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1. Introduction

Dilated cardiomyopathy (DCM) is a severe disorder defined by ven-
tricular dilation and cardiac dysfunction.'™® Although a considerable
proportion of DCM cases develop because of inflammatory, metabolic,
or toxic effects from medications, 30—-48% of DCM cases are caused by
genetic mutations.* Some affected genes encode sarcomeric or cyto-
skeletal proteins, including the components of the dystrophin—glyco-
protein complex (DGC).>® For example, 3-sarcoglycan-deficient
hamsters (J2N-k) provide an animal modet of human limb-girdle muscu-
lar dystrophy-associated DCM. However, little information is available
regarding the pathways by which heterogeneous genetic defects and/
or various causes lead to DCM symptoms.

The calcium ion (Ca®") plays a pivotal role in the pathogenesis of
cardiac disease.”® Ca®"-handling abnormalities have been found in
various forms of heart failure, including DCM.” ="

Further Ca**-permeable transient receptor potential (TRP) channels
have recently been recognized as key molecules in pathological cardiac
hypertrophy and heart failure."~ ™ We have previously reported that
cardiac-specific over-expression of TRP vanilloid 2 (TRPV2) results in
DCM with outstanding ventricular dilation,' suggesting that chronic ele-
vation in cytosolic Ca*™ concentrations ([Ca®*];) is critical in DCM patho-
genesis. However, it is unclear whether TRPV2 activity is a risk factor for
DCM in humans as well as animals and whether TRPV2 inhibition can be
beneficial against DCM progression, because of the limited number of
methods for specific TRPV2 inhibition.

* Corresponding author. Tel: +81 6833 5012; fax: +81 6 6835 5314, Email: yukoiwat@rincve.go.jp

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2013. For permissions please email: journals.permissions@oup.com.
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Therefore, we examined the role of TRPV2 in DCM. Wealso assessed
the effect of TRPV2 blockades on cardiac dysfunctionand DCM progres-
sion in several animal models.

2. Methods

Detailed methods are available in the Supplementary material online.

2.1 Molecular biology

All plasmid construction involving TRPV2 was carried out via a PCR-based
strategy using the full-length mouse TRPV2 ¢cDNA cloned into the pIRES ex-
pression vector (Invitrogen). Restriction enzyme-digested PCR products
corresponding to the amino-terminal (NT) (amino acids (aa) 1-387) and
carboxyl-terminal (CT) (aa 633-756) domains of TRPV2 were cloned
into the p3Xflag-CMV-14 expression vector (Sigma-Aldrich). Foradenoviral
gene transfer, we inserted the haemagglutinin (HA)-tagged NT domain of
TRPV2 (amino acids 1-387) ¢cDNA into the pAd/CMV/V5-DEST viral
vector (Invitrogen).

2.2 Animals and drug administration

DCM mice (4C30) were produced as described previousty.'® Heart-specific
NT-transgenic (Tg) mice were generated from C57BL/6) mice according to
the standard procedures.'

J2N-khamsters, and age-matched normal controls (J2N-n) were purchased
from Japan SLC. J2N-k hamsters were orally administered tranilast for 14 days
atadose of 30 or 300 mg/kg per day. In the DOX experiment, wild-type (WT)
and NT-Tg mice were chronically treated with either phosphate-buffered
saline (PBS; control) or doxorubicin (DOX) (Pfizer) by four intraperitoneal
(i.p) injections (d 0, 2, 4, and 6) at a dose of 4 mg/kg (cumulative dose totalling
16 mg/kg). All animal experiments were performed in accordance with the
Guidelines for Animal Experimentation of the National Cerebral and Cardio-
vascular Center (NCVC), and procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH; NIH Publication, 8th Edition, 2011).

2.3 Histology, immunoblotting,
and immunohistochemistry

Animals were anaesthetized with 5% isoflurane in an anaesthesia chamber
until unresponsive to nose pinch, and the heart was harvested for
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biochemical assays. These experiments were conducted as described previ-
ously.S1718

2.4 Echocardiography

Cardiac function was evaluated by echocardiography using a Hewlett
Packard Sonos 5500 ultrasound system with a 12-MHz transducer and
M-mode imaging. Animals were sedated with tribromoethanol [ip,
350 mg/kg of body weight (BW)] during the procedure.

2.5 Cardiomyocyte isolation and [Ca**];

measurement

Single-ventricular cardiomyocytes were freshly isolated from adult mouse
and hamster hearts using standard enzymatic techniques.' The [Ca®™;
was measured at room temperature via a ratiometric fluorescence
method using fura-2 or indo-1 acetoxymethyl ester.'”"?

