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Abstract Bloom’s syndrome is a rare autosomal reces-
sive chromosomal instability disorder with a high inci-
dence of various types of neoplasia, including breast
cancer. Whether monoallelic BLM mutations predispose to
breast cancer has been a long-standing question. A non-
sense mutation, p.Q548X, has recently been associated
with an increased risk for breast cancer in a Russian case—
control study. In the present work, we have investigated the
prevalence of this Slavic BLM founder mutation in a total
of 3,188 breast cancer cases and 2,458 controls from
Bashkortostan, Belarus, Ukraine, and Kazakhstan. The
p-Q548X allele was most frequent in Russian patients
(0.8 %) but was also prevalent in Byelorussian and
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Ukrainian patients (0.5 and 0.6 %, respectively), whereas it
was absent in Altaic or other non-European subpopula-
tions. In a combined analysis of our four case—control
series, the p.Q548X mutation was significantly associated
with breast cancer (Mantel-Haenszel OR 5.1, 95 % CI 1.2;
21.9, p = 0.03). A meta-analysis with the previous study
from the St. Petersburg area corroborates the association
(OR 5.7, 95 % CI 2.0; 159, p =3.7 x 107%. A meta-
analysis for all published truncating mutations further
supports the association of BLM with breast cancer, with an
estimated two- to five-fold increase in risk (OR 3.3,
95 %CI 1.9; 5.6, p = 1.9 x 1075). Altogether, these data
indicate that BLM is not only a gene for Bloom’s syndrome
but also might represent a breast cancer susceptibility gene.
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Introduction

Familial risk of breast cancer is associated with high- to
moderate-penetrance mutations in genes encoding DNA
double-strand break sensors and repair proteins, such as
BRCAI, BRCA2, PALB2, ATM, NBN, and others [1-3]. The
hitherto known susceptibility genes account for only part of
the familial clustering, and remaining cases could thus be
explained by mutations in further genes acting in the same
biological pathways. One candidate is BLM, the gene
mutated in Bloom’s syndrome [4].

Bloom’s syndrome is a rare autosomal recessive disor-
der characterized by sunlight sensitivity, short stature,
and a very high incidence of various types of neopla-
sia, including breast cancer [5]. Cells from patients with
Bloom’s syndrome exhibit chromosomal instability char-
acterized by an elevated rate of sister chromatid exchanges
and quadriradial configurations [6]. By exploiting this
hyper-recombination phenotype, the underlying gene,
BLM, had been isolated through a positional cloning
strategy, and its gene product was found to have homology
to the RecQ subfamily of DNA helicases [7].

The BLM protein rapidly localizes to DNA breaks after
irradiation in an ATM-dependent manner [8—10]. BLM is
part of the BRCAl-associated genome surveillance com-
plex, BASC [11], and interacts with the DNA resection
machinery that is guided by the MRE11-RADS50-NBN
complex [12]. It has further been implicated in homologous
recombinational repair and the Fanconi anemia pathway
through interaction with RADS51, RAD51D, and FANCJ
[13—16]. During mitosis, BLM appears to be required for
proper chromosome segregation and the resolution of
anaphase bridges [17].

Bloom'’s syndrome is frequent in the Ashkenazim pop-
ulation [18]. There the predominant mutation, referred to as
“BLM™"” is a 6-bp deletion and 7-bp insertion at
nucleotide position 2281 in the BLM cDNA [7]. While
homozygosity for the BLM™" mutation causes Bloom’s
syndrome, its possible role as a cancer susceptibility allele
in heterozygotes has been difficult to prove [19-21]. There
is renewed interest in this matter since a nonsense muta-
tion, p.Q548X, has recently been identified as another
common BLM mutation and has been associated with an
increased risk for breast cancer in a Russian case—control
study [22]. In the present study, we have investigated the
prevalence of this Slavic BLM founder mutation in four
different populations from Eastern Europe and Eurasia,
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including two large hospital-based series of breast cancer
patients from Bashkortostan and from Belarus.

Patients and methods
Patients

We investigated two large case—control series from Bash-
kortostan, Russia, and from Belarus. Both series have been
previously used for breast cancer association studies
[23-25]. The series from Russia consisted of 1,059 breast
cancer patients unselected for family history who had been
diagnosed during the years 2000-2007 at the oncological
center in Ufa (Bashkortostan). Breast cancer patients in this
series belonged to different ethnic groups mainly living in
the Volga Ural region of Russia, and included 453
Russians, 257 Tatars, 128 Bashkirs, 67 Ukrainians, also 60
Yakuts from Siberia, and 94 patients of other or mixed
ancestry. Median age at diagnosis was 51 years (range
25-85 years), and 7 % of patients reported a first-degree
relative diagnosed with breast cancer. Healthy population
controls included 1,069 volunteers from the same geo-
graphic regions, with a similar ethnic distribution (incl. 411
Russians) and age distribution (median age 46 years, range
18-84 years). For the association study, cases and controls
were stratified by their ancestry into Russians and non-
Russians.

