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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 human BRCA2
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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 in BRCA2
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 of BRCA2 were proposed. Novel splicing
variants were identified in the 5′ untranslated region (UTR) of canine and human BRCA2 in canine testis, canine
ovary, and canine and human cultured cell lines. In cultured cells, the ratio of BRCA2 splicing 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 human BRCA2 intron 1 harbored
novel cis-regulatory elements. Three silencer and two enhancer cis-regulatory elements were identified in human
BRCA2 intron 1.

Conclusions: This study demonstrates that BRCA2 expression level is regulated via 5′ UTR splicing variants and that
the BRCA2 intron 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 by BRCA2 mutation [7]. Thus, downregula-
tion of BRCA2 is one of the causes of tumorigenesis. In
cells, reduced or excess BRCA2 expression creates an
imbalance between BRCA2 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 between BRCA2 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 human BRCA2 were 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 canine BRCA2 exons
1 and 2
We identified a novel exon between canine BRCA2 exons
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 canine BRCA2 gene 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 canine BRCA2 5′ UTR, and the expression ratio
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of these variants was regulated by the condition of the
cells. We hypothesized that regulation of BRCA2 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 canine BRCA2 in ovary and testis. a RT-PCR products around the canine BRCA2 intron 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 canine BRCA2 intron 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 of BRCA2 5′ UTR splicing variants. a RT-PCR products between canine BRCA2 exon 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 canine BRCA2 expression (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 canine BRCA2
normalized by canine RPS18 in four canine cell lines. “**” indicates p < 0.01
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Fig. 3 (See legend on next page.)

Yoshikawa et al. BMC Molecular and Cell Biology            (2021) 22:2 Page 5 of 13



lines and these ratios were changed by the conditions in
which the cells were maintained. We speculated that
these splicing variants regulate the translational effi-
ciency of BRCA2. To evaluate the translational efficiency
of BRCA2, luciferase assay with quantitative PCR were
employed (Fig. 4 a). To evaluate the translational effi-
ciency, we designed plasmids containing CMV promoter
followed by each 5′ UTR variant sequence and lucifer-
ase. These constructs might also contribute to the sup-
pression of the transcriptional efficiency. Thus, to avoid
this effect, we quantified the expression level of firefly
luciferase and the transfection efficiency of the plasmid
DNA construct containing firefly luciferase gene and
genomic DNA of human BRCA2 exon 27 was deter-
mined via quantitative PCR. In canine BRCA2, the spli-
cing variants, I, II, V, VI, and the registered sequence
were the major variants in tissues and cell lines. Thus,
we evaluated these five variants. Figure 4 b and d shows
the relative expression level of firefly luciferase. Unex-
pectedly, splicing variants I and II of canine BRCA2 and
splicing variant I of human BRCA2 suppressed the CMV
promoter activity (Fig. 4 b and d). In parallel, luciferase
assay was performed to evaluate the translational activ-
ity. The values of the transcriptional activity were used
to normalize the relative translational activity. The spli-
cing variants of canine BRCA2 excluding splicing variant
I and splicing variant I of human BRCA2 were found to
be associated with decreased translational activity (Fig. 4
c and e).

Intron 1 of canine and human BRCA2 also suppressed
BRCA2 promoter activity
Novel splicing variants of canine and human BRCA2
suppressed CMV promoter activity in addition to the
translational suppression. Thus, we next tested the effect
of the DNA sequence of various splicing variants on
BRCA2 promoter activity. Prior to this, canine and hu-
man BRCA2 intron 1 regions were compared to find
conserved DNA sequences, because the novel exon re-
gion identified in intron 1 was different from the regis-
tered sequence and conserved sequence had the greatest
potential to be a silencer element (Fig. 5). Three con-
served regions were identified in canine and human

