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FIGURE 2. Cytokines and liver enzyme levels in se- & 2 % & 2 %
rum after the systemic administration of Ad-L2 or < <
AdK7-L2 into mice. Blood samples were collected by
inferior vena cave at 3 h (A) or 24 and 48 h (B) after i.v.
administration of Ad-L2 or AdK7-L2 (1.0 x 101! vp B C
for A or 3.0 X 10'° VP for B). The livers were collected
after 48 h following the injection (3.0 X 10'° VP) (C). AST
A, IL-6 and [L-12 levels in the serum were measured by 25000
ELISA. B, AST levels in the serum were measured us-
ing a Transaminase-CII kit. C, Paraffin sections of the 5 20000
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Cell sorting of splenic cells

Splenic conventional DC, plasmacytoid DC, and B cells, which were
CD11¢*B220~, CD11c*B220", and CD11¢™B2207 cells, respectively,
were sorted by FACS Aria (BD Biosciences). Total RNA samples were
isolated from each cell by the reagent ISOGEN, and RT-PCR analysis was
then performed as described above.

Results

This study was undertaken to elucidate the biological mechanism in
the innate immune host responses toward i.v. administered Ad vector.
The relationship between the innate immune response and liver tox-
icity by systemic administration of the Ad vectors was also examined.

Gene transduction and Ad vector accumulation in vivo

In this study we used the conventional Ad vector (Ad-L2) and a fiber-
modified Ad vector containing a polylysine (K7) peptide (AdK7-L2),
both of which express luciferase under the control of the CMV pro-
moter. First, we examined luciferase production in the organ and the
biodistribution of viral DNA after i.v. administration of AdK7-L2
(1.0 X 10'° VP) into mice compared with Ad-L2 (see Fig. 3). The
vector dose of 1.0 X 10'° VP was selected because this dose did not
induce any apparent toxicity (IL-6 and AST production) with either
Ad-L2 or AdK7-L2. When a higher dose (3.0 X 10" or 1.0 x 10"
VP) was used, only Ad-L2 and not AdK7-L.2 showed toxicity (de-
scribed later), which does not reflect an exact comparison of the trans-
duction efficiency. The Ad type 5-based vector delivers the foreign
gene predominantly in the liver after i.v. injection into mice (29, 30).
Interestingly, AdK7-L2 mediated ~6-fold higher liver transduction

than Ad-L2 (Fig. 1A). In contrast, the luciferase production in the
heart, lung, kidney, and spleen in response to AJK7-L2 was similar to
that in response to Ad-L2. To examine the biodistribution of Ad-L2
and AdK7-L2 in mice, the amounts of Ad DNA in each organ 48 h
after the injection of Ad vectors were measured with the TagMan
fluorogenic detection system. More AdK7-L.2 DNA accumulated in
the liver than Ad-L2 DNA (Fig. 1B), although the amounts of
AdK7-L2 DNA in the heart, lung, kidney, and spleen were less than
those of Ad-L2 DNA. In particular, the amounts of AdK7-L2 DNA in
the spleen were ~56-fold less than those of Ad-L2 DNA. The data
regarding luciferase production (Fig. 1A) and the amounts of Ad DNA
in most organs (Fig. 1B) showed discrepancies. Luciferase production
in the liver was >2 log order higher than that in other organs, while
the amounts of Ad DNA in liver were not as striking among the
organs compared with luciferase production. This difference is likely
due to the difference in the amount of nonspecific viral uptake among
the organs. Reduced spleen accumulation of AdK7-L.2 DNA, com-
pared with Ad-L2 DNA, was also observed at a dose of 1.0 X 10"
VP (data not shown).

Serum cytokines and AST levels

The systemic administration of Ad vectors results in the initiation
of strong innate immune responses and inflammation in animals
and humans (1), and this toxicity limits the utility of Ad vectors for
gene therapy. To evaluate the innate immune response and liver
toxicity of each Ad vector, we measured the levels of IL-6, IL-12,
and AST in serum. Because IL-6 in the serum and hepatic toxicity
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FIGURE 3. Cytokine, chemokine, and IFN mRNA levels in liver and
spleen after the systemic administration of Ad-L2 or AdK7-L2 into mice.
Total mRNA samples were isolated from liver and spleen at 3 h after i.v.
administration of Ad-L2 or AdK7-L2 (1.0 X 10*! VP). After the reverse
transcriptase reaction, IL-6 and JL-12 cDNA were measured with the quan-
titative TagMan PCR assay (4). The expression of TNF-a, RANTES,
MIP-2, IFN-¢, IFN-8, and IFN-y was measured by semiquantitative RT-
PCR assay (B). All data represent the means = SD of four mice. Cycle
number is given in parentheses.

analysis was detected at a dose of >1.0 X 10" or 3.0 X 10'° VP,
respectively, these doses were used.

