
95% confidence intervals (95% CI) in logarithmic scale. We observed that 10 PVs were
statistically associated with the birth site. Of these PVs, nine were found to be positively
associated with BGP birth site indicating that carriers of one of these nine PVs are more
likely to be from BGP than those without PVs. Overall, by jointly considering the carriers
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of at least one of the 20 PVs their likelihood to be from BGP is about 37 times higher than
those without PVs. Altogether, these data point out that the BGP BRCA1/2 PV spectrum is
characterized by lower heterogeneity with respect to the non-BGP carriers. Moreover, the
BGP and non-BGP PV spectra appear to be different in terms of PV distribution, type and
frequency.

Table 1. Distribution of the 25 Bergamo province (BGP) pathogenic variants (PVs).

PVe Total No' of Carrier Distribution (No. of Carriers; Freq%) Suggested Origin
Carriers BGP Regions
Common (10)
Molise (1; 100), Trentino Alto Adige (1; 11.1),
BRCA1:¢.190T>C 55 (34; 34.0) Veneto (2; 8.3), Friuli Venezia Giulia (1;7.1), BGP!
Lombardy non-BGP (14; 4.8), Piedmont (2; 1.2)

BRCA2:¢.5904_5907del AGTC 15 (11;11.0) Lombardy non-BGP (4; 1.4) BGP!
BRCA1:¢.2727_2730delTCAA 15 (3;3.0) Lombardy non-BGP (12; 4.1) BGP/Lombardy 1
BRCA2:¢.6469C>T 7 (3;3.0) Lombardy non-BGP (4; 1.4) BGP!

BRCA2:c.6625dupA 4 (3;3.0) Lombardy non-BGP (1; 0.3) BGP'!
Liguria (2; 12.5), Marche (1; 8.3), Lombardy non-BGP
BRCA2:¢.8878C>T 34 (8;8.0) (15; 5.1), Veneto (1; 4.2), Piedmont (6; 3.6), BGP/Liguria 1

BRCA1:¢.5062_5064delGTT
BRCA1:c.3481_3491dell1

Emilia Romagna (1; 2.4)
. Trentino Alto Adige (2; 22.2), Veneto (2; 8.3), . L
16 (6;6.0) Lombardy non-BGP (5; 1.7), Piedmont (1; 0.6) BGP/Trentino Alto Adige
9 (4;4.0) Emilia Romagna (3; 7.3), Lombardy non-BGP (2; 0.7) BGP/Emilia Romagna 2
Liguria (3; 18.8), Piedmont (6; 3.6), Sicily (2; 3.2),

. . oriria 2
BRCA1:¢.5030_5033delCTAA 21 (4;4.0) Emilia Romagna (1; 2.4), Lombardy non-BGP (5; 1.7) BGP/Liguria
BRCA2:c.7180A>T 20 (4;40)  [riuli Venezia Giulia (1;7.1), Lombardy non-BGP (12;4.1),  gip /pyjyli Venezia Giulia |
Piedmont (3; 1.8)
Rare (15)
BRCAT:c.406delA 3 (2;2.0) Lombardy non-BGP (1; 0.3) BGP!
BRCA2:¢.2748delT 3 (2;2.0) Lombardy non-BGP (1; 0.3) BGP!
BRCA2:c.5473dupG 2 (2;2.0) None BGP!
BRCA2:¢.8085_8086insGG 2 (2;2.0) None BGP'!
BRCA1:c.53T>C 1 (1;1.0) None BGP!
BRCAI:c.1961dupA 1 (1; 1.0) None BGP 2
BRCA1:c.2960dupA 6 (1, 1.0) Lombardy non-BGP (5; 1.7) BGP/Lombardy !
BRCA1:¢.3257T>A 8 (1, 1.0) Lombardy non-BGP (5; 1.7), Piedmont (2; 1.2) BGP/Lombardy !
BRCA2:¢.7921_7926delGAATTTinsAG 2 (1,1.0) Lombardy non-BGP (1; 0.3) BGP!
BRCA2:¢.7976+1G>A 2 (1;1.0) Lombardy non-BGP (1; 0.3) BGP 2
BRCA2:c.8021dupA 1 (1;1.0) None BGP!
. . Veneto (2; 8.3), Marche (1; 8.3), Tuscany (1; 4.3), L1
BRCA2:¢.6468_6469delTC 15 (2;2.0) Campania (3; 7.5), Apulia (3; 2.1), Piedmont (3; 1.8) BGP/Campania
BRCA2:c.1813delA 2 (1, 1.0) Basilicata (1; 11.1) BGP/Basilicata 2
. . Sicily (8; 12.7), Lombardy non-BGP (4; 1.4), Apulia (1; 1.0), Lo
BRCAT1:c.514delC 15 (1;1.0) Piedmont (1; 0.6) Sicily

BRCAT:c.5266dupC

Apulia (31; 30.1), Abruzzo (2; 15.4), Trentino Alto Adige
(1; 11.1), Sicily (5; 7.9), Calabria (3; 7.7), Campania (3; 7.5),
84 (1, 1.0) Lombardy non-BGP (22; 7.5), Piedmont (12;7.2), Apulia 2
Friuli Venezia Giulia (1; 7.1), Liguria (1; 6.3),
Emilia Romagna (2; 4.9)

1 Nineteen PVs found exclusively or prevalently in Italy, or rarely found or not found at all in previously published BRCA1/2 PV distribution
studies (Laitman et al.; Rebbeck et al. see reference list). 2 Six PVs found in many countries as reported in one or both of the two distribution

studies.

