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Abstract

Sarco(endo)plasmic reticulum calcium ATPases (SERCA) are cellular pumps that transport Ca2*
into the sarcoplasmic reticulum (SR). Serca2 is the most widely expressed gene family member.
The very early embryonic lethality of Serca2™!!l mouse embryos has precluded further evaluation
of loss of Serca2 function in the context of organ physiology. We have generated mice carrying a
conditional Serca2fl°X allele which allows disruption of the Serca2 gene in an organ-specific
and/or inducible manner. The model was tested by mating Serca21°* mice with MLC-2yW/Cre
mice and with aMHC-Cre transgenic mice. In heterozygous Serca2"V/flox MLC-2uWUCre mice, the
expression of SERCA2a and SERCAZ2b proteins were reduced in the heart and slow skeletal
muscle, in accordance with the expression pattern of the MLC-2v gene. In Serca2flox/flox
Tg(aMHC-Cre) embryos with early homozygous cardiac Serca2 disruption, normal embryonic
development and yolk sac circulation was maintained up to at least embryonic stage E10.5. The
Serca2f°* mouse is the first murine conditional gene disruption model for the SERCA family of
Ca%* ATPases, and should be a powerful tool for investigating specific physiological roles of
SERCAZ2 function in a range of tissues and organs in vivo both in adult and embryonic stages.
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1. Introduction

The P-type sarco(endo)plasmic reticulum (SR) Ca?* ATPases (SERCA) are cellular ATP-
driven CaZ* pumps that transport Ca2* into the SR. SERCA proteins are encoded by the
three genes Sercal, Serca2 and Serca3 [1,2]. Serca2 is expressed in most tissues in the
body, whereas Sercal expression is restricted to fast-twitch skeletal muscle and Serca3 is
expressed mainly in secretory tissues and in organs such as the kidneys and pancreas [1,2].
Splicing variants and protein isoforms with restricted expression patterns have been
identified for all three gene family members. The Serca2 gene encodes two major protein
isoforms. SERCAZ2a is expressed predominantly in cardiomyocytes and slow-twitch skeletal
muscle, but has also been detected in smooth muscle cells [3], keratinocytes [4], pancreatic
epithelial cells [5] and in cerebellar Purkinje cells [6]. SERCA2b has a longer C-terminal
tail, and is expressed ubiquitously inmost tissues. A third inducible isoform, SERCAZ2c, has
been identified in human monocytes and heart [7,8], but not in other species.

Much of the current understanding of SERCA2 function is derived from the heart. SERCA2
sequesters Ca2* from the cytosol into the SR during the relaxation phase of the cardiac
excitation—contraction cycle. In heart failure patients and in animal heart failure models,
SERCAZ2 activity or expression is often reduced [9]. Decreased SERCA2 expression or
function results in less efficient removal of Ca2* from the cytosol, leading to the prolonged
muscle relaxation time and reduced contractile force as found in heart failure patients and in
animal models of heart failure [10-12].

Systemic disruption of Serca2 (Serca2null/nully js |ethal in genetically modified mice, thus
precluding further analysis of SERCA2 function both during development and in adult
animals [13]. To circumvent this developmental lethality, we have created a Serca2fox
mouse. In the Serca2flo% allele, all SERCA2 isoforms are disrupted upon Cre recombinase
activity. Here we show that tissue-specific reduction of SERCA2 expression in cardiac and
slow-twitch skeletal muscle is obtained in somatic heterozygous Serca2Wflox pmc-2ywt/Cre
mice as a test of functionality of the new Serca2flox allele. Furthermore, we show that in
embryos with cardiac disruption of Serca2, normal heart development and fetal yolk sac
circulation is supported up to embryonic age E10.5, thus making it possible to study the role
of both SERCA2-dependent and SERCA2-independent Ca?* transport mechanisms in the
early murine embryonic heart.