IL-6 levels in response to AdK7-L2 were one-fourth of those
with Ad-L2 (Fig. 2A). In contrast, there was no difference in serum
IL-12 levels between Ad-L2 and AdK7-L2. Thus, IL-6 and IL-12
appear to be produced by a different mechanism. TNF-« in the
serum after the injection of Ad-L2 or AdK7-L2 could not be de-
tected (data not shown). Ad-L2 led to high levels of serum AST at
48 h after injection, while AdK7-L2 did not induce AST (Fig. 2B).
At 24 h, neither Ad-L2 nor AdK7-L2 induced AST. In histological
analysis, degranulation or denucleation occurred in hepatocytes
from Ad-L2, while AdK7-L2 did not induce hepatocyte toxicity
(Fig. 2C). The results using AdK7-L2 were similar to those in the
untreated mice (Fig. 2, B and C), suggesting that AdK7-L2 does
not show any liver toxicity. These results suggest that AdK7-L2
shows less IL-6 production and almost no liver toxicity.

Cytokines mRNA levels in liver and spleen cells

Ad vectors induce the expression of various cytokines and che-
mokines in the innate immune responses by effector cells such as
macrophages and DC (15, 17, 31-33). Liver and spleen are two
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FIGURE 4. IL-6 and IL-12 mRNA levels in splenic CD1lc-positive
cells after the systemic administration of Ad-L2 into mice. Total mRNA
samples were isolated from sorted splenic cells 3 h after i.v. administration
of Ad-L2 (1.0 X 10'! VP). The expression levels of IL-6 and IL-12 mRNA
were measured by RT-PCR assay. Lane 1, B cell (B220"CD11c™); lane 2,
conventional DC (B2207CDl1lIc*), lane 3, plasmacytoid DC (B220*
CD11c*); lane 4, other cells (B2207CD11c™). Cycle number is given in
parentheses.

major organs responsible for the location of immune cells. We
attempted to determine which organ (liver or spleen) produces cy-
tokines, chemokines, and IFNs (IL-6, IL-12, TNF-a, RANTES,
MIP-2, IFNq, IFN, and IFN-v) by guantitative real-time RT-PCR
or semiquantitative RT-PCR analysis. IL-6 and IL-12 mRNA lev-
els were not induced in the liver after i.v. administration of Ad
vectors (Fig. 3A). This result was also checked by the result that
specific IL-6 and IL-12 mRNA bands were not detected in the liver
by RT-PCR analysis (data not shown). Expression of TNF-q,
RANTES, MIP-2, IFN-a, IFN-, and IFN-y mRNA was also de-
tected mainly in the spleen, not the liver (Fig. 3B). IL-6, MIP-2,
and IFN-y mRNA levels in the spleen in response to AdK7-L2
were lower than those in response to Ad-L2. In the liver, TNF-e,
RANTES, MIP-2, and IFN-y mRNA were detected by a high cycle
number of PCR after Ad (Ad-L2 or AdK7-L2) injection, whereas
IFN-o and IFN-8 could be not detected (Fig. 3B).

We next identified the cell types responsible for the IL-6 and
IL-12 expression in the spleen after i.v. administration of the Ad
vector (Ad-L2). Spleen cells were sorted by FACS Aria based
on the expression of CDllc and B220 in conventional DC
(CD11¢™B2207), plasmacytoid DC (CD11¢"B2207), and B cells
(CD11¢"B220™ cells). IL-6 and IL-12 mRNA were mainly de-
tected in the splenic conventional DC. Only a faint band of IL-12
mRNA was also detected in the splenic plasmacytoid DC
(CD11c¢*B2207) (Fig. 4). These results suggest that splenic con-
ventional DC are major effector cells of innate immune response
(at least IL-6 and IL-12 production) against systemically admin-
istered Ad vectors.

