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Abstract

Background Carbonyl reductase 1 (CBR1) is a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent reduc-
tase with broad substrate specificity. CBR1 catalyzes the reduction of numerous carbonyl compounds, including quinones,
prostaglandins, menadione, and multiple xenobiotics, while also participating in various cellular processes, such as carcino-
genesis, apoptosis, signal transduction, and drug resistance. In this study, we aimed to generate transgenic mice overexpress-
ing mouse Cbrl (mCbrl), characterize the mCbr1 expression in different organs, and identify changes in protein expression
patterns.

Methods and Results To facilitate a deeper understanding of the functions of CBR1, we generated transgenic mice overex-
pressing CBR1 throughout the body. These transgenic mice overexpress 3xFLAG-tagged mCbrl (3XxFLAG-mCbrl) under
the CAG promoter. Two lines of transgenic mice were generated, one with 3xFLAG-mCbr1 expression in multiple tissues,
and the other, with specific expression of 3XFLAG-mCbrl1 in the heart. Pathway and network analysis using transgenic mouse
hearts identified 73 proteins with levels of expression correlating with mCbrl overexpression. The expression of voltage-
gated anion channels, which may be directly related to calcium ion-related myocardial contraction, was also upregulated.
Conclusion mCbrl transgenic mice may be useful for further in vivo analyses of the molecular mechanisms regulated by
Cbr1; such analyses will provide a better understanding of its effects on carcinogenesis and cardiotoxicity of certain cancer
drugs.
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Introduction dinucleotide phosphate (NADPH)-dependent reductase
with broad substrate specificity [1]. This enzyme catalyzes
the reduction of various carbonyl compounds, including
quinones, prostaglandins, menadione, and various xenobi-
otics. CBRI regulates prostaglandin E2 (PGE2), which is
important for proliferation and angiogenesis [2], catalyzes
the reduction of the anticancer anthracyclines doxorubi-
cin and daunorubicin, and enhances the production of the
cardiotoxic substances doxorubicinol and daunorubicinol
[2-5]. Inhibitors of CBR1 have been shown to cause the
accumulation of reactive aldehydes and enhance oxidative
stress, thus, altering tissue responses. Therefore, new sub-
strates and inhibitors are being investigated to inhibit the
negative effects of CBR1 [6-8].

Carbonyl reductase 1 (CBR1) is a nicotinamide adenine
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We have previously shown that PGE2 is involved in can-
cer cell proliferation and angiogenesis [9], and that higher
CBRI1 expression is associated with a better prognosis in
female cancer patients [10]. Furthermore, overexpression of
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human CBR1 (hCBR1) in human ovarian cancer cells was
found to inhibit cell growth [11, 12], and hCBR1 inhibits
the development of certain malignancies, such as cervical
cancer, uterine sarcoma, and non-small cell lung carcinoma
[13—15]. Thus, CRBI protein might be used as a poten-
tial anticancer drug. In considering such treatment, it will
be important to evaluate the effects of increased levels of
CBRI1 in the whole body to estimate its side effects.

The aim of this study was to generate transgenic mice
overexpressing mouse Cbrl (mCbrl), characterize mCbr1
expression in various organs, and use a proteomic approach
to identify changes in protein expression patterns in these
transgenic mice. In future, these mice might be useful for
examining the inhibitory effect of mCbrl overexpression on
carcinogenesis (e.g., ovarian cancer) by mating with mouse
models of cancer.