BRCA2. A conserved 15 bp 5′-terminal region was lo-
cated in the BRCA2 promoter. The other two regions,
human BRCA2 + 460 − + 617 bp and + 732 − + 942 bp,
were also found to be conserved within canine BRCA2
intron 1. Thus, we expected these two conserved DNA
sequences to have a silencer element. Because canine
BRCA2 splicing variant II, which did not have 3′-ter-
minal 95 bp of intron 1, still suppressed the effect of
CMV promoter activity, thus the sequence around +
460 − + 841 bp in human BRCA2 (corresponding + 413
− + 787 bp in canine BRCA2) should also be associated
with silencer elements. To avoid translational effects, the
human BRCA2 intron 1 region without promoter se-
quence (− 187 − + 310 bp) was inserted upstream of hu-
man BRCA2 promoter (Fig. 6 a). As expected, + 443–
843 bp region in human BRCA2 decreased the promoter
activity similar to human BRCA2 intron 1 region (+
311–942 bp). Next, we attempted to identify where the
silencer element was located within the 500 bp sequence.
Sequential deletion mutants in 5′ and 3′ ends were
compared with the promoter activity (Fig. 6 b and c).
The + 743 − + 842 bp region contained a cis-regulatory
silencer element (Fig. 6 c). The region of + 443 − + 542
bp also contained a silencer, as the presence of this re-
gion showed significantly reduced promoter activity than
that of the + 543 − + 842 bp region (Fig. 6 c) and the +
443 − + 542 bp region tended to reduce the promoter ac-
tivity but it was not significant (Fig. 6 b; p = 0.0295, by
Holm’s method; p value < 0.0125 was considered signifi-
cant.). Unexpectedly, the region around + 643 − + 742 bp
harbored an enhancer element, and the + 543 − + 642 bp
region contained a silencer element (compare Fig. 6 c to
Fig. 6 b). Thus, we speculated that cis-regulatory ele-
ments could be separated in some constructs. To study
this region in detail, three distinct constructs were tested
(Fig. 6 d). As we expected, the + 593 − + 692 bp region
contained a silencer element. However, surprisingly, the
+ 543 − + 642 bp region acted as an enhancer element.
To identify the enhancer elements around + 742 bp in
intron 1, we also analyzed the + 693 − + 792 bp region
(Fig. 6 e). This region showed slightly decreased BRCA2
promoter activity. Thus, we concluded that the silencer
and enhancer elements were too close to be separated,

(See figure on previous page.)
Fig. 3 Human cell lines, HeLa, and 293 T cells also expressed splicing variants. a RT-PCR products between human BRCA2 exon 1 and exon 2 in
HeLa and 293 T cell lines with or without 48-h serum starvation were electrophoresed. RT indicates RT-PCR products and non-RT indicates PCR
products using the templates without reverse transcription. Arrows indicates primers using RT-PCR and nested-PCR. “§” indicates PCR products
with first PCR primers. b Diagram of novel splicing variants in human BRCA2 intron 1. Arrows indicate primers used in RT-PCR and nested-PCR. c
Relative expression ratio of registered sequence (ordinary exon 1–2) versus total human BRCA2 expression (exon 25–26) in HeLa and 293 T cells
was measured via quantitative PCR. To quantify the level of the registered sequence, the exon 1 and 2 spanning primer was used. d Relative
expression level of human BRCA2 normalized using human RPS18 in HeLa and 293 T cells. e HeLa cells treated with 10 Gy X-rays were harvested
at the indicated time points after irradiation. The relative expression ratio of registered sequence (ordinary exon 1–2) versus total human BRCA2
expression (exon 25–26) was measured as in Fig. 3 (c). “**” indicates p < 0.01. “N. S.” indicates not significant
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and the effect of the silencer element in this region was
stronger than the enhancer element.