Table 2. The 10 most common non-BGP PVs and their frequency difference in the BGP and non-BGP carriers.

BGP—Non-BGP

Non-BGP PV Non-BGP Carriers (%) BGP Carriers (%) Frequency Difference p-Value
(95%CI)

BRCA1:c.5266dupC 83 (9.0) 1(1.0) —8(—10.2 to —3.3) 0.0056
BRCA1:¢.190T>C 21 (2.3) 34 (34.0) 31.7 (23.1 to 41.5) <0.0001
BRCA1:¢.5062_5064delGTT 10 (1.1) 6 (6.0) 49 (1.6to11.4) 0.0002
BRCA2:¢.8878C>T 26 (2.8) 8 (8.0) 52(1.1t012.2) 0.0063
BRCA2:c.7180A>T 16 (1.7) 4(4.0) 2.3 (—0.41to08.1) 0.1219
BRCA1:¢.5030_5033delCTAA 17 (1.8) 4(4.0) 2.2(-0.5to0 8) 0.1509
BRCA1:c.1088del A 25 (2.7) 0(0.0) —2.7(—4to1.1) 0.0951
BRCA1:c.181T>G 20 (2.2) 0(0.0) —22(—33t01.6) 0.1361
BRCA2:¢.5796_5797delTA 15 (1.6) 0(0.0) -1.6(—2.7t02.1) 0.1986
BRCA1:¢.3257T>G 15 (1.6) 0(0.0) —1.6 (—27t02.1) 0.1986
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€.2748delT 2 0.11 | | ° :
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S c.6625dupA 3 0.11 [ . ;
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Figure 1. Ln odds ratio (ORs) and 95% confidence intervals (CIs) of the 20 PVs found in both the 100 BGP and the 919
non-BGP carriers. For each PV, the carrier frequency (%) is reported; the In (OR) and the 95% CI are indicated by dots

and horizontal lines, respectively. The ORs were estimated by univariate logistic model. The joint OR (In OR = 3.61
(95% CI = 2.83-4.39) obtained by considering all the 20 PVs, is also showed.

3. Discussion

In this study, we analyzed the BRCA1/2 PVs found in individuals from the BGP and
compared them with those found in individuals from the rest of Italy. Our data indicate
that the majority of the BGP PVs had a local origin and remained confined to the BGP or to
the surrounding Lombardy region, with only two PVs clearly “imported” from Southern
Italy. We also showed that the number of different PVs found in BGP carriers was lower,
albeit not significantly, than that in the carriers from the rest of the country. Four PVs
accounted for the great majority (59%) of the BGP carriers. Moreover, we showed that some
of the most common non-BGP PVs had a statistically different frequency in BGP. We also
observed that the 20 PVs found in both non-BGP and BGP carriers were overall statistically
associated with the BGP birth site. Specifically, among carriers of at least one of the 20 PVs,
the likelihood to be from BGP is about 37 times higher than those carriers with other PVs.
All these observations concur to highlight that BGP is characterized by a private BRCA1/2
PV spectrum with lower genetic heterogeneity with respect to the rest of the country.

Data from the literature support our findings. Two recent studies reported the dis-
tribution of 471 BRCA1/2 PVs found in the Middle East, North Africa, and South Eu-
rope [28] and of the BRCA1/2 PVs found in more than 29,700 families collected world-
wide [29]. Considering the distribution of the 25 BGP PVs in these two datasets, we
observed that 19 PVs were found exclusively or prevalently in Italy, or were rarely found
or not found at all. Of the remaining six PVs, two, namely BRCA1:¢.5030_5033delCTAA
and BRCA1:¢.5266dupC were found in the majority of the countries in both datasets and
four, namely BRCA1:c.3481_3491delll, BRCAI1:c.1961dupA, BRCA2:c.7976+1G>A, and
BRCAZ2:c.1813delA were found only in the dataset by Rebbeck et al. [29] (Table 1). These
observations confirmed that 19 BGP PVs were originally from Italy and reinforced the
speculation that 14 of these are only present in BGP and, possibly, in the surrounding
Lombardy.