Elimination of IL-6 signaling reduces liver toxicity

It has previously been shown that TNF-« is likely to be involved
in host responses to Ad vectors in vitro and in vivo (34). Recently,
Shayakhmetov et al. (35) have reported that IL-1 signaling, not
TNF-a signaling, is involved in Ad vector-associated liver toxicity
after i.v. administration. However, the mechanism of liver toxicity
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after i.v. Ad administration is poorly understood. In the present
study, although AdK7-L2 mediated higher luciferase expression
and a higher accumulation of viral DNA in the liver than Ad-L2,
it remains unclear why AdK7-L2 showed almost background lev-
els of liver toxicity while Ad-L2 showed high toxicity. As reported
previously, inflammatory cytokines, chemokines, and IENs could
be the mediators responsible for liver toxicity (2). IL-6 levels in the
serum were the most strikingly different between AdK7-L2 and
Ad-L2. Furthermore, IL-6 stimulated acute phase protein (serum
amyloid A, fibrinogen, a;-anti-trypsin, and e;-acid glycoprotein)
in rat and human hepatocytes (36, 37). Therefore, we next exam-
ined the effects of serum IL-6 on liver toxicity (Fig. 5). To do this,
we used an anti-IL-6R Ab that inhibits the signal through the IL-6
receptor. The IL-6 receptor system consists of two functional mol-
ecules, an 80-kDa ligand-binding chain (IL-6R) and a 130-kDa
nonligand-binding but signal-transducing chain (gp130). The antj-
IL-6R Ab blocks the binding of IL-6 to the IL-6R (38, 39). The
anti-IL-6R Ab or the control Ab was i.p. injected 1.5 h before the
injection of Ad-L2. The AST levels in the serum and luciferase
production in the liver were determined 48 h later. Administration
of anti-IL-6R Ab significantly (~2-fold) reduced Ad vector-me-
diated AST levels in the serum compared with PBS or the control
Ab (Fig. 5A). Importantly, anti-IL-6R Ab injection did not inter-
fere with luciferase production in the liver (Fig. 5B). These results
suggest that IL-6 signaling is involved in liver toxicity after i.v.
administration of an Ad vector.

Discussion

In this study we found that the fiber-modified Ad vector containing
the K7 peptide, which has high affinity with heparin sulfate, shows
much lower serum IL-6 and liver toxicity than the conventional Ad
vector. This improved characteristic is likely involved with the
reduced biodistribution of the vector to the spleen compared with
that of the conventional Ad vector. RT-PCR analysis showed that
the spleen, not the liver, is the major site of cytokine, chemokine,
and IFN (IL-6, IL-12, TNF-q, RANTES, MIP-2, IFN-a, IFN-5,
and IFN-v) production and that splenic conventional DC are the
major effector cells of the innate immune response (at least [L-6
and IL-12 production) after i.v. administration of Ad vectors. We
also showed that IL-6 signaling is involved in part with liver tox-
icity in response to Ad vectors. Importantly, this fiber-modified Ad
vector containing the K7 peptide maintained higher transduction
efficiency in all the organs examined, and the liver transduction
was higher than that of the conventional Ad vector. Although there
have been some reports that modified Ad vectors such as the pe-
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gylated Ad vector (18-21), the Ad vector containing the Ad type
35 fiber shaft and knob (40), and the triple mutant Ad vector with
ablation of CAR, «, integrin, and HSG binding (22) show de-
creased innate immune response and liver toxicity, these types of
vector lose their transduction activity in vivo. To our knowledge,
this is the first report of an Ad vector that maintains high trans-
duction efficiency in vivo with reduced toxicity.

The fiber-modified Ad vector containing the K7.peptide has
been developed to overcome the limitations imposed by the CAR
dependence of Ad infection. Expanded and efficient gene transfer
has been reported based on the use of mutant fiber proteins con-
taining a stretch of lysine residues (23-25). However, there has
been no report on the difference in gene transfer activity and tox-
icity in vivo between the conventional Ad vector and the fiber-
modified Ad vector containing the K7 peptide. We have demon-
strated that the fiber-modified Ad vector containing the K7 peptide
mediates ~6-fold higher mouse liver transduction in response to
i.v. administration than the conventional Ad vector (Fig. 1A4). The
amounts of fiber-modified Ad vector DNA in the liver after iv.
administration were also 5-fold higher than those with the conven-
tional Ad vector (Fig. 1B). It has been reported that the interaction
between the Ad type 5 fiber and the HSG of a hepatocyte is in-
volved in the accumulation in the mouse liver and the cynomolgus
monkey liver of systemically administered Ad vectors (41, 42).
This fiber-modified Ad vector might mediate more efficient gene
transduction through a much higher affinity for HSG. In contrast,
the amounts of fiber-modified Ad vector DNA in the spleen after
i.v. administration were 56-fold lower than those of the conven-
tional Ad vector (Fig. 1B). Biodistribution of viral DNA reflects
the total of receptor-mediated uptake and nonspecific uptake. Lu-
ciferase production in the cells mainly refiects receptor-mediated
uptake. We previously reported that most Ad DNAs are taken up
in the liver nonparenchymal cells, not parenchymal cells, after i.v.
administration (22). In this study, the conventional Ad vector
would also be taken up in the macrophages and DC by nonspecific
uptake, resulting in significantly higher Ad DNA and lower lucif-
erase production in the spleen. In contrast, the fiber-modified Ad
vector would be taken up more in the liver via receptor-mediated
uptake and nonspecific uptake, resulting in significantly lower Ad
DNA in the other organs, especially the spleen. Even though the
amount of AdK7-L2 uptake in the spleen, heart, lung, and kidney
was less than that of Ad-L2 uptake, the amount of receptor-medi-
ated uptake in these organs would be similar between Ad-L2 and
AdK7-L2, suggesting that these vectors showed similar levels of
luciferase production in the organs other than the liver.
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The initiation of inflammatory innate immune responses occurs
after the systemic administration of Ad vectors to animals and
humans, and this toxicity limits the utility of Ad vectors for gene
therapy. Increased cytokine/chemokine production after the injec-
tion of Ad vectors has been reported to be due to the introduction
of input Ad vectors to Kupffer cells in the liver and DC (15, 17,
43-46). Detailed analysis of the organs responsible for the expres-
sion of cytokines, chemokines, and IFNs by RT-PCR suggests that
their production can mainly be attributed to spleen cells (especially
splenic conventional DC), not liver cells (Figs. 3 and 4), which is
consistent with the recent report of Bart et al. (47). Therefore,
interference with spleen distribution of the Ad vector should pro-
vide a useful method for safer gene therapy.