Materials and methods
Generation of transgenic mouse lines

The coding region of mChri in pCMV6-AC-GFP-mCbrl
(OriGene, Rockville, MD, USA) was amplified by PCR
using primer No. 7 and 8 (Table S1). The amplicon was
inserted between the Nofl and EcoRV sites in p3xFLAG-
CMV7.1 (Sigma-Aldrich, Tokyo, Japan) using In-Fusion
HD Cloning Kits (Takara Bio, Inc., Kusatsu, Japan). The
resulting plasmid p3xFLAG-CMV7.1-mCbrl was digested
with Eco53KI and Sall to construct pCAG1.1-3xFLAG-
mCbrl, and the coding region of 3xFLAG-mChrl was
cloned into the EcoRV and Sall sites of pCAG1.1 [16].
pCAGI1.1-3xFLAG-mCbrl1 was digested with Sac I and Pac
I, and the expression cassette, including the CAG promoter
and 3xFLAG-mCbrl1 (Figure S1), was microinjected into the
pronuclei of C57BL/6 N fertilized eggs. The injected eggs
were transferred to the oviducts of pseudopregnant ICR
female mice. Three weeks after birth, a tailpiece of each
mouse was subjected to genomic DNA (gDNA) extraction
followed by genotyping PCR to confirm germline transmis-
sion. All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee at the Research
Institute for Microbial Diseases, Osaka University (4111)
and Hirosaki University (M19024). This study complied
with the ARRIVE guidelines. All methods were performed
in accordance with the relevant guidelines and regulations.

Genotyping
To genotype founder mice, gDNA was extracted from each

mouse using DNeasy Blood & Tissue Kits (QIAGEN,
Tokyo, Japan) and was subjected to PCR with KOD FX
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(Toyobo Life Science, Osaka, Japan) and primer No. 11
and 12 (Table S1). The amplification protocol consisted of
an initial denaturation at 94 °C for 2 min, followed by 30
cycles of denaturation at 98 °C for 10 s, annealing at 66 °C
for 30 s, and extension at 68 °C for 1 min. After the first gen-
eration, mice were PCR genotyped using primer No. 16 and
12 (Table S1), with primer No. 27 and 33 used to confirm
the insertion sites and No. 29 and 44 used to confirm the
directions of the transgenes (Table S1). If necessary, ampli-
cons were subjected to DNA sequencing analysis (Eurofins
Genomics, Tokyo, Japan).

Quantification of the copy numbers of the
transgene

The number of copies of the mChrl gene of each founder
mouse, was evaluated by real-time PCR with gDNA using
Thunderbird SYBR qPCR Mix (Toyobo Life Science).
Endogenous and transgenic mChrl genes were amplified
using primer No. 51 and 52 (Table S1). The number of cop-
ies of the mChrl gene was normalized relative to that of the
GAPDH gene, which was amplified using primer No. 26576
and 26577 (Table S1). The relative copy number in trans-
genic mice was determined by comparison with the number
of copies of the endogenous mChrl gene in wild type (WT)
mice. In this context, the numbers of the transgene can be
calculated by subtraction of that of the endogenous gene
(two copies).

Next-generation sequencing (NGS) analysis

Whole-genome sequencing was performed to examine the
insertion sites of the transgenes in the genome. Libraries
were prepared using the Illumina DNA PCR-Free Prep,
Tagmentation (Illumina, San Diego, CA, USA). Sequenc-
ing was performed on the NovaSeq 6000 (Illumina). The
NGS data were analyzed using Transgene R (https://github.
com/menggf/transgeneR) [17] by Tohoku Chemical Co.,
Ltd. (Iwate, Japan). Then, the NGS data were mapped onto
the reference genome GRCm38.

Analysis of insertion locations based on the
information in NGS

DNA was PCR amplified using primers constructed at sites
40-300 bp from the insertion sites (No. 27 and 33, and No.
29 and 44; Table S1), followed by sequencing analysis of
the resulting PCR products.


https://github.com/menggf/transgeneR
https://github.com/menggf/transgeneR
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RNA extraction and reverse transcription (RT)

Total RNA was isolated from mouse organs using Isogen 11
(Nippon Gene, Tokyo, Japan), according to the manufactur-
er’s protocol. RT reactions were performed with ReverTra
Ace qPCR RT Master Mix with gDNA Remover (Toyobo
Life Science). The resulting cDNA was subjected to quan-
titative real-time PCR using Thunderbird SYBR qPCR
Mix (Toyobo Life Science). Endogenous and transgenic
mCbhrl cDNA were amplified using primer No. 51 and 52
(Table S1). The levels of mCbhrl cDNA were normalized
relative to those of 18S rRNA cDNA, which was amplified
using primer No. 26773 and 26774 (Table S1). Differences
between the three groups were determined by one-way
ANOVA followed by Tukey’s test, with p<0.05 defined as
statistically significant. All statistical analyses were per-
formed using IBM SPSS ver. 26.0 statistics software (IBM,
Chicago, Illinois).

