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Abstract

Purpose: APOBEC3B belongs to the family of DNA editing enzymes. A copy number variant
targeting the genomic APOBEC3A-APOBEC3B locus has a significant impact on breast
cancer risk, but the relative contribution of APOBEC3B is uncertain. In this study, we
investigate a loss-of-function mutation that selectively targets APOBEC3B, for its association
with breast cancer risk.

Methods: We performed exome sequencing on genomic DNA samples of 6 Byelorussian
patients with familial breast cancer. We then studied through mutation-specific genotyping
four hospital-based breast cancer case-control series from Belarus, Russia, Germany and Iran
respectively, comprising a total of 3,070 breast cancer patients and 2,878 healthy females.
Results were evaluated using fixed-effects meta-analyses.

Results: Exome sequencing uncovered a frameshift mutation, APOBEC3B*c.783delG, that
was recurrent in the study populations. Subsequent genotyping identified this mutation in 23
additional breast cancer cases and 9 healthy female controls, with an adjusted Odds Ratio 2.29
(95% CI 1.04; 5.03, p=0.04) in the combined analysis. There was an enrichment of the
€.783delG mutation in patients with breast cancer diagnosed below 50 years of age (OR 3.22,
95%Cl 1.37; 7.56, p=0.007).

Conclusions: APOBEC3B*c.783delG shows evidence of modest association with breast
cancer and seems to contribute to earlier onset of the disease. These results may need to be
reconciled with proposals to consider APOBEC3B as a possible therapeutic target in breast

cancer.
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Background

APOBEC3B belongs to the family of DNA editing enzymes and is one of seven cytidine
deaminase genes found in a cluster on chromosome 22 [1,2]. APOBEC3 proteins function
within the innate immune system to restrict viral infection and retrotransposition, but they
may also cause damage to the cellular genome. As deaminases, APOBEC3 proteins convert
cytosines to uracils in single-stranded DNA and mediate localized hypermutation, a process
termed “kataegis” [3,4]. APOBEC3B activity has specifically been identified as a prevailing
enzymatic source of mutation in breast cancer [5]. APOBEC3B is induced through DNA
replication stress [6], and it appears to be required for estrogen receptor action in breast
cancer through transient cytidine deamination at the regulatory regions of ER target genes that
promotes their expression [7].

In previous case-control studies, a copy number variant (CNV) at the APOBEC3B gene locus
has been associated with breast cancer [8,9]. Loss of one or both APOBEC3B copies was
associated with odds ratios of 1.31 and 1.76, respectively [8]. The APOBEC3B CNV has
further been correlated with immune response-related gene sets and with a higher abundance
of tumour-infiltrating immune cells [10,11]. The CNV results from the deletion of
approximately 29.5 kb of sequence between APOBEC3B and the adjacent gene, APOBEC3A.
APOBEC3A and APOBEC3B are both endogenous human DNA mutators, but their
phenotypes are different and non-overlapping [12]. APOBEC3A is the more genotoxic of the
two and tightly regulated in its expression, whereas APOBEC3B is more abundant but
generates less DNA double-strand breaks. The enzymatic difference has been attributed to
evolutionary divergence at 18 amino acid positions [12]. While the whole APOBEC3B coding
sequence is omitted on the risk allele of the APOBEC3B CNV, its 3"-UTR is fused to
APOBEC3A, and the more stable transcript of this fusion gene constitutes increased activity
of APOBEC3A that is thought to drive the increased breast cancer risk [13]. It is unknown
whether the loss of the APOBEC3B enzyme alone would contribute to cancer susceptibility
and prognosis. This question is relevant since APOBEC3B is being considered as a possible
therapeutic target in breast cancer [5, 14, 15].

In the present study, we describe a truncating mutation in APOBEC3B that was selected from
exome sequencing and does not target APOBEC3A. This mutation was investigated for its
potential contribution to breast cancer risk in a total of 3,070 breast cancer patients and 2,878

healthy females from Germany, Belarus, Russia and the Iran.



Patients and methods

Patients

We investigated four breast cancer case-control series from Belarus, Germany, Russia, and
Iran. The three European Series have been previously used for genetic association studies [16-
19].

The Hannover-Minsk Breast Cancer Study (HMBCS) consists of 1,927 breast cancer patients
diagnosed in the Republic of Belarus during the years 1998-2008 [17]. Patients were recruited
at the Byelorussian 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 16% of
patients reported a first-degree family history of breast cancer. Byelorussian population
controls were 1,245 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. Based on available genomic DNA and stringent quality control, a total of 1,778
Byelorussian patient samples and 1,216 Byelorussian control samples were included into the
genotyping study. Over 98% of the study individuals were known to be of Byelorussian
descent.