TLRs, which are crucial to the recognition of pathogen-associ-
ated molecular patterns, are expressed on various types of immune
cells including macrophages, DC, B cells, splenic types of T cells,
and even on nonimmune cells such as fibroblasts and epithelial
cells (48). For example, HSV and CMV (dsDNA virus) activate
inflammatory cytokines and type I IFN secretion by the stimulation
of TLRY (49-53). The innate immune receptor to the Ad has not
yet been identified. It has not even been determined whether TLRs
are involved in Ad-mediated innate immune response in vivo, al-
though it has been reported that TLR signals are not involved in
the DC maturation induced by the Ad vector (46). As shown in
Fig. 3B, cytokine production against the Ad vector occurred
mainly in conventional DC. It is noted that the TLR9-mediated
innate immunity responses to DNA virus are cell type-specific and
limited to plasmacytoid DC (50). The unidentified sensor recep-
tor(s) for double-stranded Ad DNA or Ad capsid protein in con-
ventional DC might play a critical role in the expression of in-
flammatory cytokines/chemokines and type I IFN. Although we
have previously reported that large amounts of conventional Ad
vector accumulate in nonparenchymal cells, including Kupffer
cells and liver sinusoidal (endothelial) cells (22, 54), the expres-
sion of mRNA of cytokines, chemokines, and IFNs in the liver was
weak after administration of the Ad vector (Fig. 3B). A lack of
putative sensor receptor(s) against Ad or the inability of sensor
receptor(s) to recognize Ad due to the specific cellular disposition
of Ad in Kupffer cells might result in a reduced production of
cytokines/chemokines/IFNs in the liver.

Another interesting finding is that the fiber-modified Ad vector
containing the K7 peptide showed almost background levels of
AST activity, which reflects liver toxicity (Fig. 2B). Histological
analysis supported this finding (Fig. 2C). Because the K7-modified
Ad vector showed higher transgene activity and a higher accumu-
lation of viral DNA into the liver (Fig. 1), the transduction and
distribution of the vector into the liver did not participate in liver
toxicity. The cytokines/chemokines play a major causative role in
liver damage associated with systemic Ad infusion as well as in the
induction of an antiviral immune response (2). Ad-induced cyto-
kines/chemokines recruit immune effector cells (neutrophils,
monocyte/macrophages, and NK cells) to Ad-transduced cells
(mainly liver), resulting in acute hepatic toxicity. Shayakhmetov
et al. (35) have reported that hepatocytes and Kupffer cells trigger
IL-1 transcription in liver tissue after i.v. administration of Ad
vectors and that interference of IL-1-signaling reduces liver tox-
icity. We speculated that IL-6 could be the main mediator for
hepatic toxicity because IL-6 is one of the main cytokines in the
early stages of inflammation, IL-6 production by the fiber-modified
Ad vector was much reduced (approximately a quarter) compared
with that by the conventional Ad vector, and all of the cytokines/
chemokines/IFNs we examined (including IL-6) were mainly pro-
duced by the spleen, not the liver. Treatment of the anti-IL-6R Ab
decreased liver toxicity (Fig. 5), suggesting that IL-6 plays at least

FIBER-MODIFIED Ad VECTORS DECREASE LIVER TOXICITY

some role in liver toxicity induced by systemic injection of the Ad
vector. Because the AST levels were only partially reduced by the
treatment with the anti-IL-6R Ab, another mechanism such as IL-1
signaling, rapid Kupffer cell death (55, 56), activation of the liver
endothelium (55), or other factors might be involved in the liver
toxicity. Nevertheless, it is attractive that the K7-modified Ad
vector did not show liver toxicity despite the higher transduc-
tion efficiency and higher accumulation of the vector into the
liver (probably Kupffer cells).

