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A family history and estrogen exposure are well-known risk factors for breast cancer. Members of the 173-
hydroxysteroid dehydrogenase family are responsible for important steps in the metabolism of androgens
and estrogens in peripheral tissues, including the mammary gland. The crucial biological function of
173-HSDs renders these genes good candidates for being involved in breast cancer etiology. This study
screened for mutations in HSD17B7 and HSD17B12 genes, which encode enzymes involved in estradiol
biosynthesis and in AKR1C3, which codes for 173-HSD type 5 enzyme involved in androgen and proges-
terone metabolism, to assess whether high penetrance allelic variants in these genes could be involved
in breast cancer susceptibility. Mutation screening of 50 breast cancer cases from non-BRCA1/2 high-risk
French Canadian families failed to identify germline likely high-risk mutations in HSD17B7, HSD17B12
and AKR1C3 genes. However, 107 sequence variants were identified, including seven missense variants.
Assessment of the impact of missense variants on enzymatic activity of the corresponding enzymes
revealed no difference in catalytic properties between variants of 17(3-HSD types 7 and 12 and wild-type
enzymes, while variants p.Glu77Gly and p.Lys183Arg in 173-HSD type 5 showed a slightly decreased
activity. Finally, a haplotype-based approach was used to determine tagging SNPs providing valuable
information for studies investigating associations of common variants in these genes with breast cancer
risk.
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1. Introduction

Breast cancer is the most common malignant form of cancer
among occidental women. Although the major susceptibility genes
BRCA1 and BRCA2 have been identified as high-penetrance alleles,
these alleles only account for approximately 15-20% of the famil-
ial component of breast cancer [1-3]. A recent study by our group
has demonstrated that among French Canadians, about two-thirds
of the high-risk families tested for the presence of mutations in
the BRCA1 and BRCA2 genes will yield an inconclusive result [4],
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suggesting the existence of either other high-penetrance genes or
multiple alleles of low to moderate penetrance [5].

Sex steroid hormone signaling regulates the development and
functioning of the normal mammary gland and plays a role in
the etiology of breast cancer. The contribution of estrogens in
the regulation of cellular growth, differentiation and proliferation
of the mammary gland as well as in hormone-sensitive breast
carcinomas is now well-documented [6,7]. Recent evidence also
suggests that progestin metabolites may play important roles in
regulating the development of breast cancer [8]. Epidemiologi-
cal studies of hormone replacement therapy in post-menopausal
women demonstrated an increased risk of breast cancer under com-
bined estrogen/progestin therapy. However, evidence tends to show
that the nature of the progestin component in combined hormone
therapy is of importance regarding breast cancer risk [8,9]. Increas-
ing evidence also indicates that androgens exert inhibitory effects
on the proliferation of the breast epithelial cells and play a protec-
tiverole in the pathogenesis of breast cancer (for review see [7]). The
intracellular concentration of active sex steroid hormones in the
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breast is regulated by several enzymes, and changes in the expres-
sion pattern of these enzymes may play a pathophysiological role
in malignant transformation, by significantly altering the intracel-
lular steroid content. Indeed, several recent studies have reported
altered expression levels of several steroid hormone metabolizing
enzymes in human breast carcinoma [10,11] and therefore the anal-
ysis of genetic variations potentially responsible of the modulation
of either expression levels or activity of these enzymes in the mam-
mary gland, is an interesting venue to possibly explain an increased
susceptibility to breast cancer.

Human 17(3-hydroxysteroid dehydrogenase (173-HSD) type 5
belongs to the aldo-keto reductase (AKR) superfamily [12] and
is widely expressed in human tissues including the prostate,
endometrium and mammary gland [13]. It participates in the
biosynthesis and metabolism of a variety of substrates including
androgens [14], estrogens [13] and progestins [14]. The enzyme
possesses a strong 17-keto reductase activity towards andro-
gens, converting the C19 steroid precursor A4-androstenedione
to testosterone, and also shows a weak 17-keto reductase activity
towards estrogens, converting estrone to the more potent estradiol
[14,15]. The enzyme also possesses a strong 20a-HSD activity con-
verting progesterone to 20a-OH-progesterone. Studies by Wiebe
et al. [16] have demonstrated that 4-pregnene and 5o-pregnane
metabolites, such as 20a-OH-progesterone, formed in non-tumor
and tumor breast tissues have opposite effects on breast cell prolif-
eration and adhesion. These results, coupled with altered AKR1C3
(HSD17B5) expression levels in breast tumors as compared to nor-
mal tissue [10,11], renders this gene an attractive candidate that
might explain a fraction of the inherited susceptibility to breast
cancer.

173-hydroxysteroid dehydrogenase type 7 enzyme (17(3-HSD
type 7) converts estrone into estradiol, while inactivating dihy-
drotestosterone through its additional 3-keto-reductase activity
[17]. A recent study by Seth et al. has shown that overex-
pression of HSD17B7 reverts cholesterol auxotrophy of NSO
cells [18]. Indeed, through its 3-keto-reductase activity, it par-
ticipates in the postsqualene cholesterol biosynthesis pathway
by converting zymosterone to zymosterol, therefore providing
evidence pointing to a dual functionality of HSD17B7, being
involved in both steroidogenesis and cholesterol biosynthesis
[19]. 173-HSD type 7 is expressed in a variety of human tis-
sues, including normal breast tissue and malignant breast tumors
[20,21].

HSD17B12 encodes 173-hydroxysteroid dehydrogenase type 12
enzyme (173-HSD type 12), which also catalyzes the last step in
the formation of estradiol from estrone [22]. Furthermore, the
enzyme possesses a ketoacyl-coenzyme A reductase activity and is
involved in fatty acid metabolism, more specifically in the microso-
mal fatty acyl two-carbon elongation cascade [23]. 173-HSD type
12 is highly expressed in organs related to lipid metabolism and
hormone-sensitive tissues such as normal mammary gland and
breast carcinoma [21,23,24]. A recent study by Sinilnikova et al.
suggested a possible role of acetyl-CoA carboxylase o« common
sequence variants in susceptibility to breast cancer [25], further
rendering HSD17B12, and other genes involved in fatty acid syn-
thesis, good breast cancer candidate genes. Recently, Luu-The et al.
found that 173-HSD type 12 mRNA was expressed at higher levels
than 173-HSD types 1 and 7 in the mammary gland, a ratio which
differs according to tissues and which also suggests an implica-
tion of 173-HSD type 12 in estrogen synthesis in the mammary
gland [22]. It was also demonstrated that the expression of 173-
HSD type 12 was significantly higher in breast carcinoma specimens
than in normal tissue [21], which is consistent with its potential
role in the development and/or progression of breast cancer. It is
also noteworthy that a recent genome-wide linkage analysis as well
as a genome-wide association study for expression levels indicate

that HSD17B12 is among the genes for which there is strongest
evidence of linkage between expression levels and cis-regulatory
elements [26,27]. These conclusions were based on marked asso-
ciations between expression level and certain haplotypes, directly
demonstrating differential allelic expression [27].

To date, studies investigating the role of genetic variations in
HSD17B1 [28-34], and to a lesser extent in HSD17B2 [35,36], have
been conducted in relation to breast cancer risk with unconvincing
results, but to our knowledge no studies have investigated germline
mutations in AKR1C3, HSD17B7 and HSD17B12 genes with regard
to breast cancer, in spite of the evidences mentioned above. The
current study sought to identify germline potentially pathogenic
variations in these genes using resequencing of the promoter
region, the exonic and flanking intronic sequences in individu-
als affected with breast cancer from non-related BRCA1/2-negative
high-risk French Canadian breast/ovarian cancer families. In addi-
tion, a haplotype-based analysis has also been done to characterize
and to facilitate further study of common patterns of genetic vari-
ation in these genes.

2. Materials and methods
2.1. Ascertainment of high-risk families and DNA extraction

The recruitment of French Canadian families with high-risk
of breast and ovarian cancer started in 1996 through a research
project, which thereafter evolved in a large interdisciplinary
research program called INHERIT BRCAs. More details regarding
ascertainment criteria, experimental and clinical procedures have
been described elsewhere [4,37]. A component was designed for
the “localization and identification of new breast cancer suscepti-
bility loci/genes”. In order to increase the likelihood of potentially
identifying novel genetic variants associated with breast cancer
risk, individuals from French Canadian high-risk breast cancer fami-
lies without BRCA1/2 mutations were selected [38]. Ethics approval
was obtained from the different institutions participating in this
research component and each participant signed an informed con-
sent for their participation in this latter project [39,40]. A subset of
50 high-risk French Canadian breast/ovarian cancer families were
recruited in the present study according to the presence of mul-
tiple cases of breast cancer, among which 45 families included at
least 3 individuals with breast cancers among 2nd degree relatives,
while five families included three or more individuals among 3rd
degree relatives. All participants had to be at least 18 years of age
and mentally capable. The diagnoses of breast and/or ovarian cancer
were confirmed by a pathology report. When two or more subjects
were available within a family, the youngest subject was system-
atically chosen for this study. The mean age at diagnosis of these
50 subjects affected with breast cancer was 46.1 years old (32-59
years), 9 of them had bilateral breast cancer. The BRCA1/2 status of
each participant was assessed as described elsewhere [4]. Genomic
rearrangements in BRCA1/2 genes were investigated by multiplex
ligation-dependant probe amplification (MLPA) for 42 of the 50
subjects (BRCA1/2 Southern analyses were done for 32 of these 50
subjects). For four of the remaining subjects, MLPA was performed
on another individual of the family [41], while for two subjects this
analysis was not performed in their family.