2. Materials and methods

2.1. Generation of Serca2foX mice

Cloning of Serca2 from a genomic library, construction of the targeting vector pSerca2T and
Serca? gene targeting in embryonic stem (ES) cells are detailed in Supporting Information
Materials and methods. Correct targeting of the Serca2 gene locus (5’ and 3’ end crossover
and presence of all loxP sites) was verified by Southern blotting. In the final Serca2flox
allele, 172 bp and 101 bp of additional DNA including the loxP sites, remained in introns 1
and 3, respectively. Genomic maps and gene targeting strategies are shown in Fig. 1. Two
independent embryonic stem cell clones with the desired floxed Serca2 gene madifications
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were microinjected into 3.5-day B6/Crl blastocysts (in collaboration with Marcela Pekna,
University of Goteborg, Sweden) and implanted into pseudopregnant foster mothers.
Chimeric males (as determined by coat color) were bred against B6/Crl (Charles River,
Sweden) females. Animals with germline transmission of the Serca2flo% allele were
identified by PCR.

2.2. PCR detection of Serca2 and MLC-2v alleles

Different alleles of the Serca2 gene (wt, flox or deletion) and the MLC-2v gene (wt and Cre
knock-in) were detected by standard PCR reactions with annealing temperature of 55 °C for
25-30 cycles and Amplitag Gold on an ABI 9600 thermocycler (Applied Biosystems, Foster
City, CA, USA). Primer sequences and PCR amplification product sizes are given in
Supporting Information Table 1.

2.3. Animal husbandry

All animal experiments were performed in accordance with the Norwegian National
Committee for Animal Welfare Act, which closely confirms to the NIH guidelines (NIH
publication No. 85-23, revised 1996). Mice were housed in M2 or M3 cages with Bee Kay
bedding (Scanbur BK, Nittedal, Norway) in 55% humidity on a 12 h light/dark cycle. Food
pellets (RM1, 801151, Scanbur BK) and water were freely available.

Serca2Wflox mice and MLC-2v"YCre mice [14] were backcrossed onto B6/J (n3 and nl
generations, respectively) before interbreeding to generate cardiac Serca2 heterozygous
mice. Serca2"¥floX mice are maintained on the B6/J background (The Jackson Laboratory,
Bar Harbor, MA, USA), and are presently at generation n > 20. Serca21°X mice and
transgenic aMHC-Cre mice [15] were interbred to generate embryonic cardiac disruption of
SERCAZ2. Genotyping was performed by PCR on 3-5 mm tail biopsies [16]. Seventeen- to
22-week-old animals of both sexes and genotypes (unless otherwise stated) were used for
basic characterization. In matings of Serca2f°* and Tg(aMHC-Cre) transgenic mice, live
animals were genotyped as above.

2.4. Echocardiography and left ventricular pressure hemodynamics

Mice were anaesthetized, intubated and connected to a rodent ventilator using 2%
isoflurane. Echocardiography was performed using a i13L 13 MHz linear array transducer
(GE Healthcare Technologies, Oslo, Norway) and data were analyzed with EchoPac PC
software (GE Healthcare Technologies, Oslo, Norway) as described [17]. Hemodynamic
measurements were performed immediately thereafter with a 1.4 F Millar micro-tipped
pressure transducer catheter (SPR-671, Millar Instruments, Houston, TX, USA) advanced
from the right carotid artery into the left ventricle. Data were collected as described [17].

2.5. Tissue material

Immediately after conclusion of the in vivo measurements, the mice were sacrificed with
excision of heart, lung, liver, kidney, spleen, soleus and extensor digitorum longus (EDL)
muscles. Hearts and lungs were blotted dry and immediately weighed. All organs were flash
frozen in liquid nitrogen. Organs were also harvested from animals not undergoing in vivo
measurements.
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2.6. Ca2* ATPase content

Total Ca2* ATPase content in mouse heart left ventricles was measured by an ATP-binding
assay in tissue homogenates as described elsewhere [18,19].