Other published studies documented the existence of PVs prevalent in the BGP. In
particular, we previously studied the BRCA1:¢.190T>C and found that it was common in the
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BGP and mapped to a conserved haplotype [25]. Interestingly this PV has now been shown
to be associated with a risk for breast cancer, which is smaller than the originally estimated
one (David Goldgar, manuscript in preparation). Similarly, the ¢.1027C>T (p.GIn343*) PV in
the breast cancer predisposition gene PALB2, was identified in familial breast cancer cases
from BGP with a carrier frequency of 5.3% [27] and located in a conserved haplotype [26].
Remarkably, the PALB2:1027C>T was never reported outside Italy ([30]; https:/ /databases.
lovd.nl/shared/genes/PALB2). Hence, BGP seems to be enriched with variants originating
locally and is the ideal territory in which to further study the risk of breast cancer associated
with specific PVs. Of course, other such variants could exist outside breast cancer genes.
Consistently, a study on the frequency of the Y-chromosome haplogroups showed that
individuals from the Bergamo valleys did not cluster with the other Italian populations [16].

Due to its geographical conformation and to its long history of migration and col-
onization, the Italian population is characterized by high genetic heterogeneity and by
the presence of population isolates. Consistently, several BRCA1/2 PVs have been shown
to be recurrent, or even founder (i.e., in conserved haplotypes), in certain Italian regions.
However, limited or no data exist on their recurrence in the rest of the country. Three
PVs, namely BRCA1:c.116G>A, BRCA1:c.676delT, and BRCA2:c.7806-2A>G were reported
to be confined within the Friuli Venezia Giulia region [24]. In our database, these three
PVs were found in a total of seven carriers, four of whom were born in Friuli Venezia
Giulia. A high prevalence rate of the BRCA1:c.4964_4982del19 was found in familial breast
cancer cases from Calabria suggesting a possible founder effect [19]. We found this PV in 13
carriers, of whom six were born in Calabria and five in nearby regions. Two BRCA2 founder
variants, the BRCA2:c.8537_8538delAG and BRCA2:¢c.3723_3725delinsAT, were identified
in Sardinia [20,31]; in our database, these two PVs were each found in one carrier from
Sardinia. The BRCAI:c.3228_3229del AG and the BRCA1:c.3285del A PVs were described
as originating from common ancestors in Tuscany [22]. A total of 11 individuals carried
one of these PVs in our database, but only three were born in Tuscany. Finally, of the
16 individuals in the present study who carried the BRCA1:c.5062_5064delGTT [23,32]
reported as a founder PV from Veneto [23], only two resulted from this region. Thus, our
data indicate that the BRCA1/2 PVs that were described to be recurrent in Friuli Venezia
Giulia, Calabria, Tuscany, and Veneto are also diffused elsewhere on the national terri-
tory. Notably, we observed that the above-mentioned PVs, with the only exception of
the BRCA1:c.4964 4982dell9 from Calabria, were, in fact, not the most common but often
among the rare PVs found in the carriers from those regions (Table S1). Overall, these
data do not corroborate the previous published studies describing these PVs as recurrent
locally. We believe that these contradictory findings might be explained by bias due to
different ascertainments. On one hand, monocentric studies might have been enriched by
individuals who were ascertained as probands from different families but who were, in
fact, related. On the other hand, we used the carrier’s birthplace as a proxy for the origin of
the PVs, but we acknowledge that this is a surrogate of the geographical origin of a variant,
which may, therefore, not be completely accurate [33]. For instance, a carrier might have
inherited the PV from her parents or grandparents born elsewhere. This may be especially
true for individuals recruited in Milan and Turin, cities that have a long history of internal
migrations.

To our knowledge, no similar studies were published before and our observations are
based on a relatively small number of individuals; hence, further analysis of larger similar
datasets would be warranted to confirm our findings.