2.6 Human tissues

Cardiac tissue samples were obtained from patients with DCM (Supplemen-
tary material online, Table). Written informed consent was obtained from all
living patients, and the experiments on human tissues were approved by the
Institutional Review Board of the NCVC. The investigation conforms to the
principles of the Declaration of Helsinki.

2.7 Statistical analysis

We used an unpaired Student’s t-test and one-way ANOVA followed
by Dunnett’s test for statistical analysis. P < 0.05 indicates statistical
significance.

B
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3. Results

3.1 TRPV2 is concentrated and activated
in cardiomyopathic hearts

To study the role of TRPV2 in DCM, we first examined the expression and
subcellular distribution of TRPV2 in the ventricles of §-sarcoglycan-defi-
cient (J2N-k) hamsters. In their normal control counterparts (J2N-n,
8-week-old hamsters), most of the TRPV2 expression was observed in
the cell interior and in regions co-stained with the intercalated disc
marker B-catenin (Figure 1A). In contrast, age-matched J2N-k ventricles
showed increased TRPV2 expression in the peripheral sarcolemma as
well as in parts of the intercalated discs (Figure 1A). With disease progres-
sion, total TRPV2 expression levels gradually increased only in J2N-k ven-
tricles (from 9-week-old hamsters; Figure 1B). Although apparently simitar
rod shapes and sizes were noted in isolated cardiomyocytes from both
types of hamsters (Figure 1C), stronger TRPV2 surface expression was
observed in J2N-k cardiomyocytes than in controls (Figure 1D).

In J2N-k cardiomyocytes expressing TRPV2 in the sarcolemma, a
rapid and large increase in [Ca®*]; was elicited by exposure to the
TRPV2 channel activator 2-aminoethoxydiphenyl borate (2-APB) as
well as a high-Ca**
in control J2N-n cardiomyocytes (Figure 1E and F); this increase was
inhibited by the TRPV channel antagonist ruthenium red (data not
shown). Although TRPV1-3 are known to be activated by 2-APB, °
cardiac tissues did not show detectable TRPV1 or TRPV3 expression
(data not shown). Furthermore, although 2-APB is known to inhibit
the intracellular Ca?*-release channel inositol 1, 4, 5-trisphosphate
receptor (IP;R) and other TRP channel family proteins, B

solution, whereas increases in [Ca®T]; were marginal
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increase in [Ca2+]i, which is why TRPV2 was considered the principal
candidate involved in the 2-APB-induced [Ca®*]; increase in J2N-k car-
diomyocytes. In addition, we observed that 2-APB often induced abnor-
mal Ca®* elevation accompanied by loss of regular Ca**-transients
under electrically stimulated conditions in J2N-k cardiomyocytes (but
not in J2N-n control cardiomyocytes; unpublished observations).
These data suggest that sarcolemmal TRPV2 accumulation contributes
to the increased [Ca®*]; levels in J2N-k cardiomyocytes.

In addition to the J2N-k hamster, other animal models with DCM
display sarcolemmal accumulation of TRPV2. One such model is the
4C30 mouse, which over-expresses -galactoside a-2,3-sialytransferase
Il (ST3Gal-ll) and was recently developed as a model for human DCM;
the other is DOX-induced DCM, a widely familiar model, although its
precise mechanism of cardiotoxicity remains debatable. In hearts from
these two animal models, total expression (see Figures 4A and 5E) and
sarcolemmal accumulation of TRPV2 (see Figures 4B and 5D and Supple-
mentary material online, Figures S7 and 52) were found to be largely
increased when compared with WT mice. In 4C30 mice, expression
of TRP canonical (TRPC6), but not that of TRPC1 and TRPC3, was
slightly increased (Supplementary material online, Figure $3); however,
expression of a-dystroglycan and a-sarcoglycan were greatly reduced
(Supplementary material online, Figure $4).

We next studied TRPV2 expression in ventricular samples from DCM
patients (Supplementary material online, Table S7). TRPV2 and TRPC1
expression was significantly higher in DCM patients than in controls
(Figure 2A and B), but expression of TRPC3 and TRPCé was not signifi-
cantly different. Al DCM samples also exhibited reduced dystrophinand
syntrophin expression levels (Figure 2A and B), suggesting that DCM is
somehow linked to abnormal cytoskeletal organization. Similar to the
findings in J2N-k ventricles, strong TRPV2 immunostaining was detected
only in the peripheral sarcolemma of DCM cardiomyocytes (Figure 2C).
Part of the TRPV2 expression was co-localized with the sub-
sarcolemmal cytoskeletal protein dystrophin in human DCM ventricles,
although dystrophin was detected only in a limited number of myocytes
(Figure 2D).