Protein extraction and the immunoblot analysis

The mice were euthanized, and eight organs (brain, heart,
lung, liver, spleen, kidney, uterus, and ovary) were removed.
Each organ was homogenized on ice in RIPA buffer (Fuji-
film Wako, Osaka, Japan) containing protease inhibitors
(cOmplete Tablets, Mini EDTA-free EASY pack, Roche,
Basel, Switzerland). Equal amounts of protein were loaded
on 5-20% SDS-polyacrylamide gels (Fujifilm Wako), elec-
trophoresed, and transferred to polyvinylidene difluoride
membranes. After blocking with Tris buffer saline (TBS)
containing 0.05% Tween-20 and 5% skim milk, the mem-
branes were incubated overnight at 4 °C with primary anti-
body, either anti-CBR1 (ab-186825, Abcam, Cambridge,
UK), anti-GAPDH (014-25524, Fujifilm Wako) or anti-f-
actin (M177-3, MBL, Tokyo, Japan). After washing with
TBS containing 0.05% Tween-20, the membranes were
incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody, either anti-rabbit
IgG-HRP (NA9340V, GE Healthcare, Pittsburgh, PA) or
anti-mouse IgG-HRP (NA9310V, GE Healthcare). ECL
Prime (GE Healthcare) was used for detection of proteins of
interest with chemiluminescent signals.

Immunohistochemistry

For immunohistochemical examination, hearts were
fixed with formalin, embedded in paraffin. They were
then sectioned at a thickness of 4 um; the sections were
mounted on saline-coated glass slides. Deparaffinized sec-
tions were incubated with a rabbit polyclonal anti-CBR
antibody (NBP1-86595, Novus Biologicals, Colorado)
using the BOND polymer refine detection system (Leica

BOND-MAX). The tissue sections were subsequently
stained with 3,3’-diaminobenzidine (DAB) and counter-
stained with hematoxylin.

Cellular proteomic analysis of hearts by liquid
chromatography (LC)-mass spectrometry (MS)/MS

Proteins were extracted from the hearts of WT and trans-
genic mice (n=3 each), as described above. The concentra-
tions of extracted proteins were determined using the BCA
method, with albumin as the standard protein. Sample vol-
umes were adjusted so that each sample contained 20 pg
of protein, and the proteins were precipitated with chilled
acetone. These proteins were denatured with 50% trifluo-
roethanol, followed by reduction and alkylation. The pro-
teins were incubated with trypsin, and the resulting peptides
were desalted and subjected to LC-MS/MS using a nanoL.C
Eksigent 400 system (AB Sciex, Framingham, MA, USA),
coupled online to an TripleTOF6600 mass spectrometer
(AB Sciex).

Data analysis

Acquired spectra were searched against the UniProt data-
base using the Paragon algorithm embedded in ProteinPilot
5.0.1 software program (AB Sciex). The search parameters
consisted of (i) sample type: identification, (ii) Cys alkyla-
tion: iodoacetamide, (iii) digestion: trypsin, (iv) instru-
ment: TripleTOF 6600, (v) species: Mus musculus, (vi) ID
focus: biological modifications, and (vii) detected protein
threshold: >0.05 (10% confidence). To enable curve fit-
ting using an independent FDR analysis [18], the detected
protein threshold was set at the minimum level to enhance
the number of wrong answers. Positive identifications were
considered when identified proteins and peptides reached a
1% local FDR [19]. The resulting group file was loaded into
PeakView (ver. 2.2.0, AB Sciex), and peaks from SWATH
runs were extracted with a peptide confidence threshold
of 99% and a false discovery rate of <1%. The SWATH
files were exported to MarkerView software program (ver.
1.3.0.1; AB Sciex), and the peak areas of individual peptides
were normalized relative to the sum of the peak areas of all
detected peptides.