4. Materials and Methods
4.1. BRCA1/2 PV Carriers

In this study, we collected data from 1019 individual carriers of BRCA1/2 PVs that
were representative of the heterogeneous Italian population with an excess of carrier
individuals from the BGP. As a proxy for the carrier’s geographical origin, we used the
birthplace, specified by region, province, and municipality. The data included in this study
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were from individuals originally ascertained at five different centers. Of these, three—
Istituto Nazionale dei Tumori (INT), Istituto Europeo di Oncologia (IEO), and Istituto
Clinico Humanitas (ICH)—were located in Milan; one, Azienda Citta della Salute e della
Scienza di Torino (ACSS), in Turin, and one, Ospedale Papa Giovanni XXIII (OPG), in
Bergamo. All 1019 individuals were Italian female breast cancer probands who were
subjected to diagnostic BRCA1/2 variant screening at Cogentech (serving INT, IEO, ICH,
and OPG), and at ACSS. At Cogentech, 141 probands were tested using a combination of
Denaturing High-Performance Liquid Chromatography (DHPLC) and Protein Truncation
Test (PTT) and 672 probands by Sanger sequencing of all coding exons and adjacent intronic
regions. At ACSS, 206 probands were tested by Sanger sequencing of all coding exons
and adjacent intronic regions (in some cases conformational DHPLC analysis and Sanger
sequencing of aberrant fragments or MLPA analysis in samples without small nucleotide
variants were performed). At all five centers, the probands were considered eligible for
BRCA1/2 variant screening based on family history of breast or ovarian cancer, early onset
of breast cancer, and tumor subtype; however, we acknowledge and could not control for
slight differences in the eligibility criteria across centers. All probands included in the
study: (i) received a breast cancer diagnosis, (ii) carried a BRCA1/2 pathogenic or likely
pathogenic variant according to the Evidence-based Network for the Interpretation of
Mutant Alleles (ENIGMA) variant classification criteria (https:/ /enigmaconsortium.org/
wp-content/uploads/2020/08/ENIGMA_Rules_2017-06-29-v2_5_1.pdf), and (iii) were of
Italian ethnicity. In total, data from 1019 Italian BRCA1/2 PV carriers were included in this
study. Of these, 100 were assigned to the BGP cohort and 919 to the non-BGP cohort. Two
individuals carried both a BRCA1 PV and a BRCA2 PV; hence, 581 individuals carried a
BRCA1 PV and 440 carried a BRCA2 PV (Table 3, Table S1). All the data analyzed in this
study were obtained from individuals who signed an informed consent to the use of their
data for research purposes.

Table 3. Number of carriers of BRCAI or BRCA2 PVs included in the study by testing ascertainment
center and BGP and non-BGP cohort.

Testing-Ascertainment All Carriers Carriers of BRCA1 Carriers of BRCA2
Center PVs (%) PVs (%)
Cogentech-IEO 353 195 (55.2) 158 (44.8)
Cogentech-INT 309 187 (60.5) 122 (39.5)
Cogentech-OPG * 90 53 (58.9) 38 (41.1)
Cogentech-ICH 61 39 (63.9) 22 (36.1)
ACSS * 206 107 (51.9) 100 (48.1)
All cohorts 1019 * 581 (57.0) 440 (43.0)
BGP 100 59 (59.0) 41 (41.0)
non-BGP * 919 522 (56.8) 399 (43.2)
All 1019 * 581 (57.0) 440 (43.0)

* Of the 1019 carriers, one from OPG and one from ACSS (both from non-BGP) carried each a PV in BRCAT and a
PV in BRCA2.

4.2. Heterogeneity of the BRCA1/2 PV Carriers

We wanted to analyze data from carriers of BRCA1/2 PV that were representative of
the Italian population heterogeneity. Hence, we collected data from carriers from three
centers in Milan (INT, IEO, and ICH) and one in Turin (ACSS), which are two cities
inhabited by a heterogenous population resulting from South-to-North immigration that
started about 60 years ago. In any case, to verify whether or not these ascertained carriers
were representative of the Italian population, we considered the number of BRCA1/2 PV
carriers by region of birth and derived the 1:100,000 rates with respect to the number
of residents in each region registered on December 31, 2019 (https://www.tuttitalia.it/
regioni/popolazione/; Table 4). For about two-thirds of the country regions (1 = 13), the
1:100,000 rates ranged between 0.5 and 2.0 indicating that we collected data from a fairly
proportional number of carriers. In few regions, we observed higher or lower rates. The
higher rates observed in Lombardy and Piedmont were expected based on the study design.
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The high rates for Apulia and Aosta Valley may be due to migration flows, specifically from
Apulia to Milan and Turin and from Aosta Valley to Turin. We observed fewer carriers
from Lazio, Molise, and Umbria probably owing to the less significant migration from these
regions to the Northern regions, where the ascertainment centers were located. As opposed
to Milan and Turin, the city of Bergamo—the fifth ascertainment center—is not a major
immigration destination and its province is populated by people, who were prevalently
born locally. Thus, the high rate for the Bergamo province reflected the study design
(Table 4).

Table 4. Analysis of the BRCA1/2 PV carriers” heterogeneity.