3.2 Over-expression of the NT domain
effectively blocks plasma membrane
accumulation of TRPV2

We hypothesized that sarcolemmal TRPV2 accumulation is a common
factor leadingto Ca®-induced muscle degeneration in various heart dis-
eases. Therefore, translocation of TRPV2 from the sarcolemma to the
cell interior could be a promising therapeutic method. To study such
‘back-translocation’ of TRPV2, we used HEK293 cells, because they
always recruit TRPV2 to the plasma membrane, independent of
growth conditions, upon its heterologous expression (Figure 3A). We
examined over-expression of several functional domains of TRPV2 to-
gether with full-length TRPV2 to identify the part of the TRPV2 molecule
required for plasma membrane accumulation. We found that when the
NT domain of TRPV2 was over-expressed, the majority of TRPV2 mole-
cules moved from the sarcolemma to the cell interior (Figure 3A); such
translocation was not observed with CT domain over-expression
(Figure 3A). Consistent with this, over-expression of the NT but not
the CT domain dramatically inhibited 2-APB-induced [Ca*™); increase
(Figure 3Band C). Thus, the NT domain may be a useful tool for abrogat-
ing the sarcolemmal TRPV2 accumulation, thereby inhibiting the sus-
tained increase in [Ca®™]; in agonist-stimulated cells. To examine the
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effect of NT domain over-expression on DCM symptoms, we used
4C30 mice and DOX-induced DCM mice.

3.3 Tg expression of the NT domain
ameliorates cardiomyopathy in 4C30 mice

We generated Tg mice expressing the HA-tagged NT domain (Figure 4A)
under the control of the a-myosin heavy chain (a-MHC) promoter.
NT-Tg mice were apparently healthy as evidenced by normal heart
morphology (Figure 4C), cardiac function (Figure 4G and H) and life
span (Figure 4l). The NT domain was introduced into the hearts of
4C30mice by crossing them with NT-Tgmice. Interestingly, elevated ex-
pression level of endogenous TRPV2 in 4C30 mice was decreased to
control levels in 4C30/NT-Tg mice (Figure 4A). The exogenous NT
domain was mostly localized to intercalated discs in both NT-Tg and
4C30/NT-Tg mice (Figure 4B). As expected, the sarcolemmal localiza-
tion of TRPV2 in 4C30 mice was dramatically reduced following NT
domain over-expression (4C30/NT-Tg) (Figure 4B), potentially leading
to a reduction in sustained [Ca®*]; increase. Consistent with this idea,
CaMKIl phosphorylation was markedly reduced in the 4C30/NT-Tg
mice (Figure 4A). In addition, the expression level of modulatory calci-
neurin inhibitory protein-1 (MCIP) was increased in 4C30 mice but
reduced in 4C30/NT-Tg mice (Figure 4A), further suggesting that block-
ade of TRPV2 results in a reduction in sustained [Ca®*]; increase.
In4C30 mice aged more than 120 days, we observed thinner ventricu-
lar walls and greater ventricular dilation accompanied by fibrosis
(Figure 4C), with increased serum cardiac troponin | (cTnl; a heart
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injury marker) levels (Figure 4D). Furthermore, reactive oxygen species
(ROS) production measured by dihydroethidium (DHE) staining
(Figure 4E) and the extent of lipid peroxidation estimated by measure-
ment of 4-hydroxynonenal (4-HNE) adducts (Figure 4F) were significant-
ly higher in the 4C30 mice, suggesting high oxidative stress in these DCM
hearts. The 4C30/NT-Tg mice showed marked suppression of these
symptoms (Figure 4C—F). Echocardiographically, the 4C30 mice
showed increased left-ventricular diastolic and systolic dimensions
(LVDd and LVDs, respectively), with decreased fractional shortening
(FS) and ejection fractions (EF) (Figure 4G and H). However, the
4C30/NT-Tg mice had significantly improved cardiac functions. More-
over, the 4C30 mice progressively died at 200—300 days after birth,
but 4C30/NT-Tg mice had a much longer life span, particularly the
female mice (Figure 4/). We suspect that the amelioration in DCM symp-
toms may have resulted from the removal of endogenous TRPV2 from
the sarcolemma.