Our present study provides new insight into the cellular biolog-
ical mechanism related to the innate immune response and liver
toxicity against the systemically administered Ad vector. Modifi-
cation of vector tropism should contribute to safe gene therapy
procedures.
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Abstract Thyroid hormone-mediated positive cardiotropic ef-
fects are differently regulated between the atria and ventricles.
This regulation is, at least in part, dependent on sarcoplasmic
reticulum (SR) proteins. Sarcolipin, a homologue of phospho-
Jamban, has been recently identified as an atrium-specific SR
protein. The expression of sarcolipin mRNA was significantly
decreased in the atria of mice with hyperthyroidism and in
3,5,3'-triiodo-L-thyronine-treated neonatal rat atrial myocytes.
Promoter activity and mRNA stability analyses revealed that
thyroid hormone post-transcriptionally downregulated the
expression of sarcelipin mRNA. The atrium-specific effect of
thyroid hormone may occur in part through the regulation of
atrial sarcolipin gene expression.

© 2006 Federation of European Biochemical Societies. Published
by Eisevier B.V. All rights reserved.

Keywords: Thyroid hormone; Calcium; Gene expression;
Cardiomyocyte; Sarcoplasmic reticulum

1. Introduction

Thyroid hormone plays an important role in normal cardio-
vascular development and exerts positive inotropic, lusitropic,
and chronotropic effects on the heart [1]. These effects are med-
jated in part by regulating the transcription of the genes encod-
ing proteins involved in Ca?* cycling, ion transport, pB-

"Corresponding author. Fax: +81 45 788 1470.
E-mail address: sminamis@med.yokohama-cu.ac.jp (S. Minamisawa).

Abbreviations: ANF, atrial natriuretic factor; CSQ2, cardiac calseques-
trin; EDD, end-diastolic left ventricular dimension; ESD, end-systolic
left ventricular dimension; %FS, percent fractional shortening; GAP-
DH, glyceraldehyde-3-phosphate dehydrogenase; IVS, interventricular
wall thickness; LVPW, left ventricular posterior wall thickness; MLC2a,
atrial myosin light chain 2; NCXI, cardiac sodium calcium exchanger;
PLN, phospholamban; RT-PCR, reverse transcription polymerase
chain reaction; RyR2, cardiac ryanodine receptor; SERCA, SR
Ca%*-ATPase; SLN, sarcolipin; SR, sarcoplasmic reticulum; T3, 3,5,
3'-triiodo-L-thyronine; TR, thyroid hormone receptor; TRE, thyroid
hormone response element

adrenergic signaling, and myofibrillar organization. In addi-
tion to its physiological role, the excess of thyroid hormone,
or the state of “hyperthyroidism”, often induces pathological
changes in the heart such as cardiac hypertrophy, sinus tachy-
cardia and atrial arrhythmias including atrial fibrillation. The
prevalence of atrial arrhythmias is much higher than that of
ventricular arrhythmias in patients with hyperthyroidism, indi-
cating that the atrial myocardium is more susceptible to
thythm disturbance by the excess of thyroid hormone than
the ventricular myocardium. In this regard, it has been known
that the responses to thyroid hormone differ between the atria
and ventricles [2-4]. Kaasik et al. demonstrated that thyroid
hormone activated sarcoplasmic reticulum (SR) Ca?* ATPase
(SERCA) more in the atria than in the ventricles [3]. Shenoy
et al. showed that the Ca®" transporter proteins were differ-
ently regulated in the atria and the ventricles [4]. Several recent
studies have suggested that abnormal intracellular Ca®*
homeostasis and perturbations in Ca®* cycling play an impor-
tant role in atrial fibrillation-induced atrial remodeling [5,6].
Therefore, the differential effect of thyroid hormone on the
proteins involved in Ca** cycling may account for the occur-
rence of atrial rather than ventricular arrhythmias.