Region of Birth of Carrier Ascertained in

Region . Milan (INT, . Bergamo 11;1 ur.t(;ber 0£ (1-11{358030)
All Cities IEO, ICH) Turin (ACSS) (OPG) esidents 100,
Lombardy (Non-BGP) 293 281 3 9 8,987,585 3.3
BGP 100 29 0 71 1,116,384 9.0
Lazio 20 18 2 0 5,865,544 0.3
Campania 40 32 7 1 5,785,861 0.7
Sicily 63 50 9 4 4,968,410 1.3
Veneto 24 19 4 1 4,907,704 0.5
Emilia Romagna 41 35 5 1 4,467,118 0.9
Piedmont 167 43 124 0 4,341,375 3.9
Apulia 103 85 17 1 4,008,296 2.6
Tuscany 23 22 1 0 3,722,729 0.6
Calabria 39 27 12 0 1,924,701 2.0
Sardinia 22 17 3 2 1,630,474 1.4
Liguria 16 13 3 0 1,543,127 1.0
Marche 12 11 1 0 1,518,400 0.8
Abruzzo 13 10 3 0 1,305,770 1.0
Friuli Venezia Giulia 14 8 6 0 1,211,357 1.2
Trentino Alto Adige 9 9 0 0 1,074,819 0.8
Umbria 3 3 0 0 880,285 0.3
Basilicata 9 6 3 0 556,934 1.6
Molise 1 1 0 0 302,265 0.3
Aosta Valley 7 4 3 0 125,501 5.6
All regions (non-BGP) 919 694 206 19 59,128,255 1.6
All regions 1019 723 206 90 60,244,639 1.7

# Derived from https:/ /www.tuttitalia.it/regioni/popolazione/ on 31 December 2019. * Rates were derived considering the number of
BRCA1/2 PV carriers by region of birth and the number of residents in each region.

4.3. Statistical Analyses

The Goodness of Fit Chi-Square Test was adopted to compare the distribution of
observed BRCA1/2 PVs in the BGP to the expected ones based on the number of PV
detected in the general Italian population. Comparison between BRCA1/2 PVs carrier
frequencies in BGP and non-BGP cohorts was performed by estimating the frequency
differences and their 95% Cls according to Newcombe method as recommended by Altman
et al. [34] together with the p-value from chi-square or Fisher exact test, when appropriate.
The association between the birthplace (BGP versus non-BGP) and the PV status was
assessed by univariate logistic regression analyses.

All statistical analyses were carried out with the SAS software (Version 9.4.; SAS
Institute Inc., Cary, NC, USA) by adopting an « value of 0.05.

5. Conclusions

In this study, we provide evidence indicating that the spectrum of BRCA1/2 PV found
in breast cancer cases from BGP is private compared to that of the rest of Italy. This
conserved spectrum showed lower variant heterogeneity comprising a smaller number of
different variants with an average higher frequency. Consistently, we report here for the
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first time that four frequent PVs explain about 60% of all BRCA1/2 PV carriers from BGP. The
BGP population is ideal to study further the risk effects of breast cancer predisposing PVs
such as BRCA1:c.190T>C and PALB2:c.1027C>T. Finally, our data support the hypothesis
that the BGP is inhabited by a genetically isolated population and further analyses are
warranted to prove this possibility.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-669
4/13/3/532/s1, Table S1—BRCA1 and BRCA2 PVs found in the 1019 females breast cancer probands
included in the study.

Author Contributions: Conceptualization, G.F, I.C., PR., and P.P; study design, all authors; formal
analysis, G.F,, PV, S.P, PR., and PP; resources, G.F. and B.P. (Barbara Pasini), EV.L.,, PO.,P.V,,SP,
G.M.,, EZ,, PR, and P.P; data curation (provided variants and clinical data), S.M., B.P. (Bernard
Peissel), J.A., B.B. (Benedetta Beltrami), B.B. (Bernardo Bonanni), M.C., D.B.,, M.Z.,C.T.,, A.Z,, L.L,,
and M.F,; data curation (identified variants), VP, G.D.V,, S.V,, S.A,, and G.B.; writing—original draft
preparation, G.E,, A.D.N., and PP.; writing—review and editing, all authors; supervision, G.F,, PR.,
and PP; funding acquisition, G.E,, B.P. (Barbara Pasini), G.M., and P.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This work has been partially supported by Associazione Italiana Ricerca sul Cancro (AIRC;
IG 2015 n0.16732 and IG 2019 no.22860) to P.P., by a fellowship from Fondazione Umberto Veronesi
to G.F. and partly by the Ministero dell’Istruzione, dell’Universita e della Ricerca—MIUR project
“Dipartimenti di Eccellenza 2018—2022" (n° D15D18000410001, to G.M. and B.P. (Barbara Pasini)) to
the Department of Medical Sciences, University of Torino.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Fondazione IRCCS Istituto
Nazionale dei Tumori (protocol code 165/20, 22 July 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available in supplementary
Table S1.