3.4 Beneficial effecfs of NT domain
over-expression in DOX-induced DCM

The effects of NT domain over-expression were next examined in
DOX-induced DCM. In WT mice, DOX treatment resulted in ventricu-
lar dilation, reduced FS, and higher mortality (Figure 5A—C). In contrast,
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DOX-treated NT-Tg mice demonstrated better cardiac morphology
and function and better survival (Figure 5A—C). Indeed, upon DOX treat-
ment, the NT-Tg mice showed lower TRPV2 expression and sarcolem-
mal accumulation of TRPV2 (Figure 5D and E), demonstrating reduced
CaMKll phosphorylation (Figure 5E) and oxidative stress (Figure 5F and
G). These results suggest that TRPV2 also plays an important pathologic-
al role in non-genetic heart failure, such as DOX-induced DCM.

3.5 Adenoviral expression ofthe NT domain
ameliorates cardiac dysfunction in J2N-k
hamsters

We next addressed whether the effects of the NT domain could be seen
in J2N-k cardiomyopathy following over-expression via adenoviral
transfer. We injected an adenovirus carrying either PB-galactosidase
(B-gal; as a control) or the NT domain into the hearts of 9-week-old
J2N-k hamsters, at which age sarcolemmal TRPV2 translocation and
cardiac dysfunction had already been observed. At 14 days post-
injection, we detected NT domain expression in the ventricles by im-
munoblotting with the HA antibody (Figure 6A). Detection of green
fluorescent protein (GFP) in cardiac homogenates (Figure 6A) and sec-
tions (Figure 6B) confirmed that the adenoviral vector had reached the
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cardiac muscles and that the surface membrane expression of TRPV2
was decreased by NT domain over-expression. Echocardiography
revealed that NT domain over-expression resulted in good amelioration
of cardiac dysfunction, with improved FS and EF and reduced fibrosis
(Figure 6C—E). These results demonstrated that NT domain-induced
prevention of the sarcolemmal localization of TRPV2 can greatly ameli-
orate gene-defective DCM.

3.6 Tranilast prevents cardiomyopathy
in J2N-k hamsters

We previously found that tranilast, which is known to be a non-selective
cation channel blocker, effectively inhibits TRPV2.?2 Tranilast inhibited
2-APB-induced [Ca®*]; increases with half-maximal inhibition at about
30 wM, in HEK293 cells expressing TRPY2 (Supplementary material
online, Figure S5), but it has almost no effect on HEK293 cells expressing
TRPV1, TRPV3, or TRPC1 (Supplementary material online, Figure S5). A
recent study reported that tranilast inhibits TRPV2 ion channel activity.?
Thus, tranilast is one of the better inhibitors presently available against
TRPV2. We observed that tranilast reduced the amount of surface
TRPV2 and abnormal Ca>* mobilization by 2-APB in DCM cardiomyo-
cytes (J2N-k, 4C30; unpublished observation). Oral administration of
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tranilast to J2N-k hamsters resulted in the effective removal of TRPV2
from the sarcolemma of J2N-k hearts (Figure 6F), similar to the effect
of TRPV2 NT domain over-expression. Tranilast markedly reduced ven-
tricular dilation and muscle fibrosis in J2N-k hearts (Figure 6G). Further-
more, it improved cardiac contraction, as evidenced by a decrease in
echocardiographic parameters (LVDd and LVDs) to control levels
(Figure 6H) and improved FS (Figure 6H).

4. Discussion

The present results suggest, for the first time, the pathological signifi-
cance of TRPV2 in DCM development. First, TRPV2 was observed to
be extensively localized to the ventricular sarcolemma in DCM patients
as well as in animal models of heart failure (J2N-k, 4C30, and DOX-
induced cardiomyopathic mice), whereas it tocalized to the intracellular
compartments and intercalated discs in normal ventricles. Second, Tgor
adenoviral NT domain over-expression significantly reduced the sarco-
lemmal accumulation of TRPV2 and simultaneously ameliorated cardiac
dysfunction, preventing DCM progression and improving survival in the
animal models. Third, the TRPV2 inhibitor tranilast effectively prevented
DCM progression in J2N-k hamsters. Based on these findings, we

E

- +DOX -

+DOX

TRPV2

HA -
pcamkn [ A |
camxi R

tubulin

TRPV2/
tubulin

pCaMKil/
CaMKil

— *
zE> gz

w 3 40 3 £ 40

= 5 =
g3 T3
€gE ke

£ 20 w S 20
ll],e 2=
51 Fo10
o= I8 0

€107 ‘L1 Joquaidag U0 J81Ua)) JB[NOSEAOIPIE]) [BUOTIEN] I8 /510'S[eUINO[PIOFX0°sa10sBAOIPIEd//:d}Y WO PoPLO[UumMO(]



766

Y. lwata et al.

hypothesize that the amelioration of DCM resulted from the inhibition
of the Ca®¥ influx through TRPV2; therefore, TRPV2 may be a potential
upstream target against abnormal Ca>* handling.