We have found that sarcolipin (SLN), a homologue of phos-
pholamban (PLN), is specifically expressed in the atrial myo-
cardium and skeletal muscle, but not in the ventricular
myocardium [7]. SLN interacts with SERCA and regulates
excitation-contraction coupling in the atrial and skeletal mus-
cles [8]. Accordingly, SLN may play an important role in char-
acterizing the chamber-specific physiological properties of the
atria. The atrial chamber-specific expression of SLN could
be primarily regulated at the transcriptional level. Our previ-
ous studies have demonstrated that SLN mRNA expression
is increased during development, and decreased by hypertro-
phic remodeling of the atria [7,9] as well as in patients with at-
ria) fibrillation [10]. However, the effect of thyroid hormone on
the transcriptional regulation of the SLN gene in the heart has
not been investigated, although thyroid hormone is known to
regulate the transcription of the SR genes such as PLN and
cardiac SERCA2 isoform (SERCA2a) in the heart [11-13].
In the present study, we examined the effect of thyroid hor-
mone on the transcription of SLN gene in the atrial tissue
and myocytes.

0014-5793/$32.00 © 2006 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Animals

All treatments were approved by the Animal Protocol Committee
of Yokohama City University School of Medicine. Hyperthyroidism
was induced in ddY mice (Nippon SLC Inc.) at 6.5 weeks of age
(n=135) by intraperitoneally injecting 3,5,3'-trliodo-L-thyronine (T3)
at a dose of 2 ug/g body weight/day for 4 weeks. Hypothyroidism
was induced in ddY mice at 3 weeks of age (n = 5) by feeding the ani-
mals with a 0.05% 5-propyl-2-thiouracil (PTU)-containing water for 8
weeks. Non-treated (euthyroid) mice (n = 5) were bred for the same
period.

2.2. Transthoracic echocardiography
Transthoracic echocardiography was performed as previously de-
scribed [14].

2.3. Cell culture and stimulation with T3

Neonatal rat atrial myocytes were prepared as the same method de-
scribed previously for neonatal rat ventricular myocytes [15]. Cardio-
blast HO9C2 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 1% fetal calf serum (FCS) for 7 days after
confluence. Neonatal rat atrial myocytes and H9C2 cells were treated
with 1 nM of T3 for 24 h, and were then collected.

2.4. Northern blot and quantitative reverse transcription polymerase
chain reaction (RT-PCR) analyses

Isolation of total RNA and Northern blot analysis were performed
as previously described with modification [7,9,16]. Mouse cDNA
probes including the SLN gene were used as reported previously [9].
The quantitative RT-PCR was performed by using SYBR Green
PCR reagents (Applied Biosystems) as previously described [10]. The
forward and reverse primer sequences of SLN were 5-CTGAGG-
TCCTTGGTAGCCTG-3 and 5-GGTGTGTCAGGCATTGTGAG-
3', respectively.

2.5. Cloning of mouse sarcolipin promoter

During the present study was prepared, the genomic sequence of
mouse chromosome 9 including 5’ flanking sequence of the SLN gene
has been published (NCBI Accession No.: NT_039474). The primers
for PCR amplification of 5 flanking sequence of the SLN gene were
designed as based on the nucleotide sequence (forward: 5-CAGCT-
AACCAGGCACAACAA-Y, reverse: 5'-CACTCAGGCTACCAAG-
GACC-3'). A 2299-bp fragment between —2237 of the 5' flanking se-
quence and +62 of the non-coding exon 1 of the SLN gene was
amplified and was subcloned into a pDrive vector (Qiagen). The nucle-
otide sequence was confirmed by direct DNA sequencing.

2.6. Promoter activity assay

The 2299-bp and fragments of the SLN promoter region was cloned
into the promoter-less firefly luciferase expression vector, pGL3-Basic
(Promega). This construct was named —2237/SLNluc. A shorter con-
struct, —563/SLNluc, containing 563 upstream nucleotides from the
putative transcriptional start site was made by self-ligation after diges-
tion of Miul restriction enzyme. Neonatal rat atrial myocytes were
incubated with serum-free medium for 24 h and then they were tran-
siently co-transfected with 300 ng of each SLN promoter luciferase test
plasmid and 75 ng of phRL-TK control plasmid (Promega), using Fu-
Gene 6 (Roche). Three hours after the transfection, the myocytes were
incubated with or without T3 (1 nM) for 24 h, and the luciferase activ-
ity was measured with Dual-Luciferase Reagents (Promega).

2.7. mRNA stability assay

To determine whether T3 alters SLN mRNA stability, HIC2 cells
were treated with 5 pg/ml actinomycin D, a blocker for transcription,
in the presence or absence of 1 nM T3 for up to 8 h. At the indicated
times, total cellular RNA was prepared and analyzed by quantitative
RT-PCR analysis.

2.8. SERCA activity
SERCA activity was measured as previously described [7].
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2.9. Statistics

Data are expressed as means + S.E.M. Differences were considered
significant at P < 0.05 (one- or two-way ANOVA with Student-New-
man-Kuel’s post hoc test).