The series from Belarus consisted of 1,927 breast cancer
patients diagnosed in the Republic of Belarus during the
years 1998-2008. Patients were recruited at the Byelorus-
sian Institute for Oncology and Medical Radiology
Aleksandrov N.N. in Minsk or at one of five regional
oncology centers in Gomel, Mogilev, Grodno, Brest, or
Vitebsk. The Belarus series mainly consisted of consecutive
patients unselected for family history, with the exception of
an additional 28 cases with familial breast cancer ascertained
at the center in Minsk. Median age at diagnosis in the Belarus
cohort was 48 years, and a total of 302 patients (16 %)
reported a first-degree relative with breast cancer. Byelo-
russian population controls were 1,235 healthy volunteers
from the same population who had no personal history of
breast cancer at the time when entering the study and were
not known blood relatives of the study patients.

In addition to the two main series, we also genotyped
two smaller case—control series from the Ukraine and from
Kazakhstan. The Ukrainian study included 91 breast cancer
patients and 37 controls that had been ascertained at
the R.E.Kavetsky Institute of Experimental Pathology,
Oncology and Radiobiology, National Academy of Sci-
ences in Kyiv, Ukraine. The Ukrainian series was enriched
for familial cases (n = 30), and median age at diagnosis
was 47 years (range 31-63 years). The Kazakh study
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consisted of 281 breast cancer patients from Russian or
Altaic subpopulations (111 Russians) and 653 healthy
female controls (117 Russians) that had been ascertained
at the State Oncology Institute, Almaty, Republic of
Kazakhstan. Kazakh patients had a median age at diagnosis
of 52 years (range 27-91 years) and the healthy controls a
median age of 41 years (range 19-73 years). Genotyping
for p.Q548X was limited to the Russian controls in the
Kazakh series.

Our study was carried out with informed consent of the
probands and was approved by local ethical boards at the
respective institutions.

Mutation analyses

Genomic DNA was isolated from peripheral white blood cells
by routine phenol-chloroform extraction. High-resolution
melting analysis of PCR amplicons from the BLM exon 7 that
harbors the p.Q548X mutation was performed on a Rotor-
Gene 6000 real-time PCR machine (Corbett Research,
Mortlake, Australia) using the primers 5'-TGT TCT CAC
AAG CAC TGC TG-3' and 5'-GAT ACT GAT TTA ATT
GGC CGA-3' [22], and EvaGreen as the fluorescent dye.
Positive and negative controls were included in each assay,
and all samples with suspicious melting behavior were sub-
jected to direct sequencing using BigDye chemistry on a
Genetic Analyser 3100 Avant (Applied Biosystems, Darms-
tadt, Germany). An example of HRM detection and
sequencing analysis for p.Q548X is shown in Supplementary
Figure 1. Another rare variant in this amplicon, ¢.1722A > G
(rs28385011), was easily distinguished by both, HRM and
sequencing, from the p.Q548X mutation.

Statistical analyses

The prevalence of the p.Q548X mutation was compared in
cases and healthy population controls. Odds ratios (OR)
were calculated from two-by-two tables and statistical sig-
nificance was assessed with Fisher’s exact test using Yates’
correction. Crude and adjusted Mantel-Haenszel odds
ratios were calculated using the EpiCalc v1.02 Software
Package (Gilman J, Myatt M 1998, Brixton Books). All
p values are two-sided. Q548X was the first BLM mutation
investigated in the study populations, and results with
p < 0.05 were considered significant. For a meta-analysis
with published case—control studies, further genotype fre-
quency data for p.Q548X were taken from the report of
Sokolenko et al. [22], and four additional studies were
identified via PubMed searches with the keywords “BLM
and breast cancer” or “Bloom syndrome and breast can-
cer.” From these and our study populations, stratified by
ancestry, adjusted Mantel-Haenszel odds ratios were again
calculated using the EpiCalc v1.02 Software Package.