The Hannover Breast Cancer Study (HaBCS) includes a hospital-based series of 1,012
unselected German breast cancer patients who were treated at the Department of Radiation
Oncology at Hannover Medical School from 1996-2001. Median age at diagnosis in the
Hannover cohort was 57 years, and 11% of patients reported a first-degree family history of
breast cancer. Population controls were taken from a cohort of 1,002 healthy female German
blood donors recruited in 2005 at the Transfusion Department of Hannover Medical School.
In total, genomic DNA samples were available from 721 German patients and 921 German
controls for inclusion into the genotyping study. Over 97% of the study individuals were
known to be of German descent.

The Hannover-Ufa Breast Cancer Study (HUBCS) 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. 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 geographic regions, with a similar ethnic distribution and age distribution (median age
46 years, range 18-84 years). For the association study, cases and controls were stratified by
their ancestry, and only 340 cases and 494 controls of known Russian descent were included
into the genotyping study.

The Iranian Breast Cancer Study (IBCS) is a novel study involving 241 female patients with
breast cancer who were treated at the Omid and Imam Reza Educational Hospital of Mashhad
University of Medical Sciences, Reza Radiotherapy Oncology Center, or associated clinics in
Mashhad between the years 2012 and 2016. The median age at diagnosis was 45 years (range
20-77 years) and 13.6% of the cases reported a first-degree family history of breast cancer.
The control group comprised 253 healthy female volunteers who were recruited from the
same population in the year 2016 at the ACECR Central Laboratory (Mashhad Branch). The
median age for the healthy group was 40 years. Genomic DNA samples were available from
all 241 Iranian breast cancer cases and 253 healthy controls for inclusion into this case-control
study. The IBCS included only individuals of Persian ethnicity.

Our study was carried out with informed consent of the probands and was approved by local

ethical boards at the respective institutions.

Genetic analyses

Genomic DNA was isolated from peripheral white blood cells by routine phenol-chloroform
extraction. Exome sequencing was performed on six genomic DNA samples (3 pg) from
Byelorussian patients with familial breast cancer at 50x coverage. For this purpose, exonic
sequences were enriched using the SureSelect XT Huma All Exon V5 library (Agilent
Technologies, Santa Clara, CA, USA) and were sequenced on a HiSeq2500 platform
(Mumina Inc., San Diego, CA, USA). Raw exome sequencing data were called, de-
multiplexed and aligned according to the GATK pipeline and variants were annotated using
the Annovar tool. Mutations were filtered according to their minor allele frequencies in the
NCBI SNP and/or 1000Genomes databases and according to their predicted effects. A list of
variants in any gene of interest is available upon request. Truncating mutations in DNA repair
and processing genes were then confirmed by Sanger sequencing using BigDye chemistry and
a Genetic Analyser 3100 Avant (Applied Biosystems, Foster City, CA, USA). Primers for
validation  sequencing of the APOBEC3B* ¢.783delG mutation were 5°-
GGCTAAGAATCTTCTCTGTG-3* and 5- CAGGAGATGAACCAAGTGAC-3,

respectively.



Direct mutation analysis of APOBEC3B*c.783delG was performed by means of PCR
amplification using the primers 5 -TCTAGGCTAAGAATCTTCTCTG-3" and 5'-
ACCATCGTAGGTCATGATGG-3". The 302 bp PCR product was then subjected to
restriction enzyme fragment length analysis using ScrFI to produce cleavage products of 150,
63, 35, 24, 18 and 12 bp in case of the wildtype sequence. The presence of the
APOBEC3B*c.783delG mutation gave rise to an additional product of 87 bp while inhibiting
the 63 and 24 bp products. The diagnostic 87 bp and 63 bp bands were well distinguished by
means of 3% agarose gel electrophoresis. Call rates were 98.1% for the HMBCS samples
from Belarus, 95.6% for the HaBCS samples from Germany, 90.1% for the HUBCS samples
from Russia and 97.8% for the IBCS samples from Iran.