3. Results

3.1. The expression of SLN mRNA was decreased in the atria of
hyperthyroid mice

Serum concentrations of free triiodothyronine were >32.6,
2.75£0.17, and 1.71 £ 0.12 pg/ml in hyperthyroid, euthyroid
and hypothyroid mice, respectively. Hyperthyroidism was
associated with significant increases in the left ventricle/body
weight ratio and the atria/body weight ratio when compared
with euthyroid mice (Fig. 1A and B). Transthoracic echocardi-
ography revealed that heart rate, LV chamber size and LV ven-
tricular wall thickness were significantly increased in
hyperthyroid mice when compared with those in euthyroid
mice (Fig. 1C-E). However, these parameters except heart rate
were not different between hypothyroid and euthyroid mice
(Fig. 1). Percent fractional shortening (%FS) was not different
among three groups (Fig. 1F).

The expression of SLN mRNA was significantly decreased
in the atria of the hyperthyroid mice when compared with both
euthyroid and hypothyroid mice (Fig. 2A and B). The expres-
sion of SLN mRNA was slightly higher in the hypothyroid at-
ria than the euthyroid atria, although the difference did not
reach statistical significance. No SLN transcript was detected
in the ventricles of both hyperthyroid and hypothyroid mice
(data not shown). The expression levels of PLN, SERCA2a,
cardiac sodium calciom exchanger (NCX1), RyR2, CSQ2,
ANF and atrial myosin light chain 2 (MLC2a) mRNAs were
also examined in these atria. We found that the expression le-
vel of PLN (Fig. 2C) and MLC2a (data not shown) RNAs
were significantly decreased in the hyperthyroid mice.

SERCA activity in the hyperthyroid atria (n = 4) was signif-
icantly higher than that in the euthyroid atria (n=4)
(590 = 66 nmol/mg protein/min and 270 * 66 nmol/mg pro-
tein/min, respectively). SR Ca®* ATPase activity was much
higher in the atria than that in the ventricles (hyperthyroid:
142 * 25 nmol/mg protein/min; euthyroid: 56 * 20 nmol/mg
protein/min).

3.2. Thyroid hormone downregulated the expression of SLN in
neonatal rat atrial myocytes

To avoid a secondary effect of thyroid state-mediated hemo-
dynamics on the expression of SLN mRNA, we examined the
effect of T3 in cultured neonatal rat atrial myocytes. T3 de-
creased the expression of SLN mRNA by 20% (P <0.05) in
neonatal rat atrial myocytes that did not exhibit a significant
enlargement in size, whereas T3 increased the expression levels
of SERCA2a and NCX1 mRNAs by 80% (P < 0.001) and 37%
(P <0.01), respectively (Fig. 3A and B). PLN mRNA was
undetectable in neonatal rat atrial myocytes in our experi-
ments.

3.3. Thyroid hormone treatment did not suppress the SLN
transcriptional activity, but accelerated SLN mRNA
degradation

Transfection with —2237/SLNluc or —563/SLNluc resulted
in a 40-fold increase in transcriptional activity in neonatal
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Fig. 1. Cardiac morphology and function in hyperthyroid and hypothyroid mice. (A) Left ventricle/body weight ratio; (B) atria/body weight ratio;
(C) heart rate; (D) left ventricular end-diastolic diameter (EDD); (E) left ventricular posterior wall thickness (LVPW); (F) percent fractional
shortening (%FS). The left ventricle/body weight ratio and the atria/body weight ratio were significantly increased in hyperthyroid mice.
Transthoracic echocardiography revealed that heart rate, EDD and LVPW were significantly increased in hyperthyroid mice, whereas %FS was not

different among three groups.

rat atrial myocytes when compared with an empty luciferase
control plasmid. The transcriptional activity, however, was
not changed in the presence or absence of T3 (Fig. 4A). We
then examined the effect of T3 on SLN mRNA stability in
H9C2 cells in the presence or absence of T3. The decay of
SLN mRNA levels was greater in H9C2 cells in the presence
of T3 for 4 and 8 h after actinomycin D treatment (Fig. 4B).