2.7. Northern blotting

Poly A" RNA was isolated as described [20]. Samples (10 pg mRNA) were size-fractionated
on 1% agarose gels, transferred to nylon filters and probed with cDNA fragments for Serca2
(pRH39, EcoRlI 2.2 kb insert) [3] and Gapdh (1.3 kb insert) (a kind gift from Hans Prydz,
University of Oslo, Oslo, Norway).

2.8. Western blotting

Total homogenates were prepared in ice-cold buffer (210 mM sucrose, 2 mM EGTA, 40
mM NaCl, 30 mM HEPES, 5 mM EDTA, pH 7.4) supplemented with a protease inhibitor
cocktail (Complete EDTA-free, Roche Diagnostics, Oslo, Norway) and 1% SDS final
concentration as described [21]. Homogenization buffer was supplemented with phosphatase
inhibitors (phosphatase inhibitor cocktail 1, Sigma—Aldrich, Oslo, Norway) where needed.
Protein content was measured by a Micro BCA assay (Pierce 23235, Pierce Biotechnology,
Rockford, IL, USA) using BSA as standard protein. Samples (left ventricular myocardium
15 pg/lane; kidney, liver and lung samples, 40 pg/lane) were electrophoresed in SDS-PAGE
gels (10%) and transferred to 0.45 um PVDF membranes (GE Healthcare Amersham
Biosciences) by standard procedures. Membranes were blocked in 5% skimmed milk in
TBS-T. Antibodies for detection were mouse monoclonal anti-SERCA2a (MA3-919,
Affinity Bioreagents) and rabbit polyclonal anti-SERCA2b antiserum [22] (kind gift from
Frank Wuytack, Katholieke Universiteit Leuven, Leuven, Belgium). Blots were incubated
with appropriate HRP-conjugated sheep anti-mouse 1gG or donkey anti-rabbit 1gG
secondary antibodies diluted in 5% skimmed milk in TBS-T (GE Healthcare Amersham
Biosciences) and developed with ECL or ECLplus reagents (GE Healthcare Amersham
Biosciences). Images were acquired in a LAS-1000 CCD detection system (Fuji Photo Film,
Tokyo, Japan). All membranes were stained after immunoblotting with Coomassie Brilliant
Blue R250 (Sigma—Aldrich) and scanned for verification of equal protein loading and
membrane transfer of samples.

2.9. Basic characterization of embryos with early cardiac disruption of Serca2

In timed matings between Serca2f1oX/flox and Serca2fox/Wt Tg(aMHC-Cre) mice, the uterine
horns were removed from pregnant females at appropriate time points and blotted dry. The
uterine wall was transected and embryos with intact yolk sacs were carefully removed and
washed in oxygenated Tyrodes solution with low Ca?* (136 mM NaCl, 4.5 mM KCl, 0.1
mM CaCly, 0.33 mM NaH,POy4, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose, pH 7.3).
Embryos were transferred to oxygenated Tyrodes solution containing 1.8 mM CaCl, at 37
°C to observe heart beat and yolk sac circulation. Embryos were imaged in a Leica MZ
FLIII stereomicrosope with a DFC300 FX digital camera (Leica Microsystems, Heerbrugg,
Switzerland). Genotyping of embryos was performed on embryonic yolk sacs or embryos
proper.
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2.10. Statistical analysis

The data are expressed as mean values + SEM unless otherwise noted. Statistical
significance was calculated using two-tailed Student’s unpaired t-test (Prism 4.01, Graphpad
Software, San Diego, USA). p values <0.05 were considered significant. The statistical
significance of genotype distributions in live mice was calculated using the %2 distribution.