Discussion
BRCA2 expression levels must be tightly regulated, in
particular to maintain a balance between the expression
level of BRCA2 and RAD51, which is required for effect-
ive HR [9, 25]. Here, we identified a new translation
regulation mechanism in both canine and human
BRCA2, which is mediated by splicing variants at the 5′
UTR that have been reported to usually regulate gene
expression [22]. All canine BRCA2 splicing variants ex-
cluding splicing variant I and human BRCA2 splicing
variant I decreased translational efficiency.
The expression ratios of these splicing variants were

altered by the condition of the cells. In CNM-p and
CHM-p canine cultured cells, the ratio of transcripts
without the intron 1 region compared to total BRCA2
was decreased after serum starvation, which induced G1
phase arrest. Especially in CNH-p and CHM-p cells, the
splicing variant pattern was also shifted to favor the long
form after serum starvation. Splicing variants containing
the intron 1 region, excluding canine splicing variant I,
showed decreased translational activity. Thus, in these
cells, BRCA2 protein levels were decreased via suppres-
sion of translation. MDCK and CIP-p canine cells dem-
onstrated an increased ratio of splicing variants without
the intron 1 region after serum starvation. In addition to
this, the decreased level of BRCA2 mRNA in these cells
was relatively not as significant as in case of CNM-p and
CHM-p cells. Thus, these cells seemed to maintain the
BRCA2 protein level after serum starvation. Like canine
cell lines, there were two types of responses in human
cells. In HeLa cells, the ratio of transcripts without the
intron 1 region versus total BRCA2 was decreased,
whereas it increased in 293 T cells. Splicing variant I of
human BRCA2 showed decreased translational activity.
Thus, in HeLa cells, the BRCA2 protein level was de-
creased via suppression of translation, but not increased
in 293 T cells. However, why there is a difference in re-
sponse is not clear. We speculated that the sensitivity to
the serum starvation was associated with BRCA2 expres-
sion level and splicing variant ratio, because CNM-p and

CHM-p cells were more sensitive to serum starvation
than MDCK cells (data not shown). We also speculated
that these splicing variants contributed to the protein
expression after X-ray irradiation, as greater amounts of
transcripts of splicing variants were induced in response
to DNA damage [23, 24]. However, the ratio of splicing
variants was not altered by irradiation, thus the novel
splicing variant of BRCA2 at 5′ UTR was not affected by
DNA damage.
The mechanisms underlying the suppression of ex-

pression by these novel splicing variants are unknown,
but there are two possibilities based on the reports on
the regulation of other genes [22]. First, regulation may
occur through the upstream start codon in the 5′ UTR.
The upstream start codons translate short or truncated
proteins and prevent the production of the main open
reading frame products [22]. Each novel splicing variant
of canine BRCA2 possesses 5–8 start codons which po-
tentially translate short peptides or truncated proteins.
As the reference sequence does not contain a start
codon in the 5′ UTR, these upstream start codons in the
5′ UTR potentially prevent translation efficiency of the
primary open reading frame. The second possibility in-
volves the RNA secondary structure. Both novel splicing
variants showed complex and bulky structures according
to a secondary RNA structure prediction program. This
type of structure obstructs ribosome sliding and scan-
ning. Some genes are regulated by the RNA secondary
structure of splicing variants at the 5′ UTR [22]. Al-
though splicing variant I of canine BRCA2 still possessed
similar translational activity compared to the registered
sequence, canine and human BRCA2 are potentially reg-
ulated by these mechanisms.
The sequence of the splicing variants affected tran-

scription efficiency as well as translation. Thus, canine
and human intron 1 regions in the genomic DNA act as
cis-regulatory elements. A few studies have described
BRCA2 promoter silencer elements, but this is the first
study to show that this region, which is a part of the
BRCA2 intron 1, functions as cis-regulatory elements
[15–17, 26]. First, we expected that there had been only
a silencer element in intron 1, but our thorough analysis
indicated that this region consisted with at least three