The DCM phenotype results from a broad variety of primary and
secondary aetiologies. Despite the various underlying causes, there are
many similarities in the final structural, functional, biochemical, and
molecular phenotypes related to the long-lasting mechanical stress and
neurohormonal activation observed in DCM.2* CaMKIl is an ideal nodal
molecule for transducing Ca®* signals into downstream events such as
apoptosis and necrosis, leading to clinical phenotypes of congestive
heart failure and sudden death?® In addition to CaMKIl activation, ROS
production is frequently observed in DCM hearts, with detrimental
effectson cardiomyocytes‘26 We found that increased CaMKll phosphor-
ylation and ROS production observed in DCM hearts were attenuated by
over-expression of the NT domain of TRPV2 (Figures 4 and 5), suggesting
that TRPV2 may be an upstream regulator of Ca** influxand ROS produc-
tion as well as an important mediator of various stress signals, including
those arising from genetic defects, mechanical stress, and cardiotoxic
drugs, leading to Ca**-induced cell death. In addition, calcineurin is

known to be an important Ca>™-dependent signalling molecule leading
to cardiac hypertrophy.27 Certainly, cardiomyocyte-specific over-
expression of calcineurin causes hypertrophy 2% and cardiomyopathy,
but conflicting results are reported on the effects of calcineurin inhibition.
# In our DCM models, calcineurin was slightly activated, as determined by
the increase in the expression level of MCIP protein (Figure 4) as well as
CaMKIl activation and inhibition of TRPV2 suppressed both Ca®"
signalling pathways (Figure 4). These findings suggest TRPV2 as a putative
therapeutic target for the treatment of heart failure.

Here, we used 4C30 mice as a model for human idiopathic DCM.
Unlike J2N-k hamsters, which gradually develop DCM, 4C30 mice are
apparently asymptomatic up to 100 days but thereafter rapidly exhibit
DCM symptoms and die within 200 days. Similar to that in 4C30
mice,'® sialytransferase expression levels are altered in human DCM*®
4C30 mice also show DGC abnormalities (Supplementary material
online, Figure $4), similar to those in DCM patients (Figure 2A and B).
These characteristics indicate a pointed resemblance between
4C30 mice and human idiopathic DCM. Dystrophin degradation by
the Ca**-dependent protease calpain was proposed as a pathway in
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advanced heart failure with DCM symptoms.®' Therefore, TRPV2 re-
modelling appears to be linked to sarcolemmal instability caused by
DGC defects in various models of advanced heart failure. Thus, the
4C30 mouse appears to be agood animal model to study the connection
between Ca®* abnormality and DCM symptoms.

Plasma membrane TRPV2 translocation is known to be stimulated by
receptor agonists'>3? or mechanical stress.”® Stimulation by growth
factors or sympathetic transmitters could act as a signal inducing sarco-
lemmal TRPV2 translocation in DCM, because these stimulants are
known to be released into the blood vessels of diseased hearts in re-
sponse to mechanical load.** Considering that the TRPV2 inhibitory
tools abrogated the surface expression of TRPV2 (Figure 6), Ca**
influx via TRPV2 may also be important for sarcolemmal TRPV2 accu-
mulation. Although further confirmatory studies are required, we
suspect that NT domain over-expression inhibited membrane retention
of TRPV2 by disrupting the interaction between TRPV2 and its putative
binding partner, which regulates subcellular localization. Recently, a
peptide mimetic of the CT domain of connexin 43 was used to disrupt
the interaction between connexin 43 and the PDZ2 domain of zonula
occludens-1 and reduce gap junction remodelling in injured hearts.>*

Tranilast prevented ventricular dilation and fibrosis and ameliorated
decreased FS by ~50% in J2N-k hamsters (Figure 6). These beneficial
effects were comparable to those obtained from the adenoviral transfer
of the NT domain (Figure 6). These treatments were performed in
9-week-old J2N-k hamsters that had already started displaying DCM
symptoms. Therefore, our approach may be useful as a therapeutic
intervention against the initial symptoms of DCM. Similar results using
different strategies (chemical vs. protein) strongly suggest that TRPV2
activity contributes to DCM progression. importantly, tranilast is imme-
diately available for patients as an anti-inflammatory compound, since it
reportedly has anti-inflammatory and immunomodulatory effects;®®
therefore, it may have clinical potential in DCM therapy. Recently, con-
sistent with our data, tranilast has been reported to reduce both func-
tional and structural abnormalities in diabetic cardiomyopathic rats®®
and prevent the progression from compensated hypertrophy to heart
failure in pressure-overioaded mice.”” The latter study suggested that
tranilast reduced the heart-failure progression by acting as a mast-cell
stabilizer. Since TRPV2 was reported to be involved in mast-cell de-
granulation,®® TRPV2 may be also responsible for tranilast-induced
amelioration of heart failure.