3. Results

3.1. Generation of Serca2flox targeted mice

The partial structure of the Serca2 (Atp2a2) gene and gene targeting strategy is outlined in
Fig. 1. The wild-type Serca2 allele was converted by a two-step procedure into a Serca2fox
allele in embryonic stem cells by homologous recombination (Fig. 1). LoxP sites were
placed into introns 1 and 3 of the Serca2 gene, encompassing the translational start site, thus
producing a Serca2 null allele upon Cre activity and recombination of the loxP sites. All
matings of targeted Serca2fl°% animals resulted in offspring with expected Mendelian allele
frequencies and normal litter sizes. Serca2Wt/flox and Serca2flox/flox animals appeared normal
and were indistinguishable. Verification of the presence of the loxP sites in introns 1 and 3
in offspring is shown in Fig. 2A.

3.2. Test of functionality in adult animals—tissue-specific heterozygous SERCA2 mice

To validate a functional Serca21°X allele and disruption of the Serca2 gene upon tissue-
specific Cre activity, we mated Serca2f1oX/flox mice with MLC-2v"UCre “knock-in” mice
[14,23], in which the Cre recombinase is expressed in the heart ventricles and in slow-twitch
skeletal muscle with no detectable expression in other tissues. In crosses between
Serca2flox/flox gnd MLC-2vWUCre mice, the Serca2 and MLC-2v alleles segregated normall2y
(Fig. 2B). However, we failed to generate somatic Serca2 knockout mice (Serca2flox/flox
MLC-2vWUCre) in crosses between Serca2flox/flox and Serca2wtflox MLC-2vWYCre mice (n >
100 offspring, data not shown). This was due to the close proximity of the Serca2 (Atp2a2)
and MLC-2v (Myl2) loci on mouse chromosome 5 (data not shown). For practical purposes,
the genetic linkage between Serca2 and MLC-2v is 100%.

In somatic heterozygous SERCA2 mice (Serca2"t/flox MLC-2vWUCre) deletion of one copy
of the Serca2 gene was detected in the heart (right and left ventricles) and in slow-twitch
skeletal muscle (soleus), but not in fast-twitch skeletal muscle (EDL), liver, lung, kidney or
spleen, nor in any tissue in floxed Serca2 littermates (FF, Serca2flox/flox pmC-2uWtwhy (Fig,
2C). This is in accordance with the Cre recombinase being expressed in cardiac and slow-
twitch skeletal muscle from within MLC-2v gene locus [14]. All subsequent analyses were
performed on somatic heterozygous SERCA2 and control FF mice.

3.3. Serca2 expression in somatic heterozygous SERCA mice

Serca2 mRNA was significantly reduced by 42% in the left ventricles of somatic
heterozygous SERCA2 mice compared to control FF mice (Fig. 3A). There was no
difference in Serca2 mRNA expression between Serca2"!flox and Serca2floX/flox mice (data
not shown), suggesting that the flox sites inserted into the Serca2 gene did not affect Serca2
mMRNA expression.
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SERCAZ2a protein was reduced by 35% in the left ventricles and by 37% in the soleus
muscles of somatic heterozygous SERCA2 mice compared with FF control littermates (Fig.
3B) (p < 0.05). SERCAZ2b protein was reduced by 35% in the left ventricle and by 38% in
the soleus muscle of somatic heterozygous SERCAZ2 animals compared to FF control
littermates (Fig. 3C) (p < 0.05). Overall, half the gene dosage reduced both the SERCA?2a
and SERCAZ2b protein abundance in the heart and soleus muscle of somatic heterozygous
SERCAZ2 mice by 35% and 38% of that in control animals. There was no significant
difference in SERCAZ2b protein expression between the somatic heterozygous SERCA?2 and
FF mice in lung, spleen, liver or kidney (Fig. 3D). In somatic heterozygous SERCA2 mice,
the total Ca2* ATPase content in the heart was reduced by 28% in 19-week-old mice (23 +1
nmol Ca2* ATPase/g protein, n = 5) compared with FF control littermates (32 = 3 nmol
Ca?* ATPase/g protein, n = 5) (p < 0.05).