Genomic DNA samples from 70 healthy unrelated French Cana-
dian individuals were provided by Dr Damian Labuda at the Centre
de Cancérologie Charles Bruneau, Hopital Ste-Justine, Montreal,
Canada. These control individuals were recruited on a non-
nominative basis, in the framework of long-term studies aiming the
characterization of the genetic variability in human populations,
approved by the Institutional Ethic Review Board. The mean age of
these individuals was 47.1 years old.
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2.2. PCR amplification, mutation analysis and sequence variant
identification

The sequence of coding exons, flanking intronic sequences, 5
and 3’ non-coding regions and approximately 1-1.5 kb of the pro-
moter region of AKR1C3, 17BHSD7, 17BHSD12 genes was analyzed in
DNA samples obtained from Epstein-Barr virus (EBV)-transformed
B-lymphoblastoid cell lines of 50 affected individuals, as well as in
genomic DNA samples from 70 healthy unrelated French Canadi-
ans. Primer pairs used to amplify the fragments are indicated in
Supplemental Table 1. Direct sequencing was performed on an ABI
Prism 3730x1 DNA Analyser automated sequencer using version 3.1
of the Big Dye fluorescent method according to the manufacturer’s
instructions (Applied Biosystems, Foster City, CA, USA). Sequence
data were analyzed using the Staden preGap4 and Gap4 programs.
GenBank accession numbers for AKR1C3, 17BHSD7 and 17BHSD12
reference sequences used in these experiments were NT_077567.3
and NM_003739.4, NT_004487.47 and NM_016371.2, NC_0000118.8
and NM_016142.1, respectively.

2.3. LD analysis, haplotype estimation and in silico analysis tools

The r? statistics of the Haploview program [42] were used
to calculate the pairwise linkage disequilibrium (LD) for each
sequence variant pair in the whole case-control set. Haplo-
type reconstructions and frequency estimations were performed
using Phase 2.1.1 software [43]. This program estimates haplotype
frequencies with a Bayesian-based algorithm. Haplotypes were
estimated using SNPs with minor allele frequencies (MAF) > 5%
in control individuals. Genotype and marker data from con-
trol individuals were loaded into the Haploview software
(http://www.broad.mit.edu/mpg/haploview) [42] for haplotype
block identification. The default algorithm of block definition based
on work of Gabriel et al. [44] was selected. Tagging SNPs (tSNPs)
from each LD block, efficiently tagging all the known common
variants (MAF > 5%), were then identified using the same soft-
ware.

Analysis of transcription factor binding sites in the promoter
region was performed using Matlnspector from Genomatix [45].
Splice site prediction scores were evaluated using splice site predic-
tion by neural network (SSPNN; http://www.fruitfly.org/seq_tools/
splice.html) and Alex Dong Li’s splice site finder (http://www.genet.
sickkids.on.ca/ali/splicesitefinder.html, [46]), while exonic splicing
enhancers were analyzed using the ESEfinder program (available
at http://rulai.cshl.edu//cgi-bin/tools/ESE3/esefinder.cgi, [47]). The
effect of amino acid substitutions was evaluated using sorting intol-
erant from tolerant (SIFT; http://blocks.thcrc.org/sift/SIFT.html,
[48]) and PolyPhen (http://genetics.bwh.harvard.edu/pph/, [49]).

2.4. Site-directed mutagenesis

Site-directed mutagenesis was performed on an expression
vector containing the full-length cDNA fragment encoding the com-
plete amino acid sequence for human 173-HSDs type 5, 7 and 12
(kindly provided by Dr Van Luu-The, CHUL Research Center, Que-
bec, Canada) inserted in the pcDNA3.1 vector (Invitrogen, Carlsbad,
CA, USA) (17B-HSD type 5 and 7) or the pCMV vector (Invitro-
gen, Carlsbad, CA, USA) (173-HSD type 12), using the QuickChange
Site-directed mutagenesis kit from Stratagene (Stratagene Cloning
Systems, La Jolla, CA, USA) according to the supplier’s protocol.
Insertion of the desired mutation was confirmed by direct sequenc-
ing of both strands using Big Dye Terminator chemistry on an
ABI Prism 3730x] automated sequencer from Applied Biosystems
(Applied Biosystems, Foster City, CA, USA). The primers used for
insertion of the c.15C>G, ¢.230A>G, c.638C>T and c.648A>G
mutations in 173-HSD type 5, ¢.32G>C and c.961A>G in 17f3-

HSD type 7 and ¢.839C>T in 173-HSD type 12 are indicated in
Supplemental Table 2.

2.5. Cell culture and transfection

Human embryonic kidney 293 cells (HEK293) were cultured
in Dulbeccos’ modified Eagles medium (DMEM)/low glucose from
Invitrogen Life Technologies, Inc. (Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS), 1% glutamine, 100 IU/ml peni-
cillin and 50mg/ml streptomycin from Wisent, Inc. (St-Bruno,
Québec, Canada). Cells were then seeded in 6-well culture dishes
and transient transfection was performed using ExGen 500 cationic
polymer transfection reagent (MBI Fermentas Inc, Ontario, Canada)
according to the supplier’s protocol. Briefly, cells were transfected
with 3 g of constructs containing the wild-type and mutants and
1 pg of pSV-3-galactosidase DNA (Promega Corporation, Madison,
WI, USA) as a control for transfection efficiency. The cells were
also transfected with mock vectors as a negative control. All activ-
ities were normalized to [3-galactosidase activity. 3-galactosidase
was measured using the 3-galactosidase enzyme assay system with
reporter lysis buffer (Promega Corporation, Madison, WI, USA).

2.6. Functional assays for non-synonymous variants

2.6.1. Transcription/translation

Transcription/translation for 173-HSD type 5 and 7 wild-type
and recombinant constructs was performed using the TNT® T7
Quick Coupled Transcription/Translation System from Promega
(Promega Corporation, Madison, WI, USA) according to the man-
ufacturer’s instructions, as previously described [31].

2.6.2. Western analysis

Western analysis of proteins was performed by sodium dode-
cyl sulfate (SDS)-PAGE on discontinuous acrylamide gels. HEK293
cells were washed in phosphate buffered saline and cell lysis was
performed using standard procedures. Total proteins (15 pg) were
separated on a 4% stacking and 12% resolving gel and transferred
onto a nitrocellulose membrane (Hybond-ECL, Amersham Pharma-
cia Biotech Inc. Picastaway, NJ, USA). Thereafter, the membrane was
hybridized to a polyclonal antibody directed against human 17f3-
HSD type 5 and 7 (kindly provided by Dr Van Luu-The) at dilutions of
1:2000 and 1:4000 respectively, and subsequently incubated with a
donkey anti-rabbit IgG peroxidase conjugated secondary antibody
(Amersham Pharmacia Biotech Inc. Picastaway, NJ) at a dilution
of 1:10,000. Membranes were washed and proteins were visual-
ized using the Western lightning™ chemiluminescence Reagent
Plus (PerkinElmer), followed by exposure of the membranes to X-
ray films for 1-10 min. The audiographic film was scanned and the
Image] program (NIH, USA) was used to quantify the density of the
autoradiographic bands.

2.6.3. Assay of 17B-HSD type 5, 7 and 12 enzymatic activity

For 173-HSD type 5, transfected cells were incubated for
indicated time periods with either 10 nM [4-14C]-androst-4-ene-
3,17-dione (56 mCi/mmol) (American Radiolabeled Chemicals inc.,
St-Louis, MO) (173-HSD activity) or [4-14C]-progesterone (55,
40 mCi/mmol) (NEN/ PerkinElmer Life Sciences, Inc., Boston, MA)
(20a-HSD activity), while for 173-HSD type 7 and 12, cells were
incubated with 10nM and 1M [4-'4C]-estrone (54 mCi/mmol)
(American Radiolabeled Chemicals inc., St-Louis, MO) respectively,
using well-established methods [14,22]. After the indicated time
intervals, steroids were extracted by addition of 2 volumes of diethyl
ether and the incubation mixture was chilled in a dry-ice/ethanol
bath. Steroids were separated by thin layer using a mobile phase
of toluene:acetone (4:1) and analyzed using phosphorimaging,
Storm 860 (Molecular Dynamics, Inc., Sunnyvale, CA). All results
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Table 1

Observed sequence variants and genotype frequencies in AKR1C3 gene among familial breast cancer cases and controls.