Results

We first scanned the exon 7 of BLM by high-resolution
melting analysis in 1,059 cases and 1,069 controls from the
Hannover-Ufa Breast Cancer Study to determine the fre-
quency of the p.Q548X mutation in BLM and to validate its
possible association with breast cancer. Heterozygosity for
p-Q548X was confirmed in 5 cases, whereas the mutation
was not found in controls (p = 0.09, Table 1). All carriers
were of Russian descent, yielding a carrier frequency of
1.1 % in breast cancer patients from the Russian subpopu-
lation of Bashkortostan. Histological data were available for
four of the five carriers and documented advanced and high-
grade tumors (stage T2-T3, G3), with a ductal histology in
three and a lobular cancer in the fourth patient. None of
these carriers had reported a positive family history for
breast cancer, though one of the five patients was a carrier of
BRCAI mutation ¢.5266dupC (also known as 5382insC).
Since all identified carriers were Russians, we wanted to
get further insight into the possible association of p.Q548X
with breast cancer from another Slavic population and thus
genotyped 1,927 Byelorussian cases and 1,235 Byelorus-
sian controls from the Hannover-Minsk Breast Cancer
Study. The mutation was identified in 9 cases (0.5 %)
and 2 controls (0.2 %), showing again a non-significant
excess of mutation carriers among the breast cancer
patients (OR 2.9, 95 % CI 0.6; 13.4, p = 0.27, Table 1).
The median age at diagnosis in p.Q548X heterozygous
cases was 48 years (range 24-71 years) which was not
different from the age at diagnosis in the total case series.
Histological records were accessible for 6 of the 9 carriers
and documented three ductal, one lobular, one medullary,
and one tubular carcinoma. Positive or negative estrogen

Table 1 Carrier frequencies for BLM mutation p.Q548X in patients
with breast cancer and in healthy female controls from Bashkortostan,
Belarus, Kazakhstan, and Ukraine

Study population Carriers Carriers p
(cases) (controls)
Bashkortostan (Russians)  5/453 0/411 0.09
Bashkortostan (non- 0/606 0/658 n.s.
Russians)

Belarus 9/1,927 2/1,235 0.27
Kazakhstan (Russians) 0/111 0/117 n.s.
Ukraine 1/91 0/37 0.64
Total 15/3,188 2/2,458 0.03

Study populations in Bashkortostan were stratified by ancestry in
Russian and non-Russian subgroups, and genotyping was limited to
Russian controls in the Kazakhstan study. Two-sided p values were
calculated by chi-square tests with Yates’ correction. Meta-analysis
was performed by stratified 2 x 2 chi-square tests and yielded a
Mantel-Haenszel odds ratio of OR 5.1 (95% CI 1.2; 21.9). n.s. non-
significant
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receptor status was equally distributed among these tumors.
Again, two of the 9 breast cancer patients who were het-
erozygous for the p.Q548X mutation were also carriers of
the common BRCAI mutation, ¢.5266dupC. In addition,
one of the 9 patients was a carrier of the CHEK2
dele9,10(5,395 bp) allele [26]. Four p.Q548X carriers had
a first-degree family history of breast cancer, including the
two double heterozygotes with ¢.5266dupC in BRCAI.

Since the p.Q548X mutation was present in patients
from both, Russia and Belarus, we also genotyped two
smaller case—control series from neighboring countries,
Ukraine and Kazakhstan. No further carrier was identified
among 111 Russian breast cancer cases and 117 Russian
controls from the Republic of Kazakhstan. Some 170
Kazakh breast cancer cases from the other ethnic sub-
groups were also mutation-negative. One additional carrier
was identified among 91 breast cancer patients from the
Ukraine, suggesting that the p.Q548X allele may play some
role also in this population (at a frequency of some
0.6 % when combined with 67 Ukrainian cases from
Bashkortostan). This patient had been diagnosed by the age
of 43 years with an advanced lobular breast cancer of grade
2; she also had a family history of breast cancer.

In a combined analysis of all four case—control series, the
p-Q548X mutation was significantly associated with breast
cancer (Mantel-Haenszel OR 5.1, 95 % CI 1.2; 21.9,
p = 0.03) (Table 1). The effect sizes changed non-signifi-
cantly when analyses were restricted to patients with age at
diagnosis below 50 years (OR 5.4, 95 % CI 1.2; 24.4,
p = 0.03) or to patients with a first-degree family history of
breast cancer (OR 8.9, 95 % CI 1.6; 50.5, p = 0.02), but the
numbers were small. The odds ratios obtained in our
study were similar to the odds ratio reported in the

hypothesis-generating study from the St. Petersburg area
(OR 6.3) [22], and a meta-analysis of both studies con-
firmed the association of p.Q548X with breast cancer at a
higher level of significance (OR 5.7, 95 %CI 2.0; 15.9,
p =37 x 107%. When the analysis was restricted to
patients without a known BRCAI mutation, the association
was slightly attenuated but remained significant (OR 4.9,
95 %CI11.7;14.0,p = 1.5 x 10_3). We also compared the
results for p.Q548X with published data for other truncating
mutations in BLM from the hitherto few available breast
cancer studies [19, 27, 28]. A meta-analysis for all muta-
tions further supported the association of BLM with breast
cancer, with an estimated two- to five-fold increase in risk
(OR 3.3, 95 %CI 1.9; 5.6, p = 1.9 x 107°) (Table 2).