In conclusion, specific abrogation of TRPV2 activity by either NT
domain over-expression or chemical inhibitor treatment led to consid-
grable amelioration of cardiac pathology in the animal models. Our find-
ings strongly suggest that the sarcolemmal TRPV2 accumulation plays a
crucial role in Ca®*-induced muscle degeneration in DCM and that
TRPV2 is a good therapeutic target for advanced heart failure.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Zygosity Determination in Hairless Mice by PCR

Based on Hr'"" Gene Analysis

Osamu SUZUKI, Minako KOURA, Yoko NOGUCHI, Kozue UCHIO-YAMADA,

and Junichiro MATSUDA

Laboratory of Animal Models for Human Diseases, National Institute of Biomedical Innovation, 7-6-8 Saito-
Asagi, Ibaraki, Osaka 567-0085, Japan

Abstract: We analyzed the Hr gene of a hairless mouse strain of unknown origin (HR strain, http://
animal.nibio.go.jp/e_hr.html) to determine whether the strain shares a mutation with other hairless
strains, such as HRS/J and Skh:HR-1, both of which have an Hr" allele. Using PCR with multiple pairs
of primers designed to amplify multiple overlapping regions covering the entire Hr gene, we found an
insertion mutation in intron 6 of mutant Hr genes in HR mice. The DNA sequence flanking the mutation
indicated that the mutation in HR mice was the same as that of Hr'" in the HRS/J strain. Based on the
sequence, we developed a genotyping method using PCR to determine zygosities. Three primers
were designed: S776 (GGTCTCGCTGGTCCTTGA), S607 (TCTGGAACCAGAGTGACAGACAGCTA),
and R850 (TGGGCCACCATGGCCAGATTTAACACA). The S776 and R850 primers detected the Hr"
allele (275-bp amplicon), and S607 and R850 identified the wild-type Hr allele (244-bp amplicon).
Applying PCR using these three primers, we confirmed that it is possible to differentiate among
homozygous Hr'" (longer amplicons only), homozygous wild-type Hr(shorter amplicons only), and
heterozygous (both amplicons) in HR and Hos:HR-1 mice. Our genomic analysis indicated that the
HR, HRS/J, and Hos:HR-1 strains, and possibly Skh:HR-1 (an ancestor of Hos:HR-1) strain share the
same Hr'" gene mutation. Our genotyping method will facilitate further research using hairless mice,
and especially immature mice, because pups can be genotyped before their phenotype (hair coat loss)

appears at about 2 weeks of age.

Key words: hairless, genome, genotyping, mice, zygosity

Introduction

Many hairless mouse strains such as HRS/J and
Skh:HR-1 are often used in studies of skin, cancer, and
immunology by Benavides ef al. [3] and Sundberg [12].
At our institute, we have been maintaining a hairless
mouse strain of unknown origin called HR (http://animal.
nibio.go.jp/e_hr.html). It was introduced from a Univer-
sity in California (there is no precise university name in
our records) to Yokohama City University in 1964. The
strain was then introduced in 1965 to the Institute of

Medical Science of the University of Tokyo, where a
mutated Hairless gene from this strain was transferred
into a BALB/c background. The strain was introduced
to our institute (National Institutes of Health, at the time
of introduction) in 1981. The HRS/J strain was estab-
lished in 1964 by inbreeding mice obtained by crossing
offspring of the hairless mice first found in London [4]
with BALB/c mice at the Jackson Laboratory (http://
jaxmice.jax.org/strain/000673.html). In addition, the
Hos:HR-1 strain was established in 1987 at Hoshino
Laboratory Animals Inc. by inbreeding the Skh:HR-1
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outbred strain, which had been established at Temple
University by crossing the CBA strain (http://www.
hoshino-lab-animals.co.jp/english/products/HR 1-en.
html) with hairless mice of unknown origin from Sandra
Biological Supply. It remains unknown whether HR mice
carry the same mutation as other hairless strains, such
as HRS/J and Skh:HR-1 (Hos:HR-1), even though the
three strains show the same phenotype.