SNP SNP ID? dbSNP ID Location Series? Genotype frequencies MAF x> P—value§§ Reported MAF
Common homozygotes Heterozygotes  Rare homozygotes
(expected)’ (expected)’ (expected)’
1 8.5075410.5075413delATAA N/A Promoter Cases 1.00(1.00) 0.00 (0.00) 0.00 (0.00) 0.000 N/A
Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.9520 N/A
2 g.5075582G>T rs34747896 Promoter Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
Controls 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 N/A
3 2.5076041C>A rs11818810 Promoter Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.9520 0[76]
4 2.5076148A> G rs1937845 Promoter Cases 0.52(0.49) 0.36 (0.42) 0.12 (0.09) 0.300 0.3124 N/A
Controls 0.39 (0.36) 0.43 (0.48) 0.19 (0.16) 0.400 0.3700 0.383 [76],0.368 [77]
5 g.5076203C>T rs10904415 Promoter Cases 0.32 (0.35) 0.54 (0.48) 0.14 (0.17) 0.410 0.4114 N/A
Controls 0.44 (0.45) 0.46 (0.44) 0.10 (0.11) 0.329 0.7628 0.383[76],0.392 [77]
6 g.5076293T>G rs36201177 Promoter Cases 0.94 (0.94) 0.06 (0.06) 0.00 (0.00) 0.030 0.8269 N/A
Controls 0.97 (0.97) 0.03 (0.03) 0.00 (0.00) 0.014 0.9035 0[77]
7 g.5076360C>A rs2518047 Promoter Cases 0.68 (0.67) 0.28 (0.30) 0.04 (0.03) 0.180 0.7158 N/A
Controls 0.69 (0.71) 0.31(0.26) 0.00 (0.02) 0.157 0.1188 0.143 [76], 0.145 [77]
8 2.5076499A > G rs3763676 Promoter Cases 0.32(0.35) 0.54 (0.48) 0.14 (0.17) 0.410 0.4114 N/A
Controls 0.44 (0.45) 0.46 (0.44) 0.10 (0.11) 0.329 0.7628 0.386 [76], 0.395 [77]
9 2.5076651C>G
c15C>G rs12529 Exon 1 Cases 0.52 (0.49) 0.36 (0.42) 0.12 (0.09) 0.300 0.3124 N/A
p.His5GIn Controls 0.39 (0.36) 0.43 (0.48) 0.19 (0.16) 0.400 0.3700 0.400 [76], 0.368 [77]
10 2.5076915A > G rs1937843 Intron 1 Cases 0.32(0.35) 0.54 (0.48) 0.14 (0.17) 0.410 0.4114 N/A
c.84+195A>G Controls 0.43 (0.44) 0.47 (0.45) 0.10 (0.11) 0.336 0.6336 0.383 [76], 0.395 [77]
11 2.5078607G>A rs7741 Exon 2 Cases 0.32(0.35) 0.54(0.48) 0.14 (0.17) 0.410 0.4114 N/A
c.90G>A Controls 0.44 (0.45) 0.46 (0.44) 0.10 (0.11) 0.329 0.7628 0.390 [76], 0.395 [77]
12 g.5078747A>G
c.230A>G rs41306308 Exon 2 Cases 0.82 (0.81) 0.16 (0.18) 0.02 (0.01) 0.100 0.4321 N/A
p.Glu77Gly Controls 0.81 (0.80) 0.16 (0.19) 0.03 (0.01) 0.107 0.1350 0.048 [67]
13 2.5079003T>C rs2801883 Intron 2 Cases 0.52(0.49) 0.36 (0.42) 0.12 (0.09) 0.300 03124 0.393[78]
€.252+234T>C Controls 0.39 (0.36) 0.43 (0.48) 0.19 (0.16) 0.400 0.3700 0.423 [76], 0.592 [77], 0.395 [78]
14 2.5079685A>G rs12387 Exon 3 Cases 0.66 (0.67) 0.32(0.30) 0.02 (0.03) 0.180 0.5525 N/A
c.312A>G Controls 0.69 (0.70) 0.30(0.27) 0.01 (0.03) 0.164 0.4388 0.167 [76], 0.132 [77]
15 g.5079815C>A rs2245191 Intron 3 Cases 0.60 (0.59) 0.34 (0.35) 0.06 (0.05) 0.230 0.7768 N/A
c.369+73C>A Controls 0.59(0.58) 0.36 (0.36) 0.06 (0.06) 0.236 0.9414 0.242 [76], 0.264 [77]
16 g.5079886C>A rs2298305 Intron 3 Cases 0.74 (0.74) 0.24 (0.24) 0.02 (0.02) 0.140 0.9813 N/A
c.369+144C>A Controls 0.81(0.82) 0.19(0.17) 0.00 (0.01) 0.093 0.3918 0.100 [76], 0.059 [77]
17 g.5080980T >C rs34140485 Intron 3 Cases 0.82 (0.81) 0.16 (0.18) 0.02 (0.01) 0.100 0.4321 N/A
c.370 - 14T>C Controls 0.81 (0.80) 0.16 (0.19) 0.03 (0.01) 0.107 0.1350 0.106 [77]
18 2.5081137A>G rs10508293 Intron 4 Cases 0.86 (0.86) 0.14 (0.13) 0.00 (0.00) 0.070 0.5946 N/A
c.447 +66A>G Controls 0.71 (0.70) 0.24 (0.27) 0.04 (0.03) 0.164 0.3336 0.142 [76], 0.100 [77]
19 2.5081262G>T N/A Intron 4 Cases 0.82 (0.81) 0.16 (0.18) 0.02 (0.01) 0.100 0.4321 N/A
Cc.447+191G>T Controls 0.81 (0.80) 0.16 (0.19) 0.03 (0.01) 0.107 0.1350 N/A
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Table 1 (Continued )

SNP SNP ID? dbSNP ID Location Series® Genotype frequencies MAF x> P—value§§ Reported MAF
Common homozygotes Heterozygotes Rare homozygotes
(expected)” (expected)’ (expected)”
20 g.5081289G>A rs1937841 Intron 4 Cases 0.74 (0.76) 0.26 (0.23) 0.00 (0.02) 0.130 0.2907 0.107 [78]
448 —230G>A Controls 0.81(0.82) 0.19 (0.17) 0.00 (0.01) 0.093 0.3918 0.100 [76], 0.109 [78]
21 2.5081307C>G 151937840 Intron 4 Cases 0.52 (0.49) 0.36 (0.42) 0.12 (0.09) 0.300 0.3124 N/A
c.448 —212C>G Controls 0.39(0.36) 0.43(0.48) 0.19 (0.16) 0.400 0.3700 0.383 [76], 0.361 [77]
22 2.5081530G > A 151937839 Exon 5 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
c.459G>A Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.9520 0[76]
23 £.5081609C>T
c.638C>T 1s34186955 Exon 5 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000
p.Pro180Ser Controls 0.96 (0.96) 0.04 (0.04) 0.00 (0.00) 0.021 0.8546 0.081 [77]
24 g.5081619A>G
C.648A>G N/A Exon 5 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 N/A
p.Lys183Arg Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.9520 N/A
25 2.5083935A > C 152154307 Intron 5 Cases 0.60 (0.59) 0.34(0.35) 0.06 (0.05) 0.230 0.7768 N/A
c.571 —358A>C Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 0.250 [76]
26 g.5084037T>G rs4881400 Intron 5 Cases 0.68 (0.69) 0.30 (0.28) 0.02 (0.03) 0.170 0.6556 0.223 [78]
c.571 —256T>G Controls 0.61 (0.58) 0.30(0.36) 0.09 (0.06) 0.236 0.1614 0.250 [76], 0.227 [78]
27 £.5084063C>G rs12242350 Intron 5 Cases 0.60 (0.59) 0.34(0.35) 0.06 (0.05) 0.230 0.7768 N/A
¢.571-230C>G Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 0.263 [76]
28 2.5084073A> T rs11252940 Intron 5 Cases 0.60 (0.59) 0.34 (0.35) 0.06 (0.05) 0.230 0.7768 N/A
c.571 —220A>T Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 0.250 [76]
29 2.5084238T > A N/A Intron 5 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
¢.571-55T>A Controls 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 N/A
30 8.5084562insG N/A Intron 6 Cases 0.32(0.35) 0.54 (0.48) 0.14 (0.17) 0.410 0.4114 N/A
¢.681 — 115insG Controls 0.44 (0.45) 0.46 (0.44) 0.10 (0.11) 0.329 0.7628 N/A
31 g.5084599C>T rs10904419 Intron 6 Cases 0.68 (0.67) 0.28 (0.30) 0.04 (0.03) 0.180 0.7158 N/A
c.681—78C>T Controls 0.69 (0.71) 0.31 (0.26) 0.00 (0.02) 0.157 0.1188 0.143 [77]
32 2.5084621C>T rs33921818 Intron 6 Cases 0.68 (0.69) 0.30(0.28) 0.02 (0.03) 0.170 0.6556 N/A
c.681 -56C>T Controls 0.60 (0.57) 0.31 (0.37) 0.09 (0.06) 0.243 0.2238 0.181 [77]
33 £.5084635T>C 154347280 Intron 6 Cases 0.60 (0.59) 0.34(0.35) 0.06 (0.05) 0.230 0.7768 N/A
c.681—42T>C Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 0.292 [77]
34 2.5084638C>G rs33979906 Intron 6 Cases 0.68 (0.69) 0.30 (0.28) 0.02 (0.03) 0.170 0.6556 N/A
c.681-39C>G Controls 0.59 (0.56) 0.33(0.38) 0.09 (0.06) 0.250 0.3003 0.181 [77]
35 2.5084657C>G rs11252941 Intron 6 Cases 0.34(0.36) 0.52 (0.48) 0.14 (0.16) 0.400 0.5557 N/A
c.681-20C>G Controls 0.46 (0.46) 0.44 (0.44) 0.10 (0.10) 0.321 0.8988 0.400 [77]
36 g.5084969C>T 1512769666 Intron 7 Cases 0.60 (0.59) 0.34(0.35) 0.06 (0.05) 0.230 0.7768 N/A
c.846+127C>T Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 0.276 [77]
37 g.5087579A>G rs17155732 Intron 7 Cases 0.58 (0.57) 0.34(0.35) 0.06 (0.05) 0.235 0.8108 N/A
€.847 —208A>G Controls 0.57 (0.54) 0.33(0.39) 0.10 (0.07) 0.264 0.1945 N/A
38 2.5087610delT N/A Intron 7 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
.847 — 177delT Controls 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 N/A
39 2.5087670A> G 1s35768949 Intron 7 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.9431 N/A
c.847 - 117A>G Controls 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 0.026 [77]
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41
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43

44

45

46

47

48

49

50

51

52

53

g.5087909A>G
€.929+40A>G

g.5087944T>C
€.929+75T>C

£.5088012C>T
€.929+143C>T

£.5089303T>C
¢.930 - 350T>C

2.5089330A>G
c.930 - 323A>G

g.5089385C>T
¢.930 - 268C>T

£.5089404G > A
€.930-249G>A

£.5089413T>C
c.930 - 240T>C

g.5089427T>C
€.930 - 226T>C

£.5089439.5089444delCGTGTT

€.930 — 215delcgtgtt

g.5089539A>G
c.930 - 114A>G

£.5089649T> G
c.930-4T>G

g.5089703A>G
c.980A>G

g.5089732G>A
¢1009G>A

1s2275928

N/A

rs35983920

rs9329316

1s7917546

N/A

N/A

rs11252951

rs10160019

NJA

rs17134355

1s34320249

rs3209896

rs28943581

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Intron 8

Exon 9

Exon 9

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

0.38 (0.41)
0.36 (0.35)

1.00 (1.00)
0.99 (0.99)