(See figure on previous page.)
Fig. 4 Effect of novel splicing variants on transcription/translation activity in cells. a Schematic diagram depicting how the transcriptional and
translational activity were measured. Firefly luciferase expression vectors with each splicing variant and Renilla luciferase expression vector were
transfected to HeLa cells followed by DNA, mRNA, and protein extraction after 48 h. The relative expression level of firefly luciferase mRNA was
measured through quantitative PCR normalized with the house-keeping gene human RPS18 and the transfection efficiency by genomic luciferase
and human BRCA2 exon 27 region from DNA samples. To determine the efficiency of translation activity, firefly and Renilla luciferase activity were
detected using dual-luciferase reporter assay normalized by transcriptional activity. b Relative transcriptional efficiency of canine BRCA2 splicing
variants containing luciferase vector. c Relative translational efficiency of canine BRCA2 splicing variants containing luciferase vector. d Relative
transcriptional efficiency of human BRCA2 splicing variants containing luciferase vector. c Relative translational efficiency of human BRCA2 splicing
variants containing luciferase vector. “**” indicates p < 0.01
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Fig. 5 Alignment of canine and human BRCA2 intron 1. Canine and human BRCA2 intron 1 were aligned by BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Three regions are conserved between canine and human BRCA2 intron 1. The lower panel shows a dot plot view of the alignment
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Fig. 6 (See legend on next page.)
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silencer elements and two enhancer elements. Support-
ing this notion, in human BRCA2 intron 1, accumulation
of histone H3K27Ac, which indicates the presence of ac-
tive promoter and enhancer regions, were reported by
the UCSC genome browser (https://genome.ucsc.edu).
We did not investigate which trans-regulatory elements
interact with this novel cis-regulatory element. This
point will be the next important research issue to under-
stand how BRCA2 expression is regulated.
Although BRCA2 was identified more than a twenty-

five year ago and many studies of this gene have been re-
ported in humans, canine and mice, the regulatory sys-
tem identified in this study has not been previously
reported. Both canine and human BRCA2 had similar
splicing variants, thus it seemed that mammalian BRCA2
employs splicing variants at the 5′ UTR as an expression
regulation system. Parts of the intron 1 region were con-
served between human and canine, thus transcriptional
regulation by the novel cis-regulatory element also
seemed to be conserved in mammals. These points are
interesting when considering the evolution of BRCA2.

Conclusions
In this study, we identified novel splicing variants at the
5′ UTR of canine and human BRCA2 in canine ovary
and testis and canine and human cell lines. These spli-
cing variants reduced the translation efficiency of the
gene. The expression ratio of splicing variants was al-
tered depending on the conditions in which the cells
were maintained. Unexpectedly, the intron 1 sequence
in BRCA2 also suppressed transcription efficiency. This
led to the identification of silencer and enhancer cis-
regulatory elements in BRCA2 intron 1 region. Although
further studies are needed to determine how the splicing
variants regulate translation and how novel cis-
regulatory elements affect transcription, our data sug-
gests that the BRCA2 expression level was regulated by
the novel splicing variants at the 5′ UTR and cis-
regulatory elements in intron 1 in canine and human.

Methods
Cell culture
All cultured cells were grown in 100 mm plastic dishes
containing 10 mL of Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at
37 °C under humidified 5% CO2–95% air.

RNA extraction for reverse-transcription PCR
Two ovary and one testis samples from three 1-year-old
mixed breed dogs were obtained from the Honda Ani-
mal Hospital. This sampling was done as part of contra-
ception or castration under general anesthesia by
veterinarians. These tissue samples in RNAlater solution
(Life Technologies, Carlsbad, CA, USA) and all cultured
cell pellets were stored at − 80 °C until they were proc-
essed for RNA extraction using TRIzol RNA Isolation
Reagents (Life Technologies, Carlsbad, CA, USA) as pre-
viously described [27]. All experimental procedures were
approved by and conducted in accordance with the
Guidelines for Institutional Laboratory Animal Care and
Use of the School of Veterinary Medicine at Kitasato
University, Japan (Approval Number: 11–065).

Reverse-transcription-PCR and nested PCR
Reverse-transcription of RNA were performed using
SuperScript™ IV VILO™ Master Mix (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s in-
structions. To amplify canine and human BRCA2, each
reaction mixture contained 100 ng of genomic DNA as a
template, and 300 nM forward and reverse primers
(Table 1), and KOD One PCR master mix (Toyobo,
Osaka, Japan) was used with a total volume of 100 μL.
PCR conditions included one cycle of initial denatur-
ation for 10 s at 98 °C, followed by 25 cycles with 10 s of
denaturation at 98 °C, 25 s of annealing and elongation
at 68 °C, and a final extension step of 1 min at 68 °C.
The PCR products were diluted 100–2000 times and
PCR was performed with same conditions using nested-
PCR primer sets. The PCR products were sequenced to
identify the splicing variants.