Statistical analysis

Proteomics data were analyzed by Welch’s t-test in Marker-
View 1.3 software (AB Sciex) to determine statistically
significant differences in protein levels between experi-
mental groups. Statistical significance was set at p<0.05.
Principal component analysis and orthogonal partial least
square-discriminant analysis (OPLS-DA) were performed
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as multivariate analyses using Simca software (Infocom
Corp., Tokyo, Japan). Pareto scaling was applied to the nor-
malized peak area values acquired by SWATH before the
analyses, representing a compromise between the extremes
of no scaling and unit variance scaling. After centering, each
spectral variable was divided by the square root of its stan-
dard deviation. A principal component analysis score scat-
ter plot of the first two principal component scores, which
accounted for 55.0% of the original variation, is shown in
Figure S2. There were no major outliers. In the proteomics
dataset, good discriminant models were constructed using
OPLS-DA (Figure S3); however, due to variations in mCbr1
protein levels, proteins that correlated with levels of mCbrl
were analyzed. Hierarchical clustering and correlation
analyses were performed using R with the MetaboAnalyst
package [20, 21]. Spearman’s rank correlation was used to
measure distance. The threshold for correlation and proteins
seemingly related to mCbr1 was set at a -log,, (p-value) that
exceeded 1.3.

Network analysis using ingenuity pathway analysis
(IPA)

Networks were generated by IPA (QIAGEN) using inputs of
UniProt IDs and fold changes of significantly differentially
regulated proteins (p <0.05) or proteins that correlated with
CBR1 expression.

Results

Generation of transgenic mice overexpressing
mCbr1

To generate transgenic mice expressing 3xFLAG-tagged [22,
23] mCbrl (3xFLAG-mCbrl), we constructed pCAG1.1-
3xFLAG-mCbrl, a plasmid expressing 3xFLAG-mCbrl
under the control of the CAG promoter. The 3xFLAG-
mCbrl expression cassette of pCAG1.1-3xFLAG-mCbrl
was microinjected into the pronuclei of fertilized eggs
from C57BL/6 N mice to generate founders. Genotyp-
ing showed the presence of the transgene in five of the 37
founder mice (Figure S4). Crossing each of these founders
with WT C57BL/6 N mice showed that two of the five did
not produce next-generation mice possessing the transgene,
and that one produced the third generation of crossed mice.
However, half of the generated mice died within a few days
of birth and the other half could not develop normally. We,
therefore, discontinued our efforts of maintaining this strain.
Nonetheless, two strains, No. 7 (Tg7) and No. 15 (Tgl5)
grew healthily and normally and survived for more than 2
years. The average litter sizes were 7.1 and 8.3 for Tg7 and
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Tgl5, 40.1% and 41.3% of which maintained the transgene,
respectively. The sex ratios (male: female) of these offspring
were 1: 0.79 and 1: 2.32 for Tg7 and Tgl5, respectively. No
apparent behavioral abnormalities were observed in either
strain, and both were therefore established as lines.

Analysis of the copy number and insertion sites of
the 3xFLAG-mCbr1 transgenes.

Quantitative real-time PCR using equal amounts of gDNA
from WT, Tg7, and Tg15 mice was performed to determine
the number of 3xFLAG-mCbrl transgene copies in each of
these mice. Based on the number of mCbhrl copies in WT
mice, the mean relative numbers of copies in Tg7 and Tgl5
mice were 2.73 and 4.78, respectively (Fig. 1a), indicating
that one and three copies of the 3xFLAG-mCbrl transgene
had been inserted into the genomes of Tg7 and Tgl5 mice,
respectively. Next, NGS analysis using gDNA from Tg7 and
Tgl5 mice was performed to determine the insertion sites
of the transgene. Three potential insertion sites on chromo-
some 4 (3,089,737, 3,090,085; and 3,090,920) were identi-
fied in Tg7 mice, and two insertion sites on chromosome
X (75,970,745 and 75,973,675) were identified in Tgl5
(Fig. 1b). In Tg7 mice, one copy of the 3xFLAG-mCbrl
transgene was inserted into one of these potential insertion
sites on chromosome 4 (Fig. 1a and b). Since these potential
insertion sites are present within a repeat sequence region,
we were unable to design an appropriate primer set to con-
firm the insertion site. In Tgl5, three copies of the 3xFLAG-
mCbrl transgene may have been inserted into one of the
two potential insertion sites on chromosome X (Fig. 1a and
b). Alternatively, two copies may have been inserted into
one potential insertion site and one copy into the other site.
Insertion sites and directions of insertion were assessed by
genotyping PCR. Genotyping PCR with two primer sets
was found to successfully amplify the target DNA regions
(Figure S5). The amplified DNA sequences were further
confirmed by DNA sequencing. These results show that two
transgene copies have been inserted into each site as identi-
fied by NGS analysis, although the insertion pattern of the
third copy remains unclear. Notably, no coding genes were
detected between the identified insertion sites.