Discussion

Patients with Bloom’s syndrome face an increased risk not
only for lymphomas and leukemias but also for epithelial
carcinomas which occur much earlier than in the general
population [29]. Breast cancers have been reported in
several Bloom’s syndrome females, with a median age at
onset of 32.4 years [29, 30]. There is little information
available about whether blood relatives of Bloom’s syn-
drome patients also are at an increased cancer risk [31], and
only few studies have addressed the heterozygote risk at
the population level in case—control association studies
after the identification of the BLM gene. In an early report,
Ashkenazi Jews with colorectal cancer (CRC) were more
than twice as likely to carry the 6-bp deletion/7-bp
insertion, ¢.2207_2212delATCTGAinsTAGATTC (BLMASh
mutation), than Ashkenazi Jewish controls without CRC

Table 2 Carrier frequencies for BLM mutation p.Q548X and for other truncating BLM mutations in six case-controls studies including Slavic
populations (Ref. [22], and this study), Ashkenazim (Refs. [19], [20], [27]), and Australians (Ref. [28])

Study Mutation Carriers (cases) Carriers (controls) OR (95 % CI) P

This study p.Q548X 15/3,188 2/2,458 5.1 (1.2; 21.9) 0.03

Sokolenko (Ref. [22]) p.Q548X 17/1,498 2/1,093 6.3 (1.4; 27.2) 0.01

Combined p.0548X 32/4,686 4/3,551 5.7 (2.0; 15.9) 0.00037

Gruber (Ref. [19]) €.2207_2212del ATCTGA 5/375 14/1,839 1.8 (0.6; 4.9) 0.43
insSTAGATTC (BLM**Y)

Cleary (Ref. [20]) €.2207_2212del ATCTGA 4294 8/944 1.6 (0.5; 5.4) 0.66
insTAGATTC (BLM™**")

Koren-M. (Ref. [27])* €.2207_2212del ATCTGA 3/100 36/4,001 3.4 (1.0; 11.3) 0.11
insTAGATTC (BLM**")

Thompson (Ref. [28]) p-Q645X, p.R899X 2/438 0/464 n.a. 0.45

Total Truncating 46/5,893 62/10,799 3.3 (1.9; 5.6) 0.00002

Two-sided p values were calculated by chi-square tests with Yate§ correction. Meta-analysis was performed by stratified 2 x 2 chi-square tests
and yielded Mantel-Haenszel odds ratios of OR 5.7 (2.0; 15.9) for p.Q548X and OR 3.3 (1.9; 5.6) for all truncating mutations. * The study in
Ref. [27] had included only cases with BRCAI and BRCA2 mutations. In a meta-analysis without this study, the Mantel-Haenszel odds ratio for
all truncating mutations were OR 3.3 (1.8; 5.9), p= 1.1 x 107, n.a. not applicable
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[19]. In this study, the risk for breast cancer appeared non-
significantly increased in BLM™™" carriers (OR 1.8; 95 %
CI 0.6, 4.9). Neither the increased risk for colorectal cancer
nor an increased risk for any type of cancer was replicated
in two subsequent studies [20, 21]. A familial breast cancer
study found coinheritance of the BLM™" mutation with
BRCAI mutations in two patients suggesting a potential
modifier effect for the BLM™*" mutation [27].

The recent identification of a nonsense mutation,
p-Q548X, as a recurrent BLM mutation in Russia has since
enabled large case—control studies in this population [22].
This work from the St. Petersburg group revealed the
p-Q548X allele in 1.1 % of Russian breast cancer patients,
including 2.4 % of familial breast cancer patients, but only
0.2 % of healthy female controls, suggesting that p.Q548X
may be associated with breast cancer risk [22]. Further-
more, a targeted next-generation sequencing study has
provided further hints for BLM as a possible breast cancer
gene as these authors identified BLM truncating mutations
in two probands out of 438 BRCAI/2 mutation-negative
hereditary breast cancer families from Australia, whereas
no mutation carriers were found in 464 controls [28].
However, as pointed out by Ellis and Offit [32], the final
proof of association is a question of statistical power, and
the analysis of founder mutations such as p.Q548X can be
helpful in this regard.