(
(
(
(
0.90 (0.88)
0.94 (0.94)
(
(

0.60 (0.56)
0.57 (0.50

0.77 (0.73

0.90 (0.90
0.97 (0.97)

0.98 (0.96)
0.99 (0.97)

(
0.60 (0.56)
0.57 (0.50)
(
(
(

)
0.84 (0.85)
)
)

0.60 (0.56)
0.57 (0.50)

1.00 (1.00)
0.99 (0.99)

0.98 (0.98)
0.99 (0.99)

0.98 (0.96)
0.99 (0.97)

0.52 (0.50)
0.50 (0.46)
(

(

0.98 (0.98)
0.99 (0.97)

0.52 (0.46)
0.47 (0.48)

0.00 (0.00)
0.01 (0.01)

0.08 (0.11)
0.06 (0.06)

(
(
0.30(0.38)
0.27 (0.41)

0.16 (0.15)
0.17 (0.24)

0.10(0.10)
0.03 (0.03

)
0.00 (0.04)
0.00 (0.03)

0.30(0.38)
0.27 (0.41)

0.30(0.38)
0.27 (0.41)

0.00 (0.00)
0.01 (0.01)

0.02 (0.02)
0.01 (0.01)

0.00 (0.04)
0.00 (0.03)

0.38 (0.41)
0.36 (0.44)

0.02 (0.02)
0.00 (0.03)

0.10 (0.13)
0.17 (0.17)

0.00 (0.00)
0.00 (0.00)

0.02 (0.00)
0.00 (0.00)

0.10 (0.06)
0.16 (0.09)

0.00 (0.01)
0.06 (0.02)

0.00 (0.00)
0.00 (0.00)

0.02 (0.00)
0.01 (0.00)

(

0.10 (0.06)

0.16 (0.09)
(

0.10 (0.06)
0.16 (0.09)

0.00 (0.00)
0.00 (0.00)

0.00 (0.00)
0.00 (0.00)

0.02 (0.00)
0.01 (0.00)

0.10 (0.08)
0.14 (0.10)

0.00 (0.00)
0.01 (0.00)

0.360
0.407

0.000
0.007

0.060
0.029

0.250
0.293

0.080
0.143

0.050
0.014

0.020
0.014

0.250
0.293

0.250
0.293

0.000
0.007

0.010
0.007

0.020
0.014

0.290
0.321

0.010
0.014

0.3636
0.8444

0.9520

0.0398
0.8056

0.1573
0.0039

0.5386
0.0121

0.7098
0.9035

1.54 x 10-12
5.93 x 1017

0.1573
0.0039

0.1573
0.0039

0.9520

0.9431
0.9250

1.54 x 10~12
5.93x 1017

0.5850
0.1293

0.9431
5.93 x 10-17

N/A

0.375 [76], 0.329 [77]
N/A

N/A

N/A
0[77]
N/A
0.250 [76]
N/A

0.138 [76]
N/A

N/A

N/A

N/A

N/A

0.263 [76]
N/A
0.250 [76]
N/A

N/A

N/A
0[76]
N/A

0.111 [77]

N/A
0.381[76],0.338 [77]

N/A
NJA

2 According to the nomenclature of the Human Genome Variation Society, for cONA numbering + 1 corresponds to the A of the ATG translation initiation codon in the reference sequence.

b Observed among 100 chromosomes from 50 breast cancer cases and 140 chromosomes from 70 control DNA samples.

" As expected under Hardy-Weinberg equilibrium.

§§ P-value for deviation from Hardy-Weinberg equilibrium (Pearson’s chi-square). N/A: information not available for this SNP (not reported in dbSNP). MAF: minor allele frequency.
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are expressed as the mean + SE of at least two separate transfec-
tion experiments performed in triplicate. Enzymatic activities were
compared by a 2-tailed unpaired Student’s t-tests. Statistical signif-
icance was established at P<0.05.

3. Results and discussion
3.1. Mutation analysis and variant characterization

3.1.1. AKR1C3/HSD17B5

Mutation analysis failed to reveal the presence of truncating
mutations in the AKR1C3/HSD17B5 coding region of our French
Canadian breast cancer cases. However, 53 sequence variants were
identified in the exonic, flanking intronic and promoter sequences
(Table 1), which included eight promoter variants (arbitrarily
defined as a 1500bp genomic segment upstream exon 1), seven
coding variants, four of which resulted in amino acid changes, two
variations located in the 3’-UTR region, while the remaining 36
were intronic sequence variations. Among the 53 variants, 49 are
single nucleotide substitutions, while the four remaining varia-
tions consist of three short deletions and one 1bp insertion. Ten
of these variants were novel while forty-three were reported in
the single nucleotide polymorphism database (dbSNP Build 129)
(www.ncbi.nlm.nih.gov/SNP). Thirty-five of the observed variants
are common polymorphisms with minor allele frequencies (MAF)
>5%, 12 of which are very frequent (MAF ~ 30-40%), while 18 of the
identified variants are considered rare variants since they display
frequencies <5% (Table 1).

3.1.2. Insilico analysis of promoter variants

Promoter analysis using the Matlnspector program of
Genomatix [45] revealed that, of these variants, variant #3
(g.5076041C > A) created a novel GATA binding site in the promoter
region of the AKRIC3 gene. Interestingly, four consensus GATA
elements are found within the first 1.5 kilobases of the AKR1C3
promoter, rendering this gene a potential target for GATA factor
regulation. The creation of an additional consensus element by
SNP #3 represents a potential mechanism that may be involved
in altered AKR1C3 expression levels in individuals harboring this
variation. Indeed, the GATA transcription factors are emerging
as important regulators of steroidogenesis [50] and several key
enzymes involved in steroid hormone metabolism are target genes
for GATA factors, including HSD17B1 [51], HSD3B1 [52], HSD3B2
[53], CYP17 [54,55] and CYP19 [56]. It is interesting to note that,
within the GATA protein family, GATA-3 was identified as an
essential regulator of mammary gland morphogenesis and is also
involved in the regulation of tumor differentiation and suppression
of tumor dissemination in breast cancer [57-59]. Further analyses,
which are beyond the scope of the current study, will be necessary
to determine the contribution of GATA factors to AKR1C3 transcrip-
tional activity as well as the potential variation of promoter activity
induced by the presence of an additional GATA consensus element.
However with regard to breast cancer, taking into account that SNP
#3 is a rare variant (MAF < 1%) observed at a heterozygous state
in one breast cancer case and one control individual, its relevance
in the development of breast cancer appears rather unlikely. A
previously reported promoter SNP (SNP #8, £.5076499A>G),
shown to significantly increase the transcriptional activity of the
AKR1C3 promoter by increasing the binding affinity for Sp1/Sp3
transcription factors [60], was also observed in our cases as well as
in our controls albeit at similar frequencies in both samples sets
(MAF 0.41 for cases vs 0.33 for controls, p value=0.196).

In addition to those mentioned above, three other potentially
interesting transcription factor binding sites are created by poly-
morphisms #2 and #4 in the promoter region of the AKR1C3 gene, as

estimated by the Genomatix software. Variant #2 (g.5075582G > T)
creates a new binding site for Fork head domain factors, which
are essential in a wide range of cellular and developmental pro-
cesses. Of most importance in the context of the current study is
the implication of the forkhead gene in tumorigenesis and par-
ticulary in cell-cycle control [61]. This same variant also creates
a binding site for SOX/SOY-sex/testis determining and related HMG
box factors. Members of the Sox protein family are transcription
factors, with some being transcriptional activators while others are
repressors, depending on the requisite partners for target speci-
ficity [62]. A member of this family, SOX4, is expressed in normal
breast tissue and in breast cancer cells and is transcriptionally reg-
ulated by progesterone [63]. Variant #2 was observed only once at
a heterozygote state in our breast cancer cases. Lastly, variant #4
(g.5076148A > G) creates a new binding site for cellular and viral
myb-like transcriptional regulators. C-myb is known to be a proto-
oncogene and Myb-related protein B was shown to be deregulated
in breast cancer [64]. The associated variant is very frequent with a
MAF < 30% for cases and 40% for controls.

3.1.3. Assessment of the impact of missense substitutions on
178-HSD type 5 enzymatic activity

Among the exonic variants, four resulted in amino acid changes
(p.His5GIn, p.Glu77Gly, p.Pro180Ser, p.Lys183Arg). For each vari-
ant, in silico analyses as well as functional assays were performed
to determine the impact of variants on protein translation (TNT
transcription/translation), protein expression (Western blot anal-
ysis) and enzymatic activity. The first non-synonymous coding
SNP, p.His5Gln, is a frequent variant (MAF 0.3 in cases and 0.4 in
controls) located in exon 1. It codes for a histidine to glutamine
change, which are basic and acidic residues respectively, but whose
structures are quite similar. Comparison of ortholog and several
paralog sequences revealed that this residue is poorly conserved
across species as well as in other members of the aldo-keto reduc-
tase family (data not shown). In silico analyses revealed that the
change from a histidine to a glutamine is predicted to be a tolerated
change and therefore probably have little impact on protein struc-
ture [49,65]. In support of these predictions, functional analyses
in non-steroidogenic human embryonic kidney cells revealed that
the mutant GIn5 enzyme possesses similar expression (Fig. 1, Panel
B) and activity to the wild-type enzyme, and this for its 17-keto-
activity (Fig. 1, Panel C) as well as its 20-keto-activity (Fig. 1, Panel
D). A previous study found that the His5GIn polymorphism was
associated with lung cancer, suggesting functional impact on the
oxidation of polycyclic aromatic hydrocarbons to catechol through
its 3-keto-activity, however due to the small sample size, additional
studies are warranted to confirm this association [66], as well as the
true effect of this polymorphism on the enzyme’s activity.