Confirmation of overexpression of the 3xFLAG-
mCbr1 mRNA and protein

The levels of 3xFLAG-mCbrl mRNA expression were
evaluated in eight organs (brain, heart, lung, liver, spleen,
kidney, uterus, and ovary) of female mice by RT followed
by quantitative real-time PCR (Fig. 2). Abundant expres-
sion of mChrl mRNA was observed in the hearts of Tg7
mice, and in the brains, hearts, lungs, kidneys, and ovaries
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Fig. 1 Copy numbers and insertion sites of the 3xFLAG-mCbrl gene
in transgenic mouse lines

(a) Number of mChri gene copies. gDNA samples of WT, Tg7, and
Tgl5 mice were subjected to real-time quantitative PCR to determine
the number of copies of the mCbhrI gene. The relative number of cop-
ies of 3xFLAG-mCbrl in Tg7 and Tgl5 mice was calculated based on

of Tgl5 mice. Next, the immunoblot analysis using an anti-
Cbr1 antibody was performed to compare expression levels
of mCbrl proteins. The immunoblot analysis showed that
the 3XFLAG-mCbr1 protein was overexpressed only in the
hearts of Tg7 mice, but more widely (brain, heart, lung,
spleen, kidney, uterus, and ovary) in Tgl5 mice (Fig. 3).
Thus, both RT-PCR and the immunoblot analysis showed

the number of copies of mCbrl in WT mice (2 copies). (b) Schematic
diagram showing the insertion sites of the 3xFLAG-mCbrl transgene
in transgenic mouse lines. Insertion sites were identified by NGS anal-
ysis. Based on the number of copies of mChr/ in WT mice, one copy
of 3xFLAG-mCbrl is inserted at the indicated site in Tg7 mice, and
three copies are inserted at the indicated site in Tgl5 mice

that 3xFLAG-mCbrl was abundantly expressed in the
hearts of both mouse lines.
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Fig.2 mCbrImRNA levels in the organs of transgenic mice

The mRNA expression levels of mCbr! in the eight indicated organs
were determined by quantitative real-time PCR and were normalized
relative to the levels of expression of /85 ¥YRNA. The mean levels (n=3
or 6) of mChrl mRNA were calculated and are shown as red horizontal
lines. *p<0.05, **p<0.01 vs. WT, calculated using one-way ANOVA
followed by Tukey’s test

Evaluation of mCbr1 protein expression in the
myocardium by immunostaining

Considering that mCbrl was abundantly expressed in the
hearts of transgenic mice, we evaluated the expression of
mCbrl in the myocardium of female mice by immunostain-
ing (Fig. 4). In transgenic mice, mCbr1 expression increased
in the heart muscle bundles of the ventricles. Interestingly,
the hearts of Tgl5 mice showed a mixture of strongly
stained and unstained cells, which could be attributed to
the 3xFLAG-mCbr1 transgenes inserting into chromosome
X, with one X chromosome in each cell being inactivated
randomly during cellular differentiation (X chromosome
inactivation). Images of tissue sections showed a tendency
toward hypertrophy in the hearts of Tg7 and Tgl5 mice,
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although differences between these mice and WT mice were
marginal.