Acknowledgments: We would like to thank all the colleagues and collaborators and all the patients
and their families who made this study possible.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.A.; Mooij, TM.; Roos-Blom, M.J.; Jervis, S.; van Leeuwen, EE;
Milne, R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 Mutation
Carriers. JAMA 2017, 317, 2402-2416. [CrossRef] [PubMed]

Fackenthal, ].D.; Olopade, O.I. Breast cancer risk associated with BRCA1 and BRCA2 in diverse populations. Nat. Rev. Cancer
2007, 7, 937-948. [CrossRef] [PubMed]

Janavicius, R. Founder BRCA1/2 mutations in the Europe: Implications for hereditary breast-ovarian cancer prevention and
control. EPMA |. 2010, 1, 397—-412. [CrossRef] [PubMed]

Turnbull, C.; Rahman, N. Genetic predisposition to breast cancer: Past, present, and future. Annu. Rev. Genomics Hum. Genet.
2008, 9, 321-345. [CrossRef] [PubMed]

Roa, B.B.; Boyd, A.A.; Volcik, K.; Richards, C.S. Ashkenazi Jewish population frequencies for common mutations in BRCA1 and
BRCAZ2. Nat. Genet. 1996, 14, 185-187. [CrossRef]

Tonin, P.; Weber, B.; Offit, K.; Couch, E; Rebbeck, T.R.; Neuhausen, S.; Godwin, A.K.; Daly, M.; Wagner-Costalos, J.; Berman, D.;
et al. Frequency of recurrent BRCA1 and BRCA2 mutations in Ashkenazi Jewish breast cancer families. Nat. Med. 1996, 2,
1179-1183. [CrossRef]

Johannesdottir, G.; Gudmundsson, J.; Bergthorsson, J.T.; Arason, A.; Agnarsson, B.A ; Eiriksdottir, G.; Johannsson, O.T; Borg, A.;
Ingvarsson, S.; Easton, D.E,; et al. High prevalence of the 999del5 mutation in icelandic breast and ovarian cancer patients. Cancer
Res. 1996, 56, 3663-3665.

Thorlacius, S.; Sigurdsson, S.; Bjarnadottir, H.; Olafsdottir, G.; Jonasson, ].G.; Tryggvadottir, L.; Tulinius, H.; Eyfjord, J.E. Study of
a single BRCA2 mutation with high carrier frequency in a small population. Am. . Hum. Genet. 1997, 60, 1079-1084.


https://www.mdpi.com/2072-6694/13/3/532/s1
https://www.mdpi.com/2072-6694/13/3/532/s1
http://doi.org/10.1001/jama.2017.7112
http://www.ncbi.nlm.nih.gov/pubmed/28632866
http://doi.org/10.1038/nrc2054
http://www.ncbi.nlm.nih.gov/pubmed/18034184
http://doi.org/10.1007/s13167-010-0037-y
http://www.ncbi.nlm.nih.gov/pubmed/23199084
http://doi.org/10.1146/annurev.genom.9.081307.164339
http://www.ncbi.nlm.nih.gov/pubmed/18544032
http://doi.org/10.1038/ng1096-185
http://doi.org/10.1038/nm1196-1179

Cancers 2021, 13, 532 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sarantaus, L.; Huusko, P; Eerola, H.; Launonen, V.; Vehmanen, P.; Rapakko, K.; Gillanders, E.; Syrjakoski, K.; Kainu, T.;
Vahteristo, P; et al. Multiple founder effects and geographical clustering of BRCA1 and BRCA?2 families in Finland. Eur. . Hum.
Genet. 2000, 8, 757-763. [CrossRef]

Hatzikotoulas, K.; Gilly, A.; Zeggini, E. Using population isolates in genetic association studies. Brief. Funct. Genomics 2014, 13,
371-377. [CrossRef]

Xue, Y.; Mezzavilla, M.; Haber, M.; McCarthy, S.; Chen, Y.; Narasimhan, V,; Gilly, A.; Ayub, Q.; Colonna, V.; Southam, L.; et al. En-
richment of low-frequency functional variants revealed by whole-genome sequencing of multiple isolated European populations.
Nat. Commun. 2017, 8, 15927. [CrossRef] [PubMed]

Zeggini, E. Using genetically isolated populations to understand the genomic basis of disease. Genome Med. 2014, 6, 83. [CrossRef]
[PubMed]

Cocca, M.; Barbieri, C.; Concas, M.P,; Robino, A.; Brumat, M.; Gandin, I.; Trudu, M.; Sala, C.F.; Vuckovic, D.; Girotto, G.; et al.
A bird’s-eye view of Italian genomic variation through whole-genome sequencing. Eur. |. Hum. Genet. 2020, 28, 435-444.
[CrossRef] [PubMed]

Colonna, V,; Pistis, G.; Bomba, L.; Mona, S.; Matullo, G.; Boano, R.; Sala, C.; Vigano, E; Torroni, A.; Achilli, A.; et al. Small effective
population size and genetic homogeneity in the Val Borbera isolate. Eur. J. Hum. Genet. 2013, 21, 89-94. [CrossRef]

Fiorito, G.; Di Gaetano, C.; Guarrera, S.; Rosa, F; Feldman, M.W.; Piazza, A.; Matullo, G. The Italian genome reflects the history of
Europe and the Mediterranean basin. Eur. J. Hum. Genet. 2016, 24, 1056-1062. [CrossRef]