Statistical analyses

The prevalence of the APOBEC3B*c.783delG mutation was compared in breast cancer cases
and healthy population controls for all genotyped studies. Odds ratios were calculated from
two-by-two tables using Fisher’s exact test, and adjusted Mantel-Haenszel odds ratios were
obtained in fixed-effects meta-analyses using the metan command in STATA12.0. For the
meta-analysis, we added an increment of 0.001 to each field in order to account for one zero
field in HUBCS. p-values were calculated from chi(2)-values of Fisher’s exact test for single
studies, from chi(2)-values for heterogeneity between studies, or from z-values in fixed
effects meta-analyses. All p values are two-sided. ¢.783delG was the only APOBEC3B
mutation investigated in the study populations, and results with p<0.05 were considered

significant.

Results

In an exploratory analysis of six whole exome data sets from Byelorussian breast cancer
patients within the Hannover-Minsk Breast Cancer Study, we identified a truncating variant in
the APOBEC3B gene, ¢.783delG, in one of the sequenced patients (Figure 1A). We followed
this mutation because it was one of only two truncating mutations in a known DNA repair
gene (the other one was in BRCA2) that were not present in doSNP at the time of analysis.
APOBEC3B*c.783delG is now recorded with the identifier rs368511533 and has been listed
by the Exome Aggregation Consortium (ExAC) at an overall MAF 0.008. This frameshift
mutation is predicted to result in a premature truncation of the APOBEC3B protein
(p.Val262Phefs).



Using an allele-specific RFLP assay with ScrFI (Figure 1B), we screened for the prevalence
of ¢.783delG in four large breast cancer case-control studies including 1,772 Byelorussian and
1,216 Byelorussian controls from HMBCS, 340 cases and 494 controls from HUBCS
(restricted to study individuals of known Russian ethnicity), 721 German cases and 922
German controls from HaBCS and 237 Iranian patients and 246 controls from IBCS.

The ¢.783delG mutation was detected in additional 13 cases and 4 controls from Belarus, 0
cases and 3 controls from Ufa, 5 cases and 1 control from Germany, and in 5 cases and 1
control from Iran (Table 1). A combined fixed-effects meta-analyses indicated a borderline
significant difference between cases and controls, yielding a Mantel-Haenszel pooled OR 2.29
(95%Cl1 1.04; 5.03, p=0.04). There was no evidence for heterogeneity between studies
(Pre=0.67). All mutation carriers were heterozygous and all had invasive breast cancers. The
mutation was associated with ductal morphology (p=0.02) and with ER-positive tumours
(p=0.03). It was not significantly enriched in familial breast cancer (OR 2.79, 95% CI 0.78;
9.97, p=0.12). When patients were stratified by age at diagnosis, we observed a nominally
significant association with early onset of breast cancer, defined by an age at diagnosis below
age 50 (OR 3.22, 95% CI 1.37; 7.56, p=0.007) (Table 1). One of the APOBEC3B*c.783delG
carriers (in HaBCS) had a mutation in BRCA1 which might have influenced her early age at
diagnosis. However, omitting this single mutation carrier from the analysis still yielded a
nominally significant association with early-onset breast cancer in the combined analysis
(p=0.02).

Discussion

Exome sequencing has made important contributions to the discovery of genetic breast cancer
risk factors [20-24], but any suspected role of a mutation for disease needs to be validated in
subsequent case-control studies. In the present study, we investigated a truncating mutation in
APOBECS3B as a candidate breast cancer susceptibility allele. Earlier work had implicated a
copy number variant at the APOBEC3B gene locus as a risk factor for breast cancer,
conferring an about 1.7-fold increase in risk per deletion allele [8,9]. It has been proposed that
the effect of this allele is mediated by increased expression and mutagenic activity from the
neighbouring APOBEC3A gene that is fused to the 3"-UTR of APOBEC3B in deletion carriers
[13]. Indeed, tumour samples with APOBEC3B deletion show predominantly APOBEC3A-
like mutational signatures, whereas samples with wild-type APOBEC3B show a roughly equal
split between APOBEC3A-like and APOBEC3B-like signatures [25]. However, another study



did not find upregulation of APOBEC3A or any of the other APOBEC cytosine deaminase
family members in frozen tissue samples from deletion carriers, suggesting that there was no
detectable feedback loop at the mRNA level that results in co-regulation of any of the
members of this family [11]. It has also been argued that APOBEC3A when expressed
endogenously, is confined to myeloid lineage cell types and located in the cytoplasm, so that
APOBECS3B is considered the main factor [26]. Unlike the common CNV, that is frequently
termed “APOBEC3B deletion”, the APOBEC3B*c.783delG mutation that we describe here,
does not affect the sequence of APOBEC3A and therefore constitutes an opportunity to study
APOBECS3B as a genetic risk factor on its own.