4. Discussion

The present in vivo and in vitro studies demonstrated that
thyroid hormone decreased the expression of SLN mRNA in
the atrial tissue and myocytes. To our knowledge, this is the
first report showing that the expression of the SLN gene are
regulated by thyroid hormone. Thyroid hormone binds to
high-affinity nuclear receptors that consist of thyroid hormone
response elements (TREs), resulting in activating or repressing
gene transcription. The thyroid hormone repressed-genes gen-
erally contain one or more negative TREs. In the present
study, we found four putative TREs in the SLN promoter re-
gion between —2237 of the 5 flanking sequence and +62 of the
partial non-coding exon 1 of the SLN gene. However, our data
indicated that these TREs were not responsible for the sup-
pressive SLN transcription by thyroid hormone. Instead, we
found that thyroid hormone accelerated the decay of the
expression of SLN mRNA, suggesting that thyroid hormone

altered SLN mRNA stability and thus increased its degrada-
tion. In this regard, a number of studies have demonstrated
that thyroid hormone post-transcriptionally downregulates
the expression of several genes [17,18]. The in vitro study de-
scribed here indicated that T3 (I nM) was sufficient to decrease
the SLN transcripts in cultured neonatal rat atrial myocytes,
where the stresses such as tachycardia and increased afterload
due to ventricular hypertrophy were eliminated. Therefore, we
think that the excess of thyroid hormone directly downregu-
lates the expression of SLN mRNA. However, the depressing
effect of T3 on SLN mRNA levels on in vitro neonatal atrial
cardiomyocytes was much less pronounced than the in vivo at-
rial tissues. Accordingly, we have demonstrated that local pres-
sure overload or atrial fibrillation decreases the expression of
SLN mRNA in the atria [9,10]. Since the hyperthyroid mice
investigated here displayed cardiac hypertrophy and sinus
tachycardia, we postulated that these stresses augmented the
decrease in the expression of SLN mRNA in the in vivo atria.

On the other hand, the present study demonstrated that the
hypothyroid mice exhibited no change in cardiac morphology
and function except slower heart rates. Accordingly, we found
that the expression of SLN mRNA was not significantly in-
creased in the atria of hypothyroid mice. We assume that the
expression of SLN mRNA would reach the maximal level in
the adult atria even in the euthyroid state and that a decrease
in thyroid hormone does not enhance SLN mRNA stability.
There is an alternative possibility that the intensity and dura-
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Fig. 2. The expression of SLN mRNA was decreased in the atrial myocardium of the hyperthyroid mice. (A) The raw data of the expression of SLN
mRNA by Northern blot analysis. Ten pg of total RNA was loaded per lane. (B-D) The summary of Northern blot analyses. The expression levels of
SLN and PLN mRNAs were significantly decreased in the atria of the hyperthyroid mice (Hyper-) when compared with euthyroid and hypothyroid
mice (Eu- and Hypo-, respectively). The expression levels of SERCA2a mRNA were not different between three groups. Each signal intensity was
standardized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as an internal control. The data are presented as means + S.E.M.
**P <0.01; """ P < 0.001; ns, not significant.
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Fig. 3. Thyroid hormone treatment decreased the expression of SLN mRNA in neonatal rat atrial myocytes. (A) The raw data of the expression of
SLN mRNA by Northern blot analysis. Ten pug of total RNA was loaded per lane. (B) The summary of Northern blot analyses. The expression level
of SLN mRNA was significantly decreased in neonatal rat atrial myocytes in the presence of T3 (T3), whereas the expression levels of SERCA2a and
NCX1 mRNAs were significantly increased by T3. Each signal intensity was standardized by GAPDH used as an internal control. The data are
presented as means £ S.E.M. *P < 0.05; ™ P < 0.01; ™" P < 0.001. (C) Control myocytes in the absence of T3.
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tion of the hypothyroid state were not enough to increase the
expression of SLN mRNA in the present study.

A large body of evidence has indicated that thyroid hormone
plays an important role in the expression of the SR Ca®* genes
[19-21]. It has been known well that PLN is downregulated by
thyroid hormone, which was confirmed in the atria by the pres-
ent study. The downregulation of PLN mRNA contributes to
the positive inotoropic effects mediated by thyroid hormone
treatment. Like PLN, SLN also inhibits SERCA2a function
and reduces SR Ca?" stores [22]. Accordingly, the atrial tissues
may be more sensitive to the stimulation of thyroid hormone
than the ventricular tissues because of a decrease in SLN
expression in addition to a decrease in PLN. It is of great inter-
est that the downregulation of SLN mRNA by thyroid hor-
mone would result in a decrease in SLN protein in the atria.
In the present study, we could not show it, because it is difficult
to obtain a SLN antibody probably due to the very short cyto-
plasmic region of the structure. Further investigation will be
required to clarify whether thyroid hormone-mediated down-
regulation of SLN mRNA increases Ca?" uptake in the atria
and thus function.

In conclusion, the SLN transcripts in the atrial tissue and
myocytes were post-transcriptionally downregulated by thy-
roid hormone. The atrium-specific effect of thyroid hormone
may occur, at least in part, through the regulation of atrial
SLN gene expression.
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