Alteration of protein expression patterns by
overexpression of 3XFLAG-mCbr1

Lastly, we examined how overexpression of 3xFLAG-
mCbrl affects cellular homeostasis. Quantification of pro-
tein expression in the hearts of WT and transgenic mice by
mass spectrometry analysis revealed that overexpression
of 3xFLAG-mCbrl altered the expression levels of 1,169
proteins. Spearman’s rank correlation coefficient analyses
showed that overexpression of 3XxFLAG-mCbrl corre-
lated with the expression level of 73 proteins (p <0.05) and
strongly correlated with the expression level of 20 proteins
(p<0.01; Fig. 5a). mCbrl expression correlated positively
with the expression of the calcium channel-related protein
ryanodine receptor 2 (RYR2), mitochondrial-related pro-
tein mitochondrial 2-oxoglutarate/malate carrier protein
(SLC25A11), NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 1 (NDUFA1), and NDUFA13. Path-
way analysis of these 73 proteins using IPA revealed that
the expression of mitochondria-related proteins, specifically
voltage-gated anion channels, such as VDACI and VDAC2,
was upregulated. Network analysis confirmed the enhanced
expression of VDAC1 and VDAC2, as well as a calcium
channel-related protein (RYR2), which have important
roles in triggering myocardial contraction (Fig. 5b). Thus,
overexpression of 3xFLAG-mCbrl altered several protein
expression patterns in the heart, which may affect cellular
signaling networks.

Discussion

In this study, we generated two lines of transgenic mice
expressing mCbrl and evaluated the changes in protein
expression patterns in the hearts of these mice. Our results
showed that the expression of proteins related to calcium
channels, RYR2-related proteins, VDACI1, and VDAC2
was altered.

We had previously reported that hCBR1-overexpressing
cancer cell xenografts showed delayed growth in mice,
whereas cancer cells in which CBRI1 expression was
knocked down showed active growth and invasion [11, 12,
24]. In addition, analysis of peritoneal metastasis of ovar-
ian cancers using artificial peritoneal tissues showed that the
growth of hCBR1-overexpressing ovarian cancer cells was
inhibited, and cell death was enhanced [25]. These findings
suggest that the mCbrl transgenic mice, especially Tgl5,
are useful for verifying the inhibitory effects of mCbrl on
cell growth and their molecular mechanisms in ovarian
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Fig. 3 Abundance of mCbrl proteins in transgenic mouse lines

(a) Levels of mCbrl protein abundance in the eight indicated organs,
as determined by immunoblot analysis. (b) Expression levels of
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Fig. 4 Abundance of mCbr1 protein in transgenic mouse hearts

Immunohistochemical assessment of mCbrl protein abundance in
mouse hearts (original magnification, 10x, inset 40x). Female mice
aged 16-18 weeks were used; Tg7, the third generation and Tgl5, the
second generation

cancer cells. These molecular mechanisms may be further
revealed by mating Tg15 mice overexpressing mCbrl in the
ovaries with transgenic mice that develop ovarian cancers in
an age-dependent manner [26].

In the present study, to generate mCbrl transgenic mice,
we expressed 3XxFLAG-mCbr1 under the control of the CAG
promoter. 3XFLAG-mCbrl was detected in multiple tissues,
predominantly within the hearts of Tgl5 mice and solely

Spleen

Kidney  Uterus  Ovary

B-actin and GAPDH proteins in these samples, as determined by the
immunoblot analysis
*: Nonspecific bands

in the hearts of Tg7 mice. This pattern of expression may
be due to the characteristics of the CAG promoter, which
may be more activated in muscle tissues [16]. The mCbrl
transgenes were inserted into chromosome X in Tgl5
mice. Since one X chromosome is randomly inactivated in
each cell of female mice, the mCbrl transgenes were not
expressed in half of their cells. However, this inactivation
was not observed in male Tg15 mice.