The second missense substitution (p.Glu77Gly) has a MAF of
10% in cases and controls and involves a more drastic change from
an acidic, polar, hydrophilic amino acid to a very small, aliphatic,
non-polar, hydrophobic residue. Alignment of AKR1C3 ortholog and
several paralog sequences revealed that this amino acid is con-
served in all species, including more distant species like Xenopus
tropicalis and Takifugu rubripes, as well as in other members of
the AKR family. Given that this residue is invariant from human to
frog, this could suggest that this position is under strong functional
constraint. In support of this, analyses using Polyphen and SIFT soft-
wares predicted this change to be damaging to protein structure.
Functional analyses show that the Gly77 variant protein is properly
translated (Fig. 1, Panel A) but that its 17-keto activity (Fig. 1, Panel
C) appears to slightly decrease compared to the wild-type enzyme
activity (P<0.005 at 24 hr). On the other hand, its 20-keto-activity
on progesterone appears unaltered (Fig. 1, Panel D). Jakobsson et al.
reported an association between the p.Glu77Gly polymorphism and
lowered serum testosterone levels in men [67]. Functional analysis
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Fig. 1. Comparison of expression levels and activity of mutant recombinant 173-HSD type 5 proteins. (A) Representation of an in vitro transcription/translation (TNT)
rabbit reticulocyte lysate assay showing that each pcDNA3 construct is adequately translated into a [3>S]-labeled-37 kDa protein, indicative of normal expression levels of
mutant recombinant 173-HSD type 5 proteins. Translation was assessed by separation on a 12% SDS-PAGE gel. (B) Western blot analysis of homogenates purified from the
corresponding HEK293 cells transiently transfected with the indicated expression vectors. A 37 kDa band corresponding to 173-HSD type 5 protein is detected in homogenate
preparations from HEK293 transfected cells expressing wild-type and mutant recombinant proteins. The nonspecific band observed may be used as an internal control
for loading. Enzymatic conversion of (C) [C]-androstenedione to [*4C]-testosterone and (D) progesterone to 20a-OH-progesterone in HEK293 cells transfected with the
expression vectors after the indicated time periods. The results are presented as the mean + S.E.M. (n=3) and when the S.E.M. overlaps with the symbol used, only the symbol
is illustrated. The cells were transfected with the pcDNA3 vector alone to show the absence of endogenous 173-HSD type 5 mRNA expression.

performed in the study also revealed a tendency for decreased activ-
ity of the polymorphic Gly77 enzyme, although this difference was
not significant. However, as stated by the authors, the crude bac-
terial cell lysates used in the study may not be sensitive enough to
detect a modest decrease in activity. Furthermore, bacteria may not
be an ideal system for investigating potential differences in activ-
ity resulting from post-translational events. Although a tendency
toward reduced activity is observed in both studies, more refined
enzymology experiments will be required to determine the precise
impact of the variant on catalytic efficiency of this enzyme. Indeed,
although the functional assays performed allow the detection of
altered enzymatic activity, the exact nature of this alteration on the
other hand, cannot be identified (e.g. if the decreased activity is
caused by decreased affinity of the enzyme for the substrate, if it
is due to improper folding of the protein etc.). Also, these assays
are performed in presence of excess substrate which may not be
the situation actually observed in the tissue and therefore with
this in mind it cannot be assumed that our observations would be
identical in an environment where the substrate is limiting. Finally,
although the functional assays were performed using sex steroids,
these enzymes are multifunctional enzymes with multiple activ-
ities and therefore it cannot be excluded that these variations do
not have an effect on these activities and hence have an impact on
other metabolic pathways.

The two remaining missense variants are rare polymorphisms
only observed in control individuals. The first involves a change
from a proline to a serine residue at position 180 located in exon 5.
This variant involves a change from a cyclic, non-polar amino acid to
a polar, hydrophilic residue. The second substitution involves two
basic, polar, hydrophilic residues which are structurally fairly sim-
ilar. Alignment of AKR1C3 ortholog sequences revealed that both
positions are highly conserved across species as well as in several

members of the AKR superfamily (data not shown). However, in sil-
ico analyses predicted these variants to be benign or tolerated for
protein folding. Furthermore, in vitro assessment of expression lev-
els (Fig. 1, Panel B) and 20-keto enzymatic activities (Fig. 1, Panel
C and D, respectively) of these two recombinant enzymes does
not reveal a significant change as compared to wild-type. We do
observe, however, a slightly significant decrease of the 17-keto-
activity of Lys183Arg (P<0.05 at 24 hr) but the actual impact of this
variation needs to be further investigated.

Regarding the possible effect of p.His5GIn, p.Glu77Gly,
p.Pro180Ser, p.Lys183Arg missense variants as well as that of the
remaining exonic variants on exonic splicing enhancers (ESE), anal-
ysis of the scores revealed that none of these variants significantly
altered the binding capacity of putative ESE elements (data not
shown).

3.14. Insilico analysis of the effect of intronic variants on splicing
The possible effect of all intronic variants on splicing con-
sensus sequences was also assessed using in silico analysis
with SSPNN program. Four of the genetic variations, namely
£.5080980T > C (c.370 — 14T>C), g.5081137A>G (c.447 +66A>G),
£.5081307C> G (c.448 — 212C>G) and g.5081530G > A (c.459G > A),
significantly altered the splicing score of either a physiological
acceptor or donor site thereby potentially affecting pre-mRNA
splicing. Variant ¢.370 — 14T >C abolishes intron 3 donor site,
which could potentially cause skipping of exon 4. Variants
c.447 +66A>G and c.448 — 212C> G create new donor and accep-
tor sites predicted to result in the addition of 61 nucleotides
to exon 4 and 208 nucleotides to exon 5, respectively, while
variant c.459G>A increases the score of a pseudo-donor site
in exon 5, potentially resulting in the exclusion of the last
109 nucleotides of exon 5 from mRNA. To further assess the



Table 2
Observed sequence variants and genotype frequencies in HSD17B7 gene among familial breast cancer cases and controls.

SNP SNP ID? dbSNP D Location Series® Genotype frequency MAF X2 P-value™ Reported MAF
Common Heterozygote Rare homozygote
homozygote (expected) (expected)’
(expected)
1 £.13169262G > A N/A Promoter Cases 1.00  (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - N/A
- Controls 099  (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 N/A
2 £.13169453G>T N/A 5'UTR of Cases 0.96 (0.96) 0.04 (0.04) 0.00 (0.00) 0.020 0.89 N/A
c-78G>T exon 1 Controls 099  (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 N/A
3 £.13169488T > C 151704754 5/UTR of Cases 070  (0.71) 028 (0.27) 0.02 (0.03) 0.16 0.77 N/A
€.-40T>C exon 1 Controls 048  (0.53) 0.49 (0.40) 0.03 (0.08) 0.275 0.05 NJA
4 £.13169505C>T rs12118590  5'UTR of Cases 088  (0.88) 0.12 (011) 0.00 (0.00) 0.060 0.65 N/A
€-26C>T exon 1 Controls 093  (0.93) 0.07 (0.07) 0.00 (0.00) 0.036 0.75 NJA
5 £.13169562G > C N/A Exon 1 Cases 096  (0.96) 0.04 (0.04) 0.00 (0.00) 0.020 0.89 N/A
€32G>C Controls 099  (0.99) 0.01 (0.01) 000  (0.00) 0.007 0.95 N/A
p.Ser11Thr
6 £.13175416T>C rs1780019 Intron 3 Cases 0.72 (0.72) 0.26 (0.26) 0.02 (0.02) 0.150 0.89 N/A
€332+9T>C Controls 048  (052) 0.48 (0.41) 0.04 (0.08) 0.283 0.14 0.158 [76]
7 £13175426A > C N/A Intron 3 Cases 098  (0.98) 0.02 (0.02) 000  (0.00) 0.010 0.94 N/A
€332+19A>C Controls 097  (0.97) 0.03 (0.03) 0.00 (0.00) 0.014 0.90 N/A
8 £.13176681C>G N/A Intron 4 Cases 0.96 (0.96) 0.04 (0.04) 0.00 (0.00) 0.020 0.89 N/A
C447+35C>G Controls 094  (0.94) 0.06 (0.06) 0.00 (0.00) 0.029 0.80 N/A
9 £.13177095T>C rs4095366 Intron 4 Cases 0.44 (0.42) 0.42 (0.46) 0.14 (0.12) 0.350 0.59 N/A
CA47 +449T>C Controls 038  (0.43) 0.55 (0.45) 0.07 (012) 0.348 0.08 N/A
10 £13181925A>G 1510917597  Intron 5 Cases 058  (0.58) 0.36 (0.37) 0.06 (0.06) 0.240 0.93 N/A
642 — 236A>G Controls 046  (0.50) 0.49 (0.41) 0.04 (0.08) 0.290 0.10 0.233 [76]
1 £.13182454G>C rs10917598  Intron 6 Cases 048  (0.45) 0.38 (0.44) 0.14 (011) 0.330 032 N/A
C.747 +189G >C Controls 046  (0.50) 0.49 (0.41) 0.04 (0.08) 0.290 0.10 0.300 [76]
12 £.13182924T>C 152665498 Intron 6 Cases 094  (0.94) 0.06 (0.06) 0.00 (0.00) 0.030 0.83 N/A
748 —73T>C Controls 091  (0.92) 0.09 (0.08) 000  (0.00) 0.043 0.71 N/A
13 g.13183176A>G rs11590943 Intron 7 Cases 0.44 (0.42) 0.42 (0.46) 0.14 (0.12) 0.350 0.59 N/A
.804+123A>G Controls 039  (0.44) 0.54 (0.45) 0.07 (0.12) 0.341 0.11 N/A
14 £13183772T>C N/A Intron 7 Cases 098  (0.98) 0.02 (0.02) 000  (0.00) 0.010 0.94 N/A
0.000 - N/A

.805 — 352T>C Controls 1.00  (1.00) 0.00 (0.00) 0.00 (0.00)
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Table 2 (Continued )

Reported MAF

X% P-value™

MAF

Genotype frequency

SeriesP

Location

dbSNP D

SNP ID?