The hairless mutation was first found in a mouse in
1924 [4]. This mutation is an autosomal recessive muta-
tion (H#") in the Hr gene [11]. Murine Hr localizes to
the 70-Mb position of mouse chromosome 14, and con-
tains 19 exons [5]. The Ar mutation is caused by an inser-
tion of the murine leukemia virus into intron 6 [11]. Both
HRS/J and Skh:HR-1 (Hos:HR-1) carry this mutation
[10]. Homozygous mutants (Hr"/Hr"") show normal
development of the first hair coat (first hair cycle). Start-
ing at 2 weeks of age, they lose their hair coat rapidly
and completely due to an abnormal second hair cycle [4,
13]. At weaning (~3 weeks of age), they are completely
hairless. In general, females homozygous for Hr"" often
fail to nurse their litters due to abnormal lactation (except
Hos:HR-1 homozygous females, which show normal
lactation; thus, this low nursing activity is thought to
depend on the genetic background, not the A mutation
itself). Therefore, most hairless strains have been main-
tained by mating heterozygous females (normal hair
coat) and homozygous males (no hair coat). In this case,
pups are a mixture of heterozygous and homozygous
mutants. Homozygous mutants cannot be distinguished
from heterozygous ones based on appearance alone be-
cause they both have coats before 2 weeks of age. Hence,
a genotyping method is also needed if younger mice are
to be used.

We analyzed the Hr gene of the HR strain maintained
at our institute to determine if its Hr mutation (tenta-
tively called “Hr*”) is the same as that (Hr"") of other
hairless strains (such as HRS/J). In addition, we devel-
oped a PCR method to determine the genotypes of pups
before the phenotype (hair coat loss) appears (~2 weeks
of age) based on the sequence information of HR mice.

Materials and Methods

Hairless mice

At our institute, HR mice (nbio#: nbio003) have been
maintained by crossing heterozygous females (Hr/Hr)
and homozygous males (Hr*/Hr*). Wild-type HR mice

(Hr/Hr), which had no mutated HR (Hr*) alleles, were
produced by crossing heterozygous females and males.
Hos:HR-1 mice homozygous for hairless genes were
purchased from Hoshino Laboratory Animals, Inc.
(Bando, Japan) through Japan SLC, Inc. (Hamamatsu,
Japan) and used for genotyping tests. All mice were
housed under specific pathogen-free conditions with food
(CMF, Oriental Yeast Co., Ltd., Tokyo, Japan) and water
provided ad libitum. All animal experiments were con-
ducted in accordance with the guidelines for animal
experiments of the National Institute of Infectious Dis-
eases, Tokyo, Japan, and the National Institute of Bio-
medical Innovation, Osaka, Japan.

Genomic PCR

Hepatic DNA was extracted from homozygous, het-
erozygous, and wild-type HR mice using an AllPrep
DNA/RNA/Protein Extraction Mini Kit (#80004, Qia-
gen, Hilden, Germany). Primers (Table 1) for PCRs
amplifying 15 regions (Fig. 1) in the Hr gene were de-
signed based on the Hr gene sequence retrieved from the
Ensemble database (http://www.ensembl.org). The dif-
ference between homozygous (Hr*/Hr*) and wild-type
(Hr/Hr) genomes was determined using multiple PCRs
with HotStarTaq (#203443, Qiagen; regions 1, 8-13) or
KOD FX neo (KFX-201, TOYOBO, Osaka, Japan; re-
gions 2—7) DNA polymerases. All PCRs were conducted
using a Hybaid Sprint thermal cycler (Thermo Scien-
tific, Waltham, MA, USA) in active-tube control mode.
Thermal conditions were as follows: for HotStarTaq,
94°C for 15 min (denaturation and enzyme activation),
40 cycles of 94°C for 10 s, 60°C for 10 s, and 72°C for
the appropriate amount of time (see Table 2 for elonga-
tion time), and then 72°C for 5 min; for KOD FX neo,
95°C for 2 min, 40 cycles of 98.5°C for 10 s and 68°C
for the appropriate amount of time (see Table 2 for elon-
gation time), and then 68°C for 5 min. PCR products
were separated in agarose gels: for regions 1 and 8-13,
2% E-Gel EX containing SYBR Safe (G4020-02, Life
Technologies, Grand Island, NY, USA); for regions 2-7,
0.5% SeaKem LE agarose gels (#50001, Lonza, Basel,
Switzerland) with SB buffer (#SB20-1, Faster Better
Media LLC, Hunt Valley, MD, USA) and subsequently
stained with GelGreen (#41004, Biotium, Inc., Hayward,
CA, USA). Stained gels were photographed with a laser
scanner (FX Pro, Bio-Rad, Hercules, CA, USA).
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Table 1. List of primers used in this study

