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Reduced translation efficiency due to novel
splicing variants in 5� untranslated region
and identification of novel cis-regulatory
elements in canine and humanBRCA2
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Abstract

Background:Breast cancer 2, early onset (BRCA2) is a tumor suppressor gene. The protein encoded by this gene
plays an important role in homologous recombination (HR)-mediated DNA repair. Deleterious mutations inBRCA2
and downregulation of its expression have been associated with tumorigenesis in dogs and humans. Thus,
regulation of BRCA2 expression level is important for maintaining homeostasis in homologous recombination.

Results:In this study, the mechanisms that regulate the expression ofBRCA2were proposed. Novel splicing
variants were identified in the 5� untranslated region (UTR) of canine and humanBRCA2in canine testis, canine
ovary, and canine and human cultured cell lines. In cultured cells, the ratio ofBRCA2splicing variants at the 5� UTR
was altered by serum starvation. These novel splicing variants, excluding one of the canine splicing variants, were
found to reduce the translational efficiency. Additionally, the DNA sequence in humanBRCA2intron 1 harbored
novel cis-regulatory elements. Three silencer and two enhancer cis-regulatory elements were identified in human
BRCA2intron 1.

Conclusions:This study demonstrates that BRCA2 expression level is regulated via 5� UTR splicing variants and that
the BRCA2intron 1 region harbors cis-regulatory elements.
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Background
Breast cancer 2 early onset (BRCA2) is a tumor suppres-
sor gene encoding a protein that contributes to homolo-
gous recombination (HR)-mediated DNA repair [1]. As
BRCA2 plays a crucial role in DNA repair, deleterious
mutations in this gene have been reported to be associ-
ated with tumorigenesis in dogs and humans [2, 3]. Our
previous studies demonstrated that mutation and down-
regulation of BRCA2 were both associated with canine

mammary tumors [4, 5]. We identified loss of heterozy-
gosity as an underlying mechanism by which BRCA2 ex-
pression levels are reduced in canine mammary tumors
[6]. A recent study has revealed how haploinsufficiency
is induced byBRCA2 mutation [7]. Thus, downregula-
tion of BRCA2is one of the causes of tumorigenesis. In
cells, reduced or excessBRCA2 expression creates an
imbalance betweenBRCA2 and RAD51. RAD51 is a
DNA recombinase that interacts with BRCA2 and is re-
cruited to DNA damage sites to carry out strand inva-
sion, which is a vital step of homologous recombination.
The imbalance between these gene products affects HR
activity [8, 9]. These studies suggest that regulation of
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BRCA2 expression level is important for maintaining the
homeostasis of HR.

BRCA2 also contributes to HR in meiosis, and its ex-
pression level is higher in the gonads than in other tis-
sues. In germ cells, BRCA2 interacts with RAD51 and
DMC1, which are meiosis-specific DNA recombinases,
and recruits them to the recombination site to initiate
strand exchange [10]. In mice, insufficiency of BRCA2
leads to infertility, mostly because of failures in recom-
bination in germ cells [11]. Thus, the expression level
and function of BRCA2 is vital in germ cells, and regu-
lating the BRCA2 expression level is important for mei-
osis and maintaining DNA integrity. However, in
humans, relationships betweenBRCA2 mutations and
fertility have been controversial [12–14].

Several mechanisms have been reported to regulate
BRCA2 expression levels. For example, the transcription
factor nuclear factor-κB transactivates BRCA2 and p53.
ZAR1L and PARP1 were reported as repressors of BRCA2
[15–18]. Several microRNAs have been reported to down-
regulate BRCA2 expression. The overexpression of these
microRNAs have been identified to be associated with
tumorigenesis [19, 20]. At the protein level, BRCA2 is ubi-
quitinated by USP11 to undergo subsequent degradation
[21]. Although several factors are involved in regulating
BRCA2 expression, the underlying mechanisms still re-
main unclear. Another mechanism that could be regulat-
ing the expression is the production of splicing variants at
the 5′ untranslated region (UTR). Alternative splicing has
been previously reported to play an important role in the
regulation of gene expression [22]. It is thought that the
alternative start codons produce unexpected translation
products that reduce the levels of primary transcripts.
Splicing variants at the 5′ UTR also reduce translational
levels by forming a complex and bulky secondary struc-
ture that inhibits ribosome sliding.

In this study, we identified novel splicing variants at the
5′ UTR of canine BRCA2 in ovary and testis samples.
These splicing variants were also expressed in cultured
cells from humans and dogs. The expression levels varied
according to the condition of the cells. We also demon-
strated that these 5′ UTR splice variants affected the
translation efficiency. Surprisingly, the 5′ UTR sequences
of canine and humanBRCA2were also shown to play a
role in the regulation of transcriptional activity. This is the
first study to demonstrate that BRCA2 expression level is
regulated by 5′ UTR splicing variants. We also show that
the intron 1 region harbored cis-regulatory elements.