Our study has assessed the frequency distribution of the
p-Q548X allele in 3,188 breast cancer cases and 2,458
controls from different populations across Eastern Europe
and Eurasia. The mutation was solely identified in indi-
viduals with a Slavic background, including Russian,
Byelorussian, and Ukrainian patients, whereas it was not
seen in Altaic or other non-European subpopulations. This
strongly corroborates the view of p.Q548X as a recurrent
mutation in Slavic populations [22]. Although the hetero-
zygote frequency of p.Q548X seems to be lower in Slavic
populations than the frequency of the BLM**" mutation in
Ashkenazim, our study confirms the reported prevalence of
p-Q548X in about 1 % of Russian breast cancer patients as
well as its significant association with breast cancer. The
combined odds ratios indicate an approximately five-fold
increase in breast cancer risk in carriers of the p.Q548X
mutation, consistent with an intermediate penetrance for
breast cancer.

These estimates are comparable in size with the risk
estimates for other Slavic founder mutations with inter-
mediate penetrance in genes such as ATM or NBN that have
been previously associated with breast cancer [23, 33, 34].
Their gene products interact with BLM in DNA double-
strand break repair pathways and the biallelic mutant
state results in a chromosomal instability syndrome, like
Bloom’s syndrome. BRCA1 functions in a similar path-
way, but BRCAI mutations are usually associated with

higher odds ratios in case—control studies such as HMBCS
[24], with higher life-time risks and familial clustering.
Double heterozygotes, such as reported here for BRCAI
and BLM, have previously been observed for several other
breast cancer susceptibility genes including BRCA2 [35],
PALB?2 [36], ATM [23], or CHEK? [37]. Evidence suggests
that intermediate-penetrance mutations in ATM or CHEK?2
are less common in BRCAI mutation carriers than in non-
carriers, consistent with their function in the same pathway
[37]. With regard to BLM, the co-inheritance of a BRCAI
mutation in 3/14 p.Q548X heterozygous patients in our
study, and in 1/17 BLM heterozygous patients in the study
by Sokolenko et al. [22], indicates that mutations in BRCAI
and in BLM are not mutually exclusive. This may reflect
that BLM functions independent of the ATM-CHEK2-
BRCAI1 pathway, as part of additional repair complexes
such as BRAFT or the dissolvasome [38], so that BLM
mutations could still augment the effect of BRCA1 defi-
ciency. Alternatively, the predisposition may act at the
level of haploinsufficiency when BRCAL1 is not yet fully
inactivated through methylation or a second hit. In both
scenarios it would seem plausible to assume that p.Q548X
acts as a breast cancer susceptibility allele in patients
without a BRCAI mutation, where it still constitutes a
significant risk factor, and as a modifier of penetrance in
BRCAI mutation carriers. One previous report had sug-
gested that, in Ashkenazim, BLM mutations may act as
modifiers of penetrance for BRCAI mutations [27], but
additional and larger studies would be needed to clarify the
degree of interaction, if any, between BLM and BRCAI in
the genetic susceptibility to breast cancer.

In a survey of hitherto published data, the p.Q548X
mutation provides the strongest evidence to date for a role
of BLM mutations in genetic breast cancer susceptibility, as
the combined analysis of p.Q548X in cases and controls
of Slavic ancestry suggests an approximately five-fold
increase in breast cancer risk at a considerably high level of
significance. An increased prevalence of any BLM muta-
tion carriers among breast cancer cases is also supported by
previous studies which were in the same direction but had
revealed lower odds ratios and non-significant outcomes.
Although the allelic effect of the BLM**" mutation appears
lower than that of the p.Q548X mutation, this difference
was not statistically significant and could be due to low
numbers, or perhaps relate to some residual function
associated with the BLM™™" mutation that had originally
been discovered in homozygous Bloom’s syndrome
patients and could be hypomorphic [5]. Notably, some
differences have also been observed in the viability of
Blm ™~ mice carrying different null alleles [39]. Further
deleterious BLM mutations in more heterogeneous popu-
lations may become apparent in the future with the more
widespread use of next-generation sequencing as indicated
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by one Australian study so far [28]. At present, our meta-
analysis appears to be most consistent with an approxi-
mately two- to five-fold increase in breast cancer risk for
carriers of any BLM truncating mutation.

In summary, our study has confirmed that a nonsense
mutation, p.Q548X, in BLM is significantly associated with
breast cancer and occurs at frequencies of 0.5-1 % of
breast cancer patients in Slavic populations. The combined
data indicate that BLM is not only a gene for Bloom’s
syndrome but also might represent a further breast cancer
susceptibility gene.
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