Name

Sequence (5°- to 3”)

For genome analysis (Fig. 1)
Int6-F1290
Int6-R1458
Int6-R539
Int6-R642
Int6-R850
Int6-R979
F1843
F1913
F193
F2052
F224
F2463
RI1151
R1873
R1972
R2078
R2433
R3455

ACCACCCTGGAATCTTCCGTGAAAAA
CATGCTTGCTGTGGAGAGTGCGTGCAT
CACACACGCAGACAAAACTCACTCGT
TGGCAGTTTATAGCTGTCTGTCACTCTGG
TGGGCCACCATGGCCAGATTTAACACA
CACGTGCATGTGTGGACATGTCTGCCTTA
CGGCTGTGTGTAGCCTGTGGTCGCATA
AGCACACAGATGACTGCGCCCAGGAG
TTCCTCCAAGGCCCCAAGGACACACTC
CTGTTTCTGCCAGGTTGATGCCCGTGT
AGAGCGCTGAGCAGAAAGCGGGAGAAC
GGGCCTGAGCCTTCCATTGTCACCAGT
TGGCGTGTGAGCCAGGTCTTTTTCAGC
CGGCTATGCGACCACAGGCTACACACA
GGGTCAGGATCAGGGAACAGGCAGCAT
ACACGGGCATCAACCTGGCAGAAACAG
TGGCCCCAGGGCTTTCTCTTGGATCTT
AGGCTGGCTCCCTGGTGGTAGAGCTGA

For determining genome sequence in homozygous HR mice (Fig. 2)

mHR-int6-F514
mHR-int6-R806

For genotyping (Fig. 3)
mHR-mut-S776
mHR-int6-S607
mHR-int6-R850

ACGAGTGAGTTTTGTCTGCGTGT
CGTAGGTCCTCCTGTTTGCTTGGTCATCA

GGTCTCGCTGGTCCTTGA
TCTGGAACCAGAGTGACAGACAGCTA
TGGGCCACCATGGCCAGATTTAACACA

Table 2. DNA polymerase and elongation time for primer sets in

Fig. 1
Primer set in Fig. 1 DNA polymerase™* Elongation time
1 HotStarTaq 5 min
2 KOD FX 3 min
3 KOD FX 6 min
4-7 KOD FX 3 min
8,9 HotStarTaq 2 min
10-12 HotStarTaq 1 min
13-15 HotStarTaq 30s

*See Materials and Methods for detailed PCR conditions.

Determination of DNA sequences flanking the insertion
site

The genomic region containing the insertion mutation
site was amplified by PCR from genomic DNA from
homozygous HR mice and a set of two primers, mHR-
int6-F514 and mHR-int6-R806 (see Table 1), and KOD-
FX neo under the following thermal conditions: 95°C
for 2 min, 40 cycles of 98.5°C for 10 s and 68°C for 3
min, and then 68°C for 5 min. PCR products, approxi-
mately 13 kbp in length, were gel-purified on a 1% aga-
rose gel, and both the 5’ and 3° ends were sequenced
using an Applied Biosystems 3730 x 1 DNA Analyzer
(Life Technologies). The obtained sequence was com-

pared to genome databases at the NCBI using a BLAST
search.

Genotyping PCR

Primers for genotyping Hr alleles were designed ac-
cording to the sequence information of the alleles (Table
1 for primer sequences; Fig. 3A for primer positions).
All three primers were used simultaneously to determine
the genotypes of HR and Hos:HR-1 mice. PCRs were
conducted using a Hybaid Sprint thermal cycler and
HotStarTaqg DNA polymerase under the following ther-
mal cycling conditions: 94°C for 15 min, 40 cycles of
94°C for 10 s, 60°C for 10 s, and 72°C for 30 s, and then
72°C for 5 min. PCR products were separated in 2%
agarose gels (E-gel EX, G4020-02) and photographed
with a laser scanner.

Results

PCR analysis of the Hr allele in HR mice

Analysis of Hr alleles in homozygous (H) and wild-
type (W) HR mice by means of 15 multiple overlapping
PCRs indicated that the Hr* allele contained an insertion
mutation in intron 6 (Fig. 1).
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