Results
A novel exon was identified between canineBRCA2 exons
1 and 2
We identified a novel exon between canineBRCA2exons
1 and 2 via RT-PCR using samples from two ovaries and

one testis (Fig.1 a). These PCR products were sequenced
to determine their splicing patterns (GenBank accession
no. LC547963, LC547964, LC547965, LC547966,
LC547967 and LC547968). We identified six splicing vari-
ants in addition to the annotated transcript (Fig.1 b).
These variants were identified between originally reported
exon 1 and exon 2 in 5′ UTR of canineBRCA2gene and
complied with the GU-AG rule (Supplemental Fig.1).
These splice variants resulted in mRNA transcripts that
varied in size from 248 bp to 988 bp. We referred to the
splicing variants as I-VI, I being the variant that encodes
the longest transcript and VI being the shortest. Novel
splicing variant I contained 8 possible start codons, which
potentially translate short and truncated proteins, and
splicing variant VI, the shortest variant, contained 5 pos-
sible start codons, whereas the registered sequence does
not have a start codon in the 5′ UTR (Supplemental
Fig. 1). It is not easy to determine the precise expression
level by RT-PCR, but splicing variants I, II, V, VI and reg-
istered sequence were the main transcripts (Fig.1 a). We
also tested the expression of these splicing variants in cul-
tured cells derived from dogs. All four cell lines showed
the presence of these spliced variants, similar to testis and
ovary tissues (Fig.1 c) and the splicing variants I, II, V, VI
and the registered variant showed higher mRNA levels.

Expression pattern and levels of splicing variants in
cultured cells were affected by serum starvation
The expression level of BRCA2 is regulated by the cell cycle
and the condition of the cells. Thus, we tested the effect of
serum starvation, which introduced G1 phase arrest, on cul-
tured cell lines. The expression pattern of splicing variants in
CHM-p cells changed due to serum starvation. However,
MDCK and CIP-p cells maintained the same expression pat-
tern even after serum starvation (Fig.2 a). In CNM-p cells,
expression levels of splicing variants III and IV and the regis-
tered sequence were reduced after serum starvation. In
CHM-p cells, levels of splicing variants VI and the registered
sequence were reduced after serum starvation (Figs.1 and 2
a). CNM-p and CHM-p cells also showed relatively increased
expression levels of splicing variant II compared to splicing
variant I upon serum starvation (Fig.2 a). In all the four cell
lines mentioned above, the expression level of BRCA2 was
reduced by serum starvation (Fig.2 b). The relative ratio of
expression levels of the BRCA2 variants with the shortest
registered sequence to total BRCA2 was also changed (Fig.2
c). MDCK and CIP-p cells showed an increased relative ex-
pression ratio of registered sequence, but it was decreased in
the cases of CNM-p and CHM-p (Fig.2 c).

Human cultured cell lines also expressed similar splicing
variants
Canine tissues and cultured cells expressed splicing vari-
ants in canineBRCA25′ UTR, and the expression ratio
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of these variants was regulated by the condition of the
cells. We hypothesized that regulation ofBRCA2 gene
expression via splicing variants could also be present in
humans. We tested this using two human derived cell
lines, HeLa and 293 T. Splicing variants including the
entire intron 1 sequence were expressed in these cell
lines (Fig.3 a and b, GenBank accession no. LC547969).
The novel splicing variant contained 9 possible start co-
dons, which potentially translate short and truncated

proteins, whereas the registered sequence did not have a
start codon in the 5′ UTR (Supplemental Fig.1). Al-
though the expression pattern of the splicing variants
was not changed by serum starvation, the relative ratio
of registered sequence and shorter splicing variant was
reduced or increased with a slight increase in BRCA2 ex-
pression level in HeLa or 293 T cells (Fig.3 c). We also
tested the effect of X-ray irradiation, as some genes have
been reported to change the ratio of splicing variants to

Fig. 1 Identification of novel splicing variants in canineBRCA2in ovary and testis.a RT-PCR products around the canineBRCA2intron 1 in two ovary
and one testis samples were electrophoresed. Splicing variants, referred to as splicing variant I-VI and registered sequence are indicated.b Diagram of
novel splicing variants in canineBRCA2intron 1. Arrows indicate primers using RT-PCR and nested-PCR.c RT-PCR products from canine cell lines were
electrophoresed and splicing variants excluding splicing variant III were detected. RT indicates RT-PCR products and non-RT indicates PCR products
without reverse transcription. Arrows indicate primers used in RT-PCR and nested-PCR
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regulate expression level in response to DNA damage
[23, 24]. However, the relative ratio of the registered se-
quence did not show any drastic change until 60 min
after 10 Gy X-ray treatment (Fig.3 e).

Novel splicing variants of canine and human BRCA2
suppressed translational efficiency
The novel splicing variants of BRCA2 were expressed in
canine tissues and both canine and human derived cell

Fig. 2 Serum starvation effects on expression pattern and ratio ofBRCA25� UTR splicing variants.a RT-PCR products between canineBRCA2exon 1
and exon 2 in four canine cell lines with or without 72-h serum starvation were electrophoresed. RT indicates RT-PCR products and non-RT indicates
PCR products of the templates without reverse transcription. SV and RS indicate splicing variant and registered sequence, respectively.b Relative
expression ratio of registered sequence (ordinary exon 1…2) versus total canineBRCA2expression (exon 26…27) in four canine cell lines was measured
by quantitative PCR. To quantify registered sequence, the exon 1 and 2 spanning primer was used.c Relative expression level of canineBRCA2
normalized by canineRPS18in four canine cell lines.•**Žindicatesp< 0.01
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Fig. 3 (See legend on next page.)
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