SNP

Rare homozygote
(expected)’

Heterozygote
(expected)”

Common

homozygote
(expected)

N/A
N/A

0.88
0.95

0.020

(0.00)
(0.00)

0.00
0.00

(0.04)

0.04
0.01

(0.96)
(0.99)

N/A Intron 7 Cases 0.96
0.99

£.13183989C>T
c.805—-135C>T

0.007

(0.01)

Controls
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NJA
NJA

0.32
0.23

0.330
0.297

(0.11)

(0.09)

0.14
0.06

(0.44)
(0.42)

0.38
0.48

(0.45)
(0.49)

0.48
0.46

Exon 8 Cases

rs12563263

2.13184207C>T

c.888C>T

16

Controls

NJA
NJA

0.83
0.71

0.030

(0.00)
(0.00)

0.00
0.00

(0.06)
(0.08)

0.06
0.09

(0.94)
(0.92)

0.94
0.91

Cases

Exon 9

rs2684875

g.13191085A > G

c.961A>G

17

0.043

Controls

p.Lys321Glu

2 According to the nomenclature of the Human Genome Variation Society, for cDNA numbering + 1 corresponds to the A of the ATG translation initiation codon in the reference sequence.

b Observed among 100 chromosomes from 50 breast cancer cases and 140 chromosomes from 70 women controls DNA samples.

" As expected under Hardy-Weinberg equilibrium.

™ P-value for deviation from Hardy-Weinberg equilibrium (Pearson’s chi-square). N/A: information not available for this SNP (not reported in dbSNP). MAF: minor allele frequency.

possible effect of these intronic variants on splicing at the
mRNA level, PCR analyses were performed on cDNA obtained
from lymphoblastoid cell lines of carriers of these SNPs. These
analyses failed to reveal evidence of aberrant splicing in
lymphoblastoid cell lines from neither heterozygous nor homozy-
gous (when observed) carriers of all these variants (data not
shown).

3.1.5. HSD17B7

Seventeen variants were found in HSD17B7 (Table 2), 7
of which were novel while 10 were reported in the sin-
gle nucleotide polymorphism (dbSNP) database Build 129
(www.ncbi.nlm.nih.gov/SNP). Seven of the observed variants were
very common polymorphisms with minor allele frequencies (MAF)
>15%, while four of the identified variants had MAF around 5%
and six were observed only once or twice (Table 2). These variants
included one nucleotide substitution in the promoter region (SNP
#1; 8.13169262G > A) (arbitrarily defined as a 1000 bp genomic seg-
ment upstream exon 1) and 3 in the 5’-UTR of exon 1, one of which
was not reported (SNP #2; c.-78G >T). Promoter analysis using the
Matlnspector program of Genomatix [45] revealed that none of
these variants were found to lie in a known transcription factor
binding site (data not shown). Three variants were found in the
coding exonic regions, including two amino acid substitutions (SNP
#5; ¢.32G>C (p.Ser11Thr) and SNP #17; c.961A > G (p.Lys321Glu)).
P.Ser11Thr was observed in 2 cases and one control at a heterozy-
gous state while p.Lys321Glu was observed in 3 and 6 heterozygous
cases and controls, respectively. Both amino acids do not appear to
be critical residues in the sequence motifs (cofactor binding and cat-
alytic center) of the short chain dehydrogenase/reductase family, of
which 17BHSD type 7 is a member. More precisely, p.Ser11 is a non-
conserved amino acid in the cofactor binding motif (T8 GxxxGxG'>)
while p.Lys321 is located outside the functional sequence motifs
[68]. Alignment of 17BHSD type 7 ortholog sequences revealed
that p.Ser11 is conserved among mammals while an asparagine
residue is observed in more distant species such as Danio rerio,
X. tropicalis and Drosophilia melanogaster, and p.Lys321 is a highly
conserved residue in most mammals with the exception of Pan
troglodytes in which a tryptophan is observed (data not shown).
In silico analyses revealed that for both variants, the change in
amino acid is predicted to be a tolerated change and therefore
probably have little impact on protein structure [49,65]. Func-
tional assays were performed to assess whether these substitutions
possibly had an effect on enzymatic activity. In vitro transcrip-
tion/translation assays showed normal expression levels of both
wild type and mutant recombinant p.Ser11Thr and p.Lys321Glu
proteins (Fig. 2, panel A). A 37kDa band corresponding to 17(3-
HSD type 7 protein was detected by Western blot analysis using
cells expressing the wild type and both variants (Fig. 2, panel B).
We also investigated the time course formation of [4CJ-estradiol
from [4C]-estrone in transfected HEK293 cells. As illustrated in
Fig. 2, panel C, the activities of p.Ser11Thr and p.Lys321Glu enzymes
were similar to that of the wild-type enzyme. Taken together,
these results indicate that these amino acid substitutions do not
have a significant impact on the activity of the 173-HSD type 7
enzyme.

The influence of these base substitutions on putative ESE
sites revealed that ESE scores were not significantly different
between the wild-type and the variant sequence for c.961A>G
(p.Lys321Glu). Regarding variant ¢.32G > C (p.Ser11Thr), the score
for SF2/ASF (2.68) was decreased below the threshold value (1.96),
although this G-to-C transition also produced a new positive score
for another SR protein, SRp40 (3.35), as well as an increase of the
score for the SC35 site (3.74 — 4.65). Furthermore, three of the four
silent exonic HSD17B7 sequence variants identified in this study
were predicted to be localized in ESE sites. Indeed, c.-78 G>T
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Fig. 2. Comparison of expression levels and activity of mutant recombinant 17§3-
HSD type 7 proteins. (A) Representation of an in vitro transcription/translation (TNT)
rabbit reticulocyte lysate assay showing that each pcDNA3 construct is adequately
translated into a [3°S]-labeled-37 kDa protein, indicative of normal expression lev-
els of mutant recombinant 17(3-HSD type 7 proteins. Translation was assessed by
separation on a 12% SDS-PAGE gel. (B) Western blot analysis of homogenates puri-
fied from the corresponding HEK293 cells transiently transfected with the indicated
expression vectors. A 37 kDa band corresponding to 173-HSD type 7 protein is
detected in homogenate preparations from HEK293 transfected cells expressing
wild-type and mutant recombinant proteins p.Ser11Thr and p.Lys321Glu. The non-
specific band observed may be used as an internal control for loading. (C) Enzymatic
conversion of [*C]-estrone to [“C]-estradiol in HEK293 cells transfected with the
indicated expression vectors after a 24-hr incubation period. The results are pre-
sented as the mean+S.E.M. (n=3) and when the S.E.M. overlaps with the symbol
used, only the symbol is illustrated. The cells were transfected with the pcDNA3
vector alone to show the absence of endogenous 173-HSD type 7 mRNA expression.

resulted in the loss of one SRp55 site (3.18), c.-40T > C induced the
gain of a SRp55 site (3.44) and also resulted in the prediction of two
less efficient ESE sites (SF2/ASF4.39 — 2.54 and SRp40 5.24 — 2.85).
No significant difference was predicted for the c¢.888C>T variant.

Ten nucleotide substitutions were found in the intronic regions.
The possible effect on splicing of all coding and intronic variants
located in splice site junctions was assessed and predicted that none
of the variants had a significant impact on either consensus donor
and/or acceptor site scores (data not shown).

3.1.6. HSD17B12

A total of 37 variants were identified in the HSD17B12 gene,
twenty-two of which were novel (Table 3). Fourteen of the identi-
fied variants were very common polymorphisms with MAFs > 18%.
Four of the SNPs had MAFs around 5% and nineteen were observed
only a few times (Table 3). Eight nucleotide substitutions and one
deletion (SNP #3; £.43658300-43658301delAA) were identified in
the promoter region, none of which seemed to significantly affect
any known transcription factor binding sites or create a new one, as
revealed by in silico analysis using the MatInspector program (data
not shown) [45]. Eleven exonic variants were found, only one of
which altered the amino acid sequence (SNP #29; p.Ser280Leu).
Comparison of Ser280 across species revealed that this residue
is conserved among mammals while a tryptophan is observed in
other more distant species such as D. rerio, Fugu rubripes, Tetraodon
nigroviridis and X. tropicalis (data not shown). Although p.Ser280Leu
involves a change from an uncharged polar amino acid (serine)
to a non-polar residue (leucine), this variation probably has a
weak impact on protein structure since in silico analysis predicts
this change to be benign [49,65]. Furthermore, this amino acid is
located outside the conserved sequence motifs of the short chain
dehydrogenase/reductase family [68]. In support of these analyses,
assessment of the functional impact of this substitution revealed
that the activity of the mutant Ser280Leu enzyme was similar to
that of the wild-type enzyme, as measured by conversion of estrone
to estradiol (data not shown).

The influence of this variant on putative ESE sites revealed that a
reduced score for SF2/ASF (2.11) to a level below that of the thresh-
old (1.96), suggesting a potential loss of the splicing-site recognition
property. We further investigated the importance of the ten silent
exonic variants and analyses predicted that variants ¢.615C>T and
¢.1349.1359delGTTTTT do not lie within putative ESEs. Four of these
variants resulted in the loss of one or more ESE sites, three sequence
variants induced gain of an ESE site, while three of them resulted
in prediction of a less efficient ESE site, but still above the matrix
score threshold level.

Finally, 15 nucleotide substitutions and 2 deletions were found
in the intronic regions. The possible effect of all coding and intronic
variants on splicing consensus sequences was assessed using in
silico analysis. None of the observed genetic variants showed a sig-
nificant change in the splicing score (data not shown).

