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(57) Abstract: This invention provides an isolated stem cell that has been modified to provide, enhance or contain the functional
characteristics of the sarcoplasmic reticulum (SR). The isolated stem cells are modified in one or more of the following manners: by
expressing a calcium channel protein; by expressing a calcium pump protein such as the sarcro/endoplasmic reticulum Ca2+-ATPase
(SERCA) protein; by inhibiting or downregulating expression of the Na+/Ca + exchanger (NCX) protein; by expressing a calcium
handling protein; by expressing a transverse (t)-tubule; and/or by expressing a transverse (t)-tubule biogenic protein. After the cell

& has been modified, it may be expanded to a substantially homogenous population of these cells or alternatively, differentiated to a
& more mature cell type. Compositions containing these cells and population of cells are also provided by this invention. The cells
and compositions can be used to regenerate cardiac tissue, improve cardiac function, restore action potential of cardiac tissue; and

e
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or other therapeutic candidates.

treat or prevent cardiac malfunction. These methods can be achieved by administering an effective amount of a cell or population of
cells or tissue of this invention to a host in need thereof. The cells and population of cells can be used diagnostically to screen drug
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COMPOSITIONS AND METHODS FOR IMPROVING THE FUNCTIONAL
EFFICACY OF STEM CELL-DERIVED CARDIOMYOCYTES

STATEMENT OF GOVERNMENT SUPPORT

This invention was supported in whole or in part under the following grant: NIH (RO1
HL72857) and a grant from the California Institute for Regenerative Medicine.

Accordingly, the U.S. government has rights to the inventions disclosed herein.
BACKGROUND OF THE INVENTION

Throughout this disclosure, various publications, patents and published patent specifications
are referenced by an identifying citation. Also within this disclosure are Arabic numerals
referring to referenced citations, the full bibliographic details of which are provided
immediately preceding the claims. The disclosures of these publications, patents and
published patent specifications are hereby incorporated by reference into the present

disclosure to more fully describe the state of the art to which this invention pertains.

Congestive heart failure has been recognized as an emerging epidemic in developed
countries. In the United States, it is estimated that 4.9 million people suffer from heart
failure with an annual incidence of 550,000. Since cardiomyocytes possess very limited
regenerating capability, survivors of myocardial infarction, the most common cause of heart
failure, often progress to heart failure due to massive myocardial loss. Heart transplantation
is currently the last resort for end-stage heart failure, but this is hampered by a severe
shortage of donor organs and immune rejection. Thus, cell-based therapies have emerged as

promising alternatives.

Human embryonic stem cells (hESCs) possessing the ability to self-renewal and to
differentiate essentially into all cell types of our bodies (pluripotency) including highly
specialized cells such as cardiomyocytes, hold the promise to replenish/repair cellular
functions through cellular transplantation. Prior studies have demonstrated that cellular
transplantation of hESC-derived cardiomyocytes to damaged myocardium can improve

ventricular contractile function and thus improving congestive heart failure (1-4).
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Indeed, hESC-derived CMs (hESC-CMs) display structural and functional properties of
early-stage cardiomyocytes (CM), and can functionally integrate with or even electrically
pace the recipient heart after transplantation in vivo. Thus, hESCs have the potential to act
as an unlimited ex vivo source of cells for transplantation and cell-based therapies of

otherwise incurable heart diseases.

However, any cell or tissue utilized for heart tissue reconstitution or transplantation must
produce electrically excitable heart tissue with viable calcium handling and contractile
functions to mechanically pump blood throughout the body. It has been reported that
spontaneously beating hESC-CMs do not have the capacity to mimic a mature
cardiomyocyte because they lack functional sarcoplasmic reticulum (SR). The SR is a
specialized organelle of cells typically found in smooth and striated muscle. It is a type of
smooth endoplasmic reticulum and is defined by its function to store and pump calcium
(Ca®") ions. The sarcoplasmic reticulum contains large stores of calcium, which it

sequesters and then releases when the cell is depolarized thus triggering muscle contraction.