Luciferase assay
Approximately 2 × 105 HeLa cells were transiently co-
transfected with 20 ng canine or human BRCA2 5′ UTR
and firefly luciferase cloned pcDNA3 (Invitrogen) or
pGL4 (Promega) vectors and 10 ng pRL-TK (Promega)
using FuGENE HD Transfection Reagent (Roche Diag-
nostics, Basel, Switzerland). Forty-eight hours after
transfection, the cells were lysed in Passive Lysis Buffer
(Promega). Firefly and Renilla luciferase activities were
measured using the Dual-Luciferase Reporter Assay Kit
(Promega) according to the manufacturer’s instructions.

(See figure on previous page.)
Fig. 6 Effect of human BRCA2 intron 1 region on transcription activity. Human BRCA2 intron 1 region was inserted upstream of human BRCA2 promoter region
(− 187−+ 310 bp) to measure the transcriptional activity using dual-luciferase reporter assay. a The promoter activities of the entire intron 1 region without
promoter (+ 311−+942 bp) and conserved central 500 bp (+ 443−+842 bp) were measured. The promoter activities of sequential 100 bp deletion from 3′
end (b) and 5′ end (c) were compared. d and e To analyze in more detail the cis-regulatory elements in human BRCA2 intron 1, the indicated 100 bp of human
BRCA2 intron 1 was inserted upstream of human BRCA2 promoter and compared. “*” indicates p<0.05 compared with the construct that only had the BRCA2
promoter. “N. S.” indicates not significant.
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Transfection efficiency was normalized by measuring
Renilla luciferase activity.

Quantitative real-time PCR
RNA was extracted from the transfected cells using the
CellAmp™ Direct RNA Prep Kit for RT-PCR (Real Time)
(Takara, Japan), and cDNA synthesis was performed as
described above. Genomic DNA was also prepared using
a Gentra Puregene Cell Kit (Qiagen, Hilden, Germany).
Quantitative real-time polymerase chain reaction (qPCR)
was carried out in a StepOnePlus Real-Time PCR Sys-
tem (Life Technologies, Carlsbad, CA, USA) using a
KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Wil-
mington, MA, USA) and 200 nM of each primer (Table
1). The PCR cycling conditions were as follows: an initial
denaturation of 95 °C for 20 s followed by 40 PCR cycles
of 95 °C for 3 s and 60 °C for 30 s. Melting curves were
generated at the end of each real-time PCR run to en-
sure that a single specific product was amplified. Each
sample was evaluated in triplicate. The housekeeping
gene canine or human RPS18 was used as an internal
reference for normalization. The human BRCA2 exon 27
region and firefly luciferase from genomic DNA samples
were used to normalize the transfection efficiency.

Treatment with ionizing radiation
Approximately 2 × 105 HeLa cells were seeded into 4-
well plates. After 24 h, irradiation of HeLa cells in Dul-
becco’s modified Eagle’s medium supplemented with
10% fetal bovine serum was carried out in a MX-80Labo
(mediXtec Japan, Japan) for a total dose of 10 Gy (dose
rate; 0.67 Gy/min) at room temperature. Irradiated cells
were incubated at 37 °C under humidified 5% CO2–95%

air and after the indicated time, the cells were harvested
and the RNA was extracted.

Statistical analysis
To compare two groups, statistical analyses were per-
formed using an F test followed by Student’s t-test. To
compare more than three groups, one-way analysis of
variance with Dunnett’s test or F test followed by Stu-
dent’s t-test correcting with Holm’s method was
performed.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12860-020-00336-4.

Additional file 1: Fig. S1. Messenger RNA base sequences encoded by
exon 1-intron 1-exon 2 region of canine and human BRCA2. Bold charac-
ters indicate possible start codons and bold AUG with box indicates ac-
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