3.4. Overall phenotype of somatic heterozygous SERCA2 mice

There was no significant difference between somatic heterozygous SERCA2 and FF control
animals of the same sex with regard to size, heart or lung weights as absolute values or
normalized to body weight (Supporting Information Table 2). Heart function in vivo was
assessed by echocardiography (Supporting Information Table 3). We found no significant
difference between somatic heterozygous SERCA2 and control FF mice in overall heart and
aorta dimensions, flow rates or cardiac output as determined by echocardiography, nor
dilatation of the left atrium, which is an early discriminative parameter of heart failure in
post-infarction mice [17]. Moreover, the left ventricular end-diastolic pressure and the
maximal positive (LVdP/dty,,x) and negative derivatives (LVdP/dty,) of the left ventricular
pressure were not significantly different in somatic heterozygous SERCA2 and control FF
mice (Supporting Information Table 3).

3.5. Test of functionality—cardiac embryonic disruption of SERCA2

The aMHC-Cre transgene is active in the embryonic heart from day E8 [24]. We therefore
mated Serca2floXflox mice with Serca2f1oXWt Tg(aMHC-Cre) carrying the aMHC-Cre
transgene to generate mice with disruption of Serca2 in the heart [15]. We could not find
live mice with cardiac disruption of the Serca2 gene (Supporting Information Table 4). In
contrast, embryos with all four expected genotypes were identified up to E14.5 in timed
matings (Supporting Information Table 5). Yolk sac circulation and heartbeat were readily
observed in homozygous cardiac Serca2-disrupted embryos up to E10.5 (Fig. 4 and
Supporting Information Table 5). There was no indication of pericardial enlargement as a
sign of cardiac dysfunction at these stages. However, embryos at E11.5 were dead with no
visible yolk sac circulation (Fig. 4), and embryos at E14.5 were heavily decomposed. Thus,
cardiac Serca2-disrupted embryos may be studied in developmental window up to
embryonic stage E10.5.

4. Discussion

We report here the first conditional gene inactivation mouse model for the SERCA family of
CaZ* ATPases. Mice carrying the new Serca2flo% allele allow disruption of the Serca2 gene
in a tissue-specific and/or inducible fashion by mating with appropriate mice expressing Cre
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recombinase. Efficient tissue-specific disruption of the Serca2fl°X allele was demonstrated in
adult mice by mating Serca2flo¥/flox mice with MLC-2vWUCre mice [14]. Somatic
heterozygous SERCA2 mice (Serca2flox/flox pc-2yWUCre) were phenotypically normal, but
with reduced SERCA2 content in the heart and slow-twitch skeletal muscle. The magnitude
of decrease in Serca2 mRNA, protein and Ca2* ATPase activity in the hearts of somatic
heterozygous SERCA2 mice was similar to that found in systemic heterozygous
Serca2Wnull mice [13,25]. Reduction of SERCA2 expression in the heart may be
compensated at several levels. One possibility is to increase the production of the higher
Ca?* affinity SERCAZ2b protein isoform, as seen in a Serca2 splicing site mutant mouse
(Serca2P®, Serca2a™!!) [26]. However, both SERCA2a and SERCA2b proteins were
reduced to similar extents in the heart and in soleus muscle of somatic heterozygous
SERCAZ2 mice.

It has been suggested that decreased SERCAZ2 expression or function in the heart is an
important contributor to the development of heart failure [10]. Yet none of the three mouse
models (Serca2Wtnull Serca2bt j e, Serca2anUll and tissue-specific Serca2"nully developed
severe heart failure under basal conditions. However, systemic Serca2"/null mijce responded
with accelerated heart failure development when challenged with pressure overload [27] and
were more sensitive to ischemia/reperfusion injury [28]. Serca2P’® splicing site mutant mice
developed mild cardiac hypertrophy [26]. We did not find indications of depressed cardiac
function in somatic heterozygous SERCA2 mice. Darier’s disease patients have mutations in
the Serca2 gene and are functional Serca2 heterozygotes. Cardiac dysfunction was not found
at rest or during exercise in these patients [29]. A possible explanation for the lack of overt
heart failure in these animal models and in Darier’s patients is that the remaining SERCA2
function may be sufficient for maintaining Ca2* transport during the cardiac contractile
cycle.