Perhaps unexpectedly, we did observe an overall effect of the APOBEC3B*c.783delG
mutation on breast cancer risk, and there was a nominally significant association with early-
onset breast cancer as well as with ER-positive and ductal disease in the stratified analyses.
The mutation results in a frameshift within exon 6 and premature termination 42 codons
downstream (p.Val262PhefsTer42, NM_004900). If translated, this mutation occurs adjacent
to the active site at Glu255 and eliminates downstream metal-binding sites, which almost
certainly leads to a loss of enzymatic function. The frameshift could be bypassed through an
alternative splicing event that skips the first 25 codons of exon 6, but this would also
eliminate the active site. APOBEC3B*c.783delG is the only relatively common APOBEC3B
truncation identified and, at the average frequency of ~1/330 in our investigated populations,
it might be worth to be genotyped in further cancer series. Consistent with our frequency data,
the most recent database of the Exome Aggregation Consortium now lists this mutation at a
minor allele frequency of MAF 0.003 in Europeans, but it appears to have a higher frequency
in Africans (http://exac.broadinstitute.org/variant/22-39387395-TG-T).

APOBEC3B has been proposed as a strong candidate for targeted intervention, based on its

non-essential nature and the observation that APOBEC3B overexpression is associated with
C-to-T mutation biases and increased mutational loads [5, 14, 15]. Counteracting APOBEC3B
may remove a chronic source of mutagenesis since tumours with high levels of APOBEC3B
have twice as many mutations as those that express low levels and are more likely to have
mutations in TP53 [5]. Its inhibition has been predicted to decrease tumor mutation rates and
diminish the likelihood of undesirable mutation-dependent outcomes such as recurrence,
metastasis, and the development of therapy resistant tumors [14]. In a naturally mutant
context, one may thus have expected some protective effect of the APOBEC3B*c.783delG
mutation on breast cancer risk. Our results indicate that this is not observed, rather we find

some evidence for an increased risk for breast cancer in three of four study populations. More
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data will be needed before APOBEC3B inhibition can be exploited as a potentially valuable
preventive means [15].

In conclusion, our study identified a truncating variant at the APOBEC3B locus that appears
to modestly contribute to overall breast cancer risk and was associated with an earlier onset of
breast cancer. These results may need to be reconciled with proposals to consider

APOBECS3B as a possible therapeutic target in breast cancer.
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Table and figure legends:

Figure 1: Molecular detection of APOBEC3B*c.783delG

Detection of APOBEC3B*c.783delG by direct sequencing (upper panel) and restriction
fragment length polymorphism (RFLP) analysis (bottom figure).

Upper panel: Direct sequencing of APOBEC3B exon 6 in a wildtype control (above) and a
patient heterozygous for APOBEC3B*c.783delG. The site of the guanine deletion is indicated
by an arrow.

Bottom subfigure: 3% agarose gel showing, from left to right: (1) PCR product from a non-
carrier ~ after cleavage with ScrFl, (2,3) PCR product from heterozygous
APOBEC3B*c.783delG carriers after cleavage with ScrFl, (4) uncleaved PCR product, (5)

size marker.

Table 1: APOBEC3B*c.783delG in four breast cancer case-control studies

Genotyped samples and carrier frequencies for APOBEC3B*c.783delG in patients with breast
cancer and in healthy female controls from Belarus, Germany, Russia and Iran. Patients were
further stratified by age at diagnosis with early onset defined as < 50 years, or by familial
breast cancer defined as a first-degree family history of breast cancer. OR, Odds ratio. For
single studies, OR and p-values were calculated using Fisher’s exact tests. For the combined
analysis, the Mantel-Haenszel pooled OR was derived from a fixed effects meta-analysis, and
the p-value was drawn from the z-value of the meta-analysis. OR in subgroups was calculated
using all controls from the same population as the reference group. n.a., not applied due to
zero fields. Cl, confidence interval. HMBCS, Hannover-Minsk Breast Cancer Study. HaBCS,
Hannover Breast Cancer Study. HUBCS, Hannover-Ufa Breast Cancer Study. IBCS, Iranian
Breast Cancer Study. *Six Byelorussian patients from the initial exome sequencing study, one

of whom was a APOBEC3B*c.783delG carrier, are not included in this analysis.
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