Grugni, V.; Raveane, A.; Mattioli, F; Battaglia, V.; Sala, C.; Toniolo, D.; Ferretti, L.; Gardella, R.; Achilli, A.; Olivieri, A.; et al.
Reconstructing the genetic history of Italians: New insights from a male (Y-chromosome) perspective. Ann. Hum. Biol. 2018, 45,
44-56. [CrossRef]

Raveane, A.; Aneli, S.; Montinaro, F; Athanasiadis, G.; Barlera, S.; Birolo, G.; Boncoraglio, G.; Di Blasio, A.M.; Di Gaetano, C.;
Pagani, L.; et al. Population structure of modern-day Italians reveals patterns of ancient and archaic ancestries in Southern
Europe. Sci. Adv. 2019, 5, eaaw3492. [CrossRef]

Sazzini, M.; Gnecchi Ruscone, G.A.; Giuliani, C.; Sarno, S.; Quagliariello, A.; De Fanti, S.; Boattini, A.; Gentilini, D.; Fiorito, G.;
Catanoso, M.; et al. Complex interplay between neutral and adaptive evolution shaped differential genomic background and
disease susceptibility along the Italian peninsula. Sci. Rep. 2016, 6, 32513. [CrossRef]

Baudi, F.; Quaresima, B.; Grandinetti, C.; Cuda, G.; Faniello, C.; Tassone, P; Barbieri, V.; Bisegna, R.; Ricevuto, E.; Conforti, S.; et al.
Evidence of a founder mutation of BRCAL1 in a highly homogeneous population from southern Italy with breast/ovarian cancer.
Hum. Mutat. 2001, 18, 163-164. [CrossRef]

Pisano, M.; Cossu, A; Persico, I.; Palmieri, G.; Angius, A.; Casu, G.; Palomba, G.; Sarobba, M.G.; Rocca, P.C.; Dedola, M.E; et al.
Identification of a founder BRCA2 mutation in Sardinia. Br. ]. Cancer 2000, 82, 553-559. [CrossRef]

Caligo, M.A.; Ghimenti, C.; Cipollini, G.; Ricci, S.; Brunetti, I.; Marchetti, V.; Olsen, R.; Neuhausen, S.; Shattuck-Eidens, D.;
Conte, PF; et al. BRCA1 germline mutational spectrum in Italian families from Tuscany: A high frequency of novel mutations.
Oncogene 1996, 13, 1483-1488. [PubMed]

Papi, L.; Putignano, A.L.; Congregati, C.; Zanna, I; Sera, F.; Morrone, D.; Falchetti, M.; Turco, M.R.; Ottini, L.; Palli, D.; et al.
Founder mutations account for the majority of BRCA1-attributable hereditary breast/ovarian cancer cases in a population from
Tuscany, Central Italy. Breast Cancer Res. Treat. 2009, 117, 497-504. [CrossRef] [PubMed]

Malacrida, S.; Agata, S.; Callegaro, M.; Casella, C.; Barana, D.; Scaini, M.C.; Manoukian, S.; Oliani, C.; Radice, P; Barile, M.; et al.
BRCAT1 p.Val1688del is a deleterious mutation that recurs in breast and ovarian cancer families from Northeast Italy. J. Clin.
Oncol. 2008, 26, 26-31. [CrossRef] [PubMed]

Cini, G.; Mezzavilla, M.; Della Puppa, L.; Cupelli, E.; Fornasin, A.; D’Elia, A.V.; Dolcetti, R.; Damante, G.; Bertok, S.; Miolo, G.; et al.
Tracking of the origin of recurrent mutations of the BRCA1 and BRCA2 genes in the North-East of Italy and improved mutation
analysis strategy. BMIC Med. Genet. 2016, 17, 11. [CrossRef] [PubMed]

Caleca, L.; Putignano, A.L.; Colombo, M.; Congregati, C.; Sarkar, M.; Magliery, T.J.; Ripamonti, C.B.; Foglia, C.; Peissel, B.;
Zaffaroni, D.; et al. Characterization of an Italian founder mutation in the RING-finger domain of BRCA1. PLoS ONE 2014, 9,
€86924. [CrossRef] [PubMed]

Catucci, I.; Casadei, S.; Ding, Y.C.; Volorio, S.; Ficarazzi, F.; Falanga, A.; Marchetti, M.; Tondini, C.; Franchi, M.; Adamson, A.; et al.
Haplotype analyses of the ¢.1027C>T and c.2167_2168del AT recurrent truncating mutations in the breast cancer-predisposing
gene PALB2. Breast Cancer Res. Treat. 2016, 160, 121-129. [CrossRef]

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

Laitman, Y.; Friebel, T.M.; Yannoukakos, D.; Fostira, F.; Konstantopoulou, I; Figlioli, G.; Bonanni, B.; Manoukian, S.; Zuradelli, M.;
Tondini, C.; et al. The spectrum of BRCA1 and BRCA2 pathogenic sequence variants in Middle Eastern, North African, and South
European countries. Hum. Mutat. 2019, 40, e1-23. [CrossRef]