We have recently shown that in an another application of the Serca2flo% allele, in which
tamoxifen induces Cre-dependent cardiomyocyte-specific homozygous disruption of the
Serca2flox allele results in cardiac dysfunction and death, but also an unexpected time
window of several weeks where cardiac function was maintained with a small reduction in
cardiac output despite more than 95% loss of SERCAZ2 protein [30]. Furthermore, the
reduction of SERCA2 was compensated by multiple mechanisms, among them augmented
Ca?* cycling over the cardiomyocyte membrane, increased adrenergic drive and enhanced
myofilament responsiveness.

In embryos with homozygous disruption of Serca2 during early cardiac development
(Serca2flo¥/flox Tg(q MHC-Cre), we found that heart development appeared normal and
embryo-derived yolk sac circulation was supported up to embryonic age 10.5. Disruption of
Serca2 would occur at E7.5-E8, when the aMHC promoter becomes transcriptionally
active, and SERCAZ2 protein should rapidly decrease. Thus, it should be possible to examine
cardiac function in a time window with a reduction in SERCAZ2 in mouse embryos.

The functional role of Serca2 in the endoplasmic reticulum (ER) of cells in other organs
than the heart is poorly understood, and Serca2/°* mice may be useful for such purposes. It
has been proposed that SERCA proteins play a diverse role in multiple processes such as ER
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luminal protein processing, intracellular Ca2* signaling and cell death, in addition to a more
general ER housekeeping function [31,32]. Darier’s disease is a heritable disorder of
epithelial keratinization. It was therefore surprising that mutations in these patients were
mapped to the Serca2 gene [33]. It has been suggested that the reduced SERCAZ2 function in
Darier’s keratinocytes interferes with ER protein synthesis and trafficking [34]. SERCA2
clearly serves an important function in Ca2* homeostasis in keratinized cells, even though
the exact mechanism is currently not understood. Aged systemic heterozygous Serca2/null
mice have an unexpected high frequency of squamous cell tumors in keratinized epithelial
cells in the skin, forestomach, oral cavity and esophagus [35]. In human oral squamous cell
carcinomas, SERCAZ2 protein expression was found to be reduced [36]. These findings
suggest that SERCA2 may also play a role in cancer development and our model may
provide new information in this context.

The diverse role of SERCA2 in Ca2* handling and physiological adaptability is also
illustrated in the pancreatic acinar cells of heterozygous systemic heterozygous Serca2wt/null
mice. Exocytosis was normal in Serca2Wnull pancreas, even though the Ca2* oscillations
were reduced by 50% [37]. Moreover, calcium homeostasis is important for cell survival in
the neuronal cells [38]. In the brain, Serca2 mRNA exists as several splice variants with
regional transcript expression patterns [39]. A recent report has shown that plasma
membrane components such as NCX1 and sodium pumps may form microdomains with
SERCAZ and other ER proteins in astrocytes [40]. However, specialized regional SERCA2
function(s) in the CNS have not yet been demonstrated in vivo.