CBR1-mediated metabolites of anthracycline anticancer
drugs have been found to induce cardiotoxicity. For exam-
ple, CBR1 reduces daunorubicin from its 13-ketone form to
its 13-hydroxy metabolite (daunorubicinol), which is both
less effective and cardiotoxic [6, 27, 28-30]. Evaluation
of the molecular mechanisms underlying CBR1-mediated
signaling pathways in the heart is necessary to improve the
therapeutic efficacy of anthracycline anticancer drugs and to
minimize their cardiotoxicity. Since we found that mCbrl
is highly expressed in the hearts of mCbrl transgenic mice,
these mice will be useful in characterizing these molecular
mechanisms. Transgenic mice expressing hCBRI1 in their
hearts have also been developed [5]. Although the amino
acid sequences of hCBR1 and mCbrl are 87% identical, it
may be ideal to generate transgenic mice overexpressing
allogeneic Cbrl in the heart. Considering that the cardio-
toxicity of anthracycline anticancer drugs and their inhibi-
tors have been extensively studied [31-37], these transgenic
mice will facilitate the identification of potential strategies
to reduce anthracycline anticancer drug-induced adverse
events and cardiotoxicity.

The results of the network analysis showed that the lev-
els of calcium channel-related protein expression, such
as RYR2, and mitochondrial membrane proteins, such as
VDACI1 and VDAC?2, increased in proportion to the increase
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Fig. 5 Effects of mCbrl overexpression on protein abundance in
mouse hearts

Proteins were extracted from three hearts each from WT, Tg7, and
Tgl5 mice, and correlations between their levels of abundance and
those of mCbrl were analyzed by Spearman correlation coefficient,
(a) Heatmap of myocardial proteins whose levels showed correlations
with those of mCbrl. Of the 1,169 proteins detected in the myocar-
dium using LC-MS/MS, 20 were correlated with mCbrl (p<0.01).
Proteins with strong positive correlations are shown in red, and those
with strong negative correlations are shown in blue. (b) Pathway and
network analyses using IPA. Of the 1,169 proteins detected in the myo-
cardium using LC-MS/MS, 73 were correlated with mCbrl (p <0.05).
Potential signaling connections of these proteins are shown. Proteins
positively and negatively correlating with CBR1 are shown in red and
green, respectively

in mCbrl in the heart. RYR2, a calcium channel in the sar-
coplasmic reticulum membrane, is responsible for calcium
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release from the sarcoplasmic reticulum and is expressed
at high levels in cardiac muscle, smooth muscle, lung, and
brain. Administration of doxorubicin has been shown to
alter the expression of this ryanodine receptor [38]. VDAC
is an anion channel on the outer membrane of mitochondria;
it is responsible for the exchange of ions and small hydro-
philic molecules between the inner and outer membranes
[39]. VDAC is also involved in regulating interactions with
other proteins and molecules in the mitochondria, thereby
regulating intracellular metabolism [39]. The transgenic
mouse model developed in the present study will facilitate
future research elucidating the mechanism by which the
expression of these proteins was upregulated thereby lead-
ing to a better understanding of the mechanism of action of
CBR1 in vivo.

In this study, considering future examination of the inhib-
itory effect of mCbr1 overexpression on female-specific car-
cinogenesis by mating mouse models of cancer, we mainly
analyzed the effects of mCbrl overexpression in female
transgenic mice. In the future, it would be interesting to
analyze the effects of mCbr1 overexpression in male trans-
genic mice because a sex difference in the activity of CBR1
has been reported [40]. In addition, it is reported that CBR1
is related to Down syndrome (trisomy of chromosome 21)
[41]. Because the CBR1 gene is located on chromosome 21
in humans, three copies of the gene are present in individu-
als with Down syndrome. Studies using Down syndrome
model mice showed that reversion of the copy number of
the Cbrl gene to two copies alleviates the decrease in PGE2
and memory impairment [41], suggesting that CBR1 is one
of the proteins responsible for Down syndrome. Because
mCbrl is overexpressed in the brain, the transgenic mice
generated herein may also be useful for evaluating the rela-
tionship between CBR1 and Down syndrome.

In this study, we generated transgenic mice overexpress-
ing mCbrl in the heart and other organs. These transgenic
mice will be useful for studying CBRI1-mediated cancer
suppression mechanisms, cardiotoxicity induced by metab-
olites of anticancer drugs in the heart, and Down syndrome.
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supplementary material available at https://doi.org/10.1007/s11033-
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