For all three genes, genotypes and MAFs were determined in
cases and controls, both of French Canadian origin. Screening in con-
trol individuals was performed to help assess the deleterious nature
of the variants, as deleterious mutations are unlikely to be observed
in this sample set. As mentioned above, it should be noted that a
significant association with breast cancer susceptibility between
variants found in cases compared to those found in controls would
need much larger sample sets, especially for low penetrance genes
[69,70]. As indicated in Tables 1-3, most genotype frequencies were
consistent with those reported in the dbSNP databases for the CEPH
cohort, with the exception of SNPs #15, 26, 27 and 29 in HSD17B12
for which the frequencies observed in our sample sets of cases
and controls are slightly but not significantly different from those
reported in the NCBI database. Genotype frequency distributions
were close to those expected under Hardy-Weinberg equilibrium
except for a few rare SNPs (SNPs# 46, 51, 53 see Table 1) in AKR1C3.
This was due to that for these rare variations, we observed the pres-
ence of one rare homozygote while no heterozygotes were detected.

To summarize, no likely deleterious or gain-of-function muta-
tions were identified in either AKR1C3, HSD17B7 or HSD17B12, and
thus these genes are unlikely to play a role as high penetrance genes
in breast cancer predisposition. An association with more mod-
est risks cannot be excluded for the sequence variants identified
in these genes through the current study. Careful choice of SNPs
within these candidate genes is crucial to examine common gene



Table 3

Observed sequence variants and genotype frequencies in HSD17B12 gene among familial breast cancer cases and controls.

SNP SNP ID? dbSNP D Location Series® Genotype frequency MAF x? P-value™ Reported MAF
Common homozygote Heterozygote Rare homozygote
(expected)” (expected) (expected)’
1 £.43658006G >T N/A Promoter Cases 0.98 (0.98) 002  (0.02) 000  (0.00) 0.010 0.94 N/A
- Controls 1.00 (1.00) 0.00  (0.00) 0.00  (0.00) 0.000 - N/A
2 £.43658275C>T N/A Promoter Cases 0.94 (0.94) 006  (0.06) 000  (0.00) 0.030 0.83 N/A
- Controls 0.99 (0.99) 001  (0.01) 0.00  (0.00) 0.007 0.95 NJA
3 £.43658300.43658301delAA rs35548313 Promoter Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - N/A
- Controls 0.91 (0.92) 0.09  (0.08) 0.00  (0.00) 0.043 0.71 N/A =
- =
=)
4 £.43658360C>T rs12224705 Promoter Cases 0.60 (0.56) 0.30 (0.38) 0.10 (0.06) 0.250 0.16 N/A §_
- Controls 0.65 (0.66) 032  (0.31) 0.03  (0.04) 0.188 0.72 N/A ®
- Q
5 2.43658450G > C N/A Promoter Cases 1.00 (1.00) 0.00  (0.00) 000  (0.00) 0.000 - N/A =
- Controls 0.99 (0.99) 001  (0.01) 0.00  (0.00) 0.007 0.95 N/A E
- 2
2
6 £.43658479T>C N/A Promoter Cases 0.84 (0.85) 0.16 (0.15) 0.00 (0.01) 0.080 0.54 N/A %
- Controls 0.87 (0.87) 013 (012) 0.00  (0.00) 0.065 0.56 N/A 3
_ 1SN
=
7 £.43658529C>T N/A Promoter Cases 0.98 (0.98) 0.02  (0.02) 0.00  (0.00) 0.010 0.92 NJA =
= Controls 0.99 (0.99) 001  (0.01) 0.00  (0.00) 0.007 0.93 N/A g
_ oy
<
8 £.43658581C>G N/A Promoter Cases 0.98 (0.98) 0.02  (0.02) 0.00  (0.00) 0.010 0.94 NJA Q
- Controls 0.97 (0.97) 003  (0.03) 0.00  (0.00) 0.014 0.90 N/A g
) g
9 £.43658652G>T N/A Promoter Cases 1.00 (1.00) 000  (0.00) 000  (0.00) 0.000 - N/A g
- Controls 0.99 (0.99) 001  (0.01) 0.00  (0.00) 0.007 0.95 NJA g
_ S
&
10 £.43659106A>G N/A Exon 1 Cases 0.60 (0.56) 0.30 (0.38) 0.10 (0.06) 0.250 0.16 N/A =
c153A>G Controls 0.65 (0.66) 032  (0.31) 0.03  (0.04) 0.188 0.72 NJA =
; :
11 £.43659157A>G rs4573669 Intron 1 Cases 0.60 (0.56) 0.30 (0.38) 0.10 (0.06) 0.250 0.16 N/A E
c160+44A>G Controls 0.58 (0.59) 038  (0.36) 0.04  (0.05) 0.232 0.63 0.317 [76] K
= S
@
12 £.43729125A> G 1512801203 Intron 2 Cases 0.46 (0.41) 036  (0.46) 018  (013) 0.360 0.12 N/A
€207 +42A>G Controls 0.29 (0.30) 052  (0.50) 019  (0.20) 0.449 0.65 0.391 [79]
13 £.43729170G > A N/A Intron 2 Cases 0.98 (0.98) 0.02  (0.02) 000  (0.00) 0.010 0.94 N/A
€.207+87G>A Controls 1.00 (1.00) 0.00  (0.00) 0.00  (0.00) 0.000 - N/A
14 2.43729189T > C N/A Intron 2 Cases 1.00 (1.00) 0.00  (0.00) 0.00  (0.00) 0.000 - NJA
€.207+106T>C Controls 0.99 (0.99) 001  (0.01) 0.00  (0.00) 0.007 0.95 N/A
15 £.43732310G>A rs4643069 Intron 3 Cases 0.46 (0.45) 0.42 (0.44) 0.12 (0.11) 0.330 0.72 N/A
c.283+63G>A Controls 0.45 (0.48) 0.49 (0.42) 0.06 (0.09) 0.304 0.17 0.250 [76]
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Table 3 (Continued )

SNP SNP ID? dbSNP D Location Series® Genotype frequency MAF X% P-value™ Reported MAF
Common homozygote Heterozygote Rare homozygote
(expected)” (expected)” (expected)”
16 £.43776332T>G N/A Intron 3 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - NJA
284 114T>G Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 N/A
17 £.43776785C> A 1510838172 Intron 4 Cases 0.60 (0.58) 0.32 (0.37) 0.08 (0.06) 0.240 0.39 N/A
€.391+231C>A Controls 0.61 (0.58) 0.30 (0.36) 0.09 (0.06) 0.240 0.17 0.235 [76]
18 8.43793534A>G N/A Intron 4 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - N/A
€392 —29A>G Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 N/A
19 g.43793711C>T N/A Intron 5 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - N/A
C456+84C>T Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.93 NJA
20 £.43793822T>C N/A Intron 5 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.92 N/A
456 +195T > C Controls 0.97 (0.97) 0.03 (0.03) 0.00 (0.00) 0.014 0.90 NJA
21 £.43793921G > A N/A Intron 5 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.94 N/A
456 +294G > A Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 NJA
22 £.43794465delT N/A Intron 5 Cases 0.98 (0.98) 0.02 (0.02) 0.00 (0.00) 0.010 0.94 NJA
€457 — 8delT Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.95 N/A
23 £.43809067T >C rs6485471 Intron 6 Cases 0.46 (0.41) 0.36 (0.46) 0.18 (0.13) 0.360 0.12 N/A
c.502 -35T>C Controls 0.29 (0.30) 0.52 (0.50) 0.19 (0.20) 0.449 0.65 0.425 [76]
24 £.43816521C>T N/A Exon 8 Cases 1.00 (1.00) 0.00 (0.00) 0.00 (0.00) 0.000 - N/A
c.615C>T Controls 0.99 (0.99) 0.01 (0.01) 0.00 (0.00) 0.007 0.93 NJA
25 £.43816777delC rs3839954 Intron 8 Cases 0.46 (0.45) 0.42 (0.44) 0.12 (0.11) 0.330 0.72 N/A
€.618 +253delC Controls 0.45 (0.48) 0.49 (0.42) 0.06 (0.09) 0.304 017 NJA
26 g.43818324A>G rs10734518 Intron 9 Cases 0.46 (0.45) 0.42 (0.44) 0.12 (0.11) 0.330 0.72 N/A
c.684+134A>G Controls 0.45 (0.48) 0.49 (0.42) 0.06 (0.09) 0.304 0.17 0.263 [76]
27 £.43833011A>G rs3736505 Intron 10 Cases 0.46 (0.45) 0.42 (0.44) 0.12 (0.11) 0.330 0.72 N/A
c.834+21A>G Controls 0.45 (0.48) 0.49 (0.42) 0.06 (0.09) 0.304 0.17 0.258 [76]
28 £.43833116A>G rs11037681 Intron 10 Cases 0.86 (0.87) 0.14 (013) 0.00 (0.01) 0.070 0.59 N/A
.834+126A>G Controls 0.87 (0.87) 0.13 (0.12) 0.00 (0.00) 0.065 0.56 NJA
29 g.43833274C>T rs12576296 Exon 11 Cases 0.46 (0.45) 0.42 (0.44) 0.12 (0.11) 0.330 0.72 N/A
c.839C>T Controls 0.45 (0.48) 0.49 (0.42) 0.06 (0.09) 0.304 0.17 0.280 [76]

p.Ser280Leu
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30

31

32

33

34

35

36

37

g.43833389A>C
c.953A>C

£.43833405A>G
c.969A>G

g.43833423G>A
c.987G>A

g.43833519A>G
c.1083A>G

8.43833785.43833791delGTTTTI
€.1349.1354delGTTTTT

2.43834024.43834025ins317

¢.1588.1589ins317

Genbank: AK092938.1:¢.1995.2311

2.43834510C>A
c.2074C>A

2.43834511A>G
c.2075A>G

rs11037683

rs11037684

NJA

NJA

N/A

N/A

rs1061810

N/A

3'UTR of exon 11

3'UTR of exon 11

3'UTR of exon 11

3'UTR of exon 11

3’UTR of exon 11

3’UTR of exon 11

3'UTR of exon 11

3'UTR of exon 11

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

Cases
Controls

0.86
0.87

0.86
0.87

1.00
0.99

0.98
1.00

0.46
0.45

0.52
0.46

0.52
0.46

1.00
0.99

(0.87)
(0.87)