The new Serca21°X mouse allows tissue and/or time-specific inactivation of the Serca2 gene
in embryos or in adult mice, as specified by the control of Cre recombinase expression. The
high efficiency of Serca2 disruption, short Serca2 mRNA and protein half-live as
demonstrated in the heart [30], provides a time window to study loss or reduction of Serca2
function and biological responses and compensations which is not possible to study using
acute application of pharmacological inhibitors. Cells from Serca2flo¥/flox mice in
combination with transfection techniques may also be used to generate Serca2-deficient
primary cell cultures. Serca21°* mice should be useful in unraveling multiple aspects of
SERCAZ function in multiple physiological settings in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Serca2 gene and flox targeting vector design. Map of the relevant region of the Serca2
(Atp2a2) gene with non-coding exons (open boxes) and coding exons (filled boxes). Exon
numbers are indicated. Non-genomic DNA is indicated by thick lines. * indicates the 5" and
3’ ends of the cloned Serca2 genomic fragment. Restriction sites: B, BamH1; H, Hindlll; K,
Kpnl; N, Notl; X, Xhol; Xc, Xcml; S, Sall; Sp, Spel. Genomic probes for detection of &/
end, exonl and 3’ end recombination events are indicated. Triangles denote loxP
recombination sites. Neo and TK, Neo and HSV-TK cassettes; wt, wild-type Serca2 gene;
pSerca2T, the targeting vector; Serca2T, the allele generated by homologous recombination
between the Atp2a2 gene and pSerca2T targeting vector; Serca2flo% the allele generated
from Serca2T by partial Cre excision; Serca2?, the null allele generated from Serca21° in
cells in which Cre recombinase is expressed.
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Fig. 2.
Generation of Sercal® mice and Serca2 gene disruption in somatic heterozygous SERCA2

mice. Various combinations of Serca2 and MLC-2v alleles in adult mice were detected by
PCR. Primer combinations and fragment sizes are given in Supporting Information Table 1.
Genotype combinations are shown above the panels. (A) Germline transmission of the
Serca2f1 allele and generation of Serca2flo¥flox mice. PCR products for wild type (wt) and
flox (fl) alleles are indicated. The presence of loxP1 and loxP2 PCR products confirmed the
presence of the Serca2flo% allele. (B) Generation of somatic heterozygous SERCA2 mice.
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Littermates from Serca2flox/flox x Serca2wt/flox (i C-2vWUCTe crosses were genotyped for
Serca2 (wt and fl) and MLC-2v (wt and Cre) alleles. (C) Specificity of Serca2 gene deletion
in somatic heterozygous SERCA2 (SHET) (Serca2Wtflox MLC-2vWUCrey and control FF
(Serca2fox/flox) mice. Genomic DNA was extracted from the indicated tissues and analyzed
by PCR. Control A, wt ES cells (ES14.1a); Control B, upper panel: Serca2"?flox ES cells,
middle panel: left ventricle MLC-2vWYCre mice, lower panel: Serca2Wt2 ES cells; LV, heart
left ventricle; RV, heart right ventricle; EDL, extensor digitorum longus muscle; Soleus,
soleus muscle; other tissues as indicated. The PCR product for LV was from an independent
PCR run.
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Fig. 3.

Rgduced expression of Serca2 mRNA and SERCAZ2 proteins in somatic heterozygous
SERCAZ2 mice. (A) Serca2 mRNA in left ventricles of somatic heterozygous SERCA2
(SHET) and control FF mice. Northern blots sequentially probed with [32P]-dCTP-labelled
probes for Serca2 and Gapdh. Right: Quantification of mMRNA abundance by
phosphorimager analysis. (B) Quantification of SERCAZ2a protein in tissues from somatic
heterozygous SERCA2 and FF mice by Western blotting. Heart left ventricle (LV, 20 g/
lane); soleus and other tissues, 40 pg/lane. Blots were probed with SERCAZ2a-specific
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antibody. Right: SERCA2a quantification summary. (C) Western blots probed with
SERCAZ2b-specific antiserum. Right: SERCA2b quantification summary. (D) Expression of
SERCAZ2b in kidney, lung and liver. *p < 0.05.
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Fig. 4.
Heart development in embryos with homozygous cardiac disruption of the Serca2 gene.

Examples of embryos of FF (Serca2floX/flox) and KO (Serca2fo¥/flox Tg(aMHC-Cre))
genotypes at the Theiler stages as indicated. Yolk sac (left) and released embryo (right)
within each genotype, respectively.
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