Rebbeck, T.R.; Friebel, T.M.; Friedman, E.; Hamann, U.; Huo, D.; Kwong, A.; Olah, E.; Olopade, O.1,; Solano, A.R.; Teo, S.H.; et al.
Mutational spectrum in a worldwide study of 29,700 families with BRCA1 or BRCA2 mutations. Hum. Mutat. 2018, 39, 593-620.
[CrossRef]


http://doi.org/10.1038/sj.ejhg.5200529
http://doi.org/10.1093/bfgp/elu022
http://doi.org/10.1038/ncomms15927
http://www.ncbi.nlm.nih.gov/pubmed/28643794
http://doi.org/10.1186/s13073-014-0083-5
http://www.ncbi.nlm.nih.gov/pubmed/25473423
http://doi.org/10.1038/s41431-019-0551-x
http://www.ncbi.nlm.nih.gov/pubmed/31784700
http://doi.org/10.1038/ejhg.2012.113
http://doi.org/10.1038/ejhg.2015.233
http://doi.org/10.1080/03014460.2017.1409801
http://doi.org/10.1126/sciadv.aaw3492
http://doi.org/10.1038/srep32513
http://doi.org/10.1002/humu.1167
http://doi.org/10.1054/bjoc.1999.0963
http://www.ncbi.nlm.nih.gov/pubmed/8875986
http://doi.org/10.1007/s10549-008-0190-3
http://www.ncbi.nlm.nih.gov/pubmed/18821011
http://doi.org/10.1200/JCO.2007.13.2118
http://www.ncbi.nlm.nih.gov/pubmed/18165637
http://doi.org/10.1186/s12881-016-0274-6
http://www.ncbi.nlm.nih.gov/pubmed/26852130
http://doi.org/10.1371/journal.pone.0086924
http://www.ncbi.nlm.nih.gov/pubmed/24516540
http://doi.org/10.1007/s10549-016-3981-y
http://doi.org/10.1038/gim.2014.13
http://doi.org/10.1002/humu.23842
http://doi.org/10.1002/humu.23406

Cancers 2021, 13, 532 11 of 11

30.

31.

32.

33.

34.

Yang, X.; Leslie, G.; Doroszuk, A.; Schneider, S.; Allen, J.; Decker, B.; Dunning, A.M.; Redman, J.; Scarth, J.; Plaskocinska, I.; et al.
Cancer Risks Associated With Germline PALB2 Pathogenic Variants: An International Study of 524 Families. J. Clin. Oncol. 2020,
38, 674-685. [CrossRef]

Palmieri, G.; Palomba, G.; Cossu, A.; Pisano, M.; Dedola, M.F.; Sarobba, M.G.; Farris, A.; Olmeo, N.; Contu, A.; Pasca, A.; et al.
BRCA1 and BRCA2 germline mutations in Sardinian breast cancer families and their implications for genetic counseling. Ann.
Oncol. 2002, 13, 1899-1907. [CrossRef] [PubMed]

De Nicolo, A,; Parisini, E.; Zhong, Q.; Dalla Palma, M.; Stoeckert, K.A.; Domchek, S.M.; Nathanson, K.L.; Caligo, M.A.; Vidal, M.;
Cusick, M.E.; et al. Multimodal assessment of protein functional deficiency supports pathogenicity of BRCA1 p.V1688del. Cancer
Res. 2009, 69, 7030-7037. [CrossRef] [PubMed]

Barnholtz-Sloan, J.S.; Chakraborty, R.; Sellers, T.A.; Schwartz, A.G. Examining population stratification via individual ancestry
estimates versus self-reported race. Cancer Epidemiol. Biomark. Prev. 2005, 14, 1545-1551. [CrossRef] [PubMed]

Altman, D.G.; Machin, D.; Bryant, T.N.; Gardner, M.]. Statistics with Confidence, 2nd ed.; BMJ Books: Wiley, UK, 2000; p. 49.


http://doi.org/10.1200/JCO.19.01907
http://doi.org/10.1093/annonc/mdf326
http://www.ncbi.nlm.nih.gov/pubmed/12453858
http://doi.org/10.1158/0008-5472.CAN-09-1440
http://www.ncbi.nlm.nih.gov/pubmed/19706752
http://doi.org/10.1158/1055-9965.EPI-04-0832
http://www.ncbi.nlm.nih.gov/pubmed/15941970

	Introduction 
	Results 
	Distribution of the PVs Found in BGP 
	Comparison between the BGP and Non-BGP PV Spectra 

	Discussion 
	Materials and Methods 
	BRCA1/2 PV Carriers 
	Heterogeneity of the BRCA1/2 PV Carriers 
	Statistical Analyses 

	Conclusions 
	References