(0.87)
(0.87)

(1.00)
(0.99)

(0.98)
(1.00)

(0.45)
(0.48)

(0.49)
(0.50)

(0.49)
(0.50)

(1.00)
(0.99)

0.14
0.13

0.14
0.13

0.00
0.01

0.02
0.00

0.42
0.49

0.36
0.49

0.36
0.49

0.00
0.01

(0.13)
(0.12)

(0.13)
(012)

(0.00)
(0.01)

(0.02)
(0.00)

(0.44)
(0.42)

(0.42)
(0.41)

(0.42)
(0.41)

(0.00)
(0.01)

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.12
0.06

0.12
0.04

0.12
0.04

0.00
0.00

(0.01)
(0.00)

(0.01)
(0.00)

(0.00)
(0.00)

(0.00)
(0.00)

(0.11)
(0.09)

(0.09)
(0.08)

(0.09)
(0.08)

(0.00)
(0.00)

0.070
0.065

0.070
0.065

0.000
0.007

0.010
0.000

0.330
0.304

0.300
0.290

0.300
0.290

0.000
0.007

0.59
0.56

0.59
0.56

0.95

0.94

0.72
0.17

0.31
0.10

0.31
0.10

0.95

NJA
0.052 [76]

NJA
0.075 [76]

N/A
N/A

N/A
N/A

N/A
N/A

N/A
NJA

N/A
0.242 [76]

N/A
N/A

3 According to the nomenclature of the Human Genome Variation Society, for cDONA numbering + 1 corresponds to the A of the ATG translation initiation codon in the reference sequence.
b Observed among 100 chromosomes from 50 breast cancer cases and 140 chromosomes from 70 women controls DNA samples.
" As expected under Hardy-Weinberg equilibrium.

™ P-value for deviation from Hardy-Weinberg equilibrium (Pearson’s chi-square). N/A: information not available for this SNP (not reported in dbSNP). MAF: minor allele frequency.
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Fig. 3. (A) Pairwise linkage (LD) measures of r2 for AKR1C3 sequence variants identified in the control series. Sequence variants are represented by thin lines and are denoted
numerically with reference to Table 1. (B) The table denotes haplotype frequencies estimated from AKR1C3 sequence variants having a MAF >5% among the 70 controls. (C)
Haplotype blocks predicted from variants identified in French Canadian controls showing a frequency >5%. tSNPs identified on a block-by-block basis are denoted with an
asterisk (*) above the SNP number. Population haplotype frequencies are displayed on the right of each haplotype combination, while the level of recombination is displayed
above the connections between the three blocks. Thick connections represent haplotypes with frequencies >5%, while frequencies below 5% are represented by thin lines.
CGL: Cancer Genomics Laboratory.
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Fig.4. (A)Pairwise linkage (LD) measures of r? for HSD17B7 sequence variants identified in the control series. Sequence variants are represented by thin lines and are denoted
numerically with reference to Table 2. (B) The table denotes haplotype frequencies estimated from AKR1C3 sequence variants having a MAF >5% among the 70 controls. (C)
Haplotype blocks predicted from variants identified in French Canadian controls showing a frequency >5%. tSNPs identified on a block-by-block basis are denoted with an
asterisk (*) above the SNP number. Population haplotype frequencies are displayed on the right of each haplotype combination, while the level of recombination is displayed
above the connections between the three blocks. Thick connections represent haplotypes with frequencies >5%, while frequencies below 5% are represented by thin lines.
CGL: Cancer Genomics Laboratory.
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Fig.5. (A)Pairwise linkage (LD) measures of r? for HSD17B12 sequence variants identified in the control series. Sequence variants are represented by thin lines and are denoted
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Haplotype blocks predicted from variants identified in French Canadian controls showing a frequency >5%. tSNPs identified on a block-by-block basis are denoted with an
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variants of small risk [71-73]. The assessment and confirmation
of risks potentially associated with these alleles will necessitate
analyses in much larger sample sets [5,73,74].

3.2. LD, haplotype analysis and tSNP identification

Although no likely high penetrance mutations were identified in
the AKR1C3, HSD17B7 and HSD17B12 genes which could be associ-
ated with breast cancer risk, the current study provides information
on intragenic LD and haplotype diversity and allows an optimal
selection of tSNPs, which will reduce genotyping costs and efforts
in future association studies in the French-Canadian population
without loss of power.

3.2.1. AKR1C3/HSD17B5

Pairwise linkage disequilibrium between all 53 variants iden-
tified in the control series and r2 measures between all variants
are illustrated in Fig. 3(panel A). As demonstrated, three LD blocks
were identified in the AKR1C3 gene. The first block encompasses a
region from exon 1 to intron 5, the second block represents a region
from intron 5 to intron 8, which includes exons 6-8, while the third
block includes part of intron 8 and the last exon. Overall, there is
no evidence of strong LD between the three blocks in the AKR1C3
gene. During the course of this study, the Cancer Genetics Mark-
ers of Susceptibility study (CGEMS) of the National Cancer Institute
performed a genome-wide association study for breast cancer using
1145 breast cancer cases and controls from the Nurses’ Health Study.
One of the SNPs having a r2 = 1 with p.His5GIn was genotyped in the
CGEMS study, which failed to discover any association with breast
cancer risk. As illustrated in Fig. 1(Panels C and D), the current
study shows a lack of effect of the p.His5GIn variation on enzymatic
activity. Another non-synonymous variant, p.Glu77Gly, was previ-
ously reported to be associated with circulating testosterone levels
[67]. As discussed previously, the assessment of the effect of this
variant on the enzymatic activity of the 173-HSD type 5 enzyme
revealed a slightly significant difference in the conversion levels
of androstenedione as compared to the wild-type enzyme (Fig. 1,
Panels C and D).

Given that the association of a gene with disease may be
haplotype-specific, the haplotype diversity of AKR1C3 was esti-
mated using the 35 common variants genotyped in this study
(MAF > 5%). 19 haplotypes were estimated, 6 of which represent
85% of all estimated haplotypes in our French-Canadian control
sample set (Fig. 3, panel B). Thereafter, 11 tSNPs were identified in
our population and determined to be necessary for the discrimina-
tion of all observed haplotypes (Fig. 3, panel C). However, in order to
efficiently tag the 6 most common haplotypes only 5 tSNPs are nec-
essary (rs10904415, rs2298305, rs481400, rs9329316, rs7917546).
Considering the large number of variants found in this gene, nar-
rowing down the genotyping to only five SNPs provides a valuable,
cost-efficient tool for future association studies, at least in French
Canadians.

3.2.2. HSD17B7

Three LD blocks were identified for HSD17B7 in French Canadians
as shown in Fig. 4, panel A by the 2 plots, the majority of variants
are not in strong LD, with the exception of four variants with a MAF
around 30%. Using variants having a MAF > 5% in healthy individ-
uals, we estimated nine haplotypes (Fig. 4, panel B), four of which
had frequencies >5% and which represented approximately 92% of
all haplotypes estimated in controls. Thereafter, considering hap-
lotypes having a frequency >5%, 4 tSNPs were identified in the 3
LD blocks from our population, namely SNP #3 (rs1704754) found
in block 1, SNPs #9 (rs4095366) and #10 (rs10917597) in block 2,
and SNP #11 (rs10917598) in block 3. All sequence variants with
MAF >5% identified in our French Canadian cohort have a pairwise

r2 > 0.8 in association with at least one of the four tSNPs selected.
None of the variants observed in the HSD17B7 gene were genotyped
in the CGEMS study.

3.2.3. HSD17B12

As illustrated in Fig. 5(panel A), the majority of variants were in
LD and hence two blocks of LD are observed, covering the entire
HSD17B12 gene. Ten haplotypes were estimated (Fig. 5, panel B)
and of these, five had frequencies >5% and represented approxi-
mately 92% of all haplotypes estimated in controls. Thereafter, 5
tSNPs were identified in the 2 LD blocks (Fig. 5, panel C), namely
SNP #4 (rs12224705) and #6 in block 1, and SNP #12 (rs12801203),
#17 (rs10838172) and #36 (rs1061810) in the second block.

Only two SNPs were genotyped in both our study and the CGEMS
study, however, looking at LD between SNPs genotyped in CGEMS,
those genotyped in HapMap and those identified in the current
study, we are able to make an indirect correlation between the
CGEMS SNPs and our variants. More precisely, using 9 of the SNPs
genotyped in CGEMS, we were able to represent 84% of frequent
haplotypes (>5%) predicted in the current study. However, it should
be noted that 5 of the 18 SNPs with MAFs >5%, which were used
for haplotype prediction in the present study, could not be rep-
resented by any of the CGEMS SNPs, three of which were chosen
as tagging SNPs by the Haploview software. Furthermore, although
the CGEMS study did not find a significant association between their
HSD17B12 allelic variants and breast cancer risk, it should be noted
that the “sporadic” breast cancer cases involved in their study are
mostly post-menopausal, while our study only includes cases from
high-risk families. Further analyses using larger cohorts, such as
those used in recent studies [71,75] are warranted to determine
the involvement of HSD17B12 allelic variants in breast cancer risk.
It would also be of importance to perform these large-scale stud-
ies in pre-menopausal breast cancer cases, especially taking into
consideration the pivotal role of this enzyme in estradiol synthesis.

4. Conclusion

Our analysis does not suggest involvement of the AKRI1C3,
HSD17B7, HSD17B12 genes in breast cancer susceptibility through
high-risk alleles. Nonetheless, additional studies are needed to
determine the functional contribution of the promoter sequence
variants on AKR1C3 gene expression. Further association studies
involving larger cohorts of breast cancer cases are also warranted
to establish whether AKR1C3, HSD17B7 and HSD17B12 could repre-
sent low or moderate penetrance genes involved in breast cancer
risk.
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