During an action potential of adult CMs, Ca”" entry into the cytosol through sarcolemmal L-
type Ca’" channels triggers the release of Ca®" from the intracellular Ca®* stores (a.k.a. SR)
via the ryanodine receptor (RyR). This process, the so-called Ca*'-induced Ca”" release
(CICR), escalates the cytosolic Ca** ([Ca*'];) to activate the contractile apparatus for
contraction. In mature ventricular CMs, efficiency of CICR is further improved due to the
presence of transverse (t)-tubules or invaginations in the sarcolemma that brings the L-type
Ca®' channels closer to RyRs, therefore, decreasing the diffusion distance for Ca*" enabling
faster and synchronized activation of CICR across the cell. For relaxation, elevated [Ca®'J;
is pumped back into the SR by the sarco/endoplasmic reticulum Ca**-ATPase (SERCA) and
extruded out of the cell by the Na'-Ca®" exchanger (NCX) to return to the resting [Ca®'];
level. Such a rise and subsequent decay of [Ca”']; is known as Ca”" transient. Given the
central importance of CICR in cardiac excitation-contraction (EC) coupling, proper Ca**
handling properties of hESC-CMs are therefore crucial for their successful functional
integration with the recipient heart after transplantation. Indeed, abnormal Ca®* handling, as
in the case of heart failure, can even be arrhythmogenic (e.g. delayed after depolarization).

Furthermore, integration of immature hESC-CMs with weaker contractile force relative to
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the mature CMs in vivo can lead to heterogeneous strain in recipient heart, leading to

progression of cardiac hypertrophy and/or arrhythmias.

Thus, it would be beneficial to understand the properties of hRESC-CMs with the goal of
designing effective strategies or protocols for improving safety and efficiency of hRESC-CM

transplantation. This invention satisfies this need and provides related advantages as well.

DISCLOSURE OF THE INVENTION

This invention provides compositions and methods to achieve one or more of: maturing
and/or enhancing the functions of sarcoplasmic reticulum (SR) in stem cells and/or
cardiomyocytes that lack functional SR by, in one aspect, expressing Ca>" handling
proteins, such as calsequestrin (CSQ), junctin, triadin, and phospholamban; improving the
temporal and spatial synchronization of CICR through development of t-tubules by the
expression of proteins involved in t-tubule biogenesis, such as caveolin 3 and amphiphysin
2 or by other means (e.g., electrical and/or mechanical stimulations); promoting functional
integration of these cells with the recipient heart after transplantation; and providing
therapeutic benefit such as to reduce the arrhythmogenicity of stem cells and/or

cardiomyocytes due to immature or improper Ca>* handling properties.

Thus, in one aspect, this invention provides an isolated stem cell or its derivative that has
been modified to provide or contain the functional characteristics of the SR and/or t-tubules.
The isolated stem cells or their derivatives are modified in one or more of the following
manners: by expressing a calcium channel protein; by expressing a calcium pump protein
such as the sarcro/endoplasmic reticulum Ca”*-ATPase (SERCA) protein; by inhibiting or
downregulating expression of the Na'/Ca*" exchanger (NCX) protein; by expressing a
calcium handling protein; by expressing a trasverse (t)-tubule; and/or by expressing a
transverse (t)-tubule biogenic protein(s) and/or via other biological or physical means
(electrical and/or mechanical stimulations). After the cell has been modified, it may be
expanded to a substantially homogenous population (e.g., a clonal population) of these cells
or alternatively, differentiated to a more mature cell type. Compositions containing these

cells and population of cells are also provided by this invention.
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These cells and compositions have therapeutic and diagnostic uses. Non-limiting
therapeutic uses include regenerating cardiac tissue, improving cardiac function, restoring
electrical homogeneity or action potential of cardiac tissue; and treating or preventing
cardiac malfunction such as cardiotoxicity or arrythmogenicity. These methods can be
achieved by administering an effective amount of a cell or population of cells or tissue to a
host in need thereof. The cells and population of cells can be used diagnostically to screen

drug or other therapeutic candidates.

Thus, in one aspect, this invention provides a method of identifying an agent that modulates
the transport of calcium (Ca®") ions to and/or from the sarcoplasmic reticulum (SR) in a cell
by contacting the cell with an amount of a test agent under conditions effective to modulate
the SR’s ability to store or pump Ca”" ions, and then measuring any change in Ca®"
transient, wherein a change in transit is a measureable feature of the Ca”" transients such as,
but not limited to, basal Ca>" levels, amplitude, Vmax upstroke or Vmax decay, identify the
test agent as an agent that modulates the transport of Ca®" ions to/from the SR in a cell. The
cells useful in this method include, but are not limted to any one of more of a cardiac cell,
the isolated stem cells or derivatives thereof, the substantially homogeneous population of
stem cells or the derivatives thereof, or the compositions as described herein. In one aspect,
the test agent is an oligonucleotide, a polynucleotide, a peptide, a protein, an antibody or an
antibody fragment. In yet another aspect, the test agent is an organic molecule, an inorganic

molecule or a mixture of an organic or inorganic molecule.

The cells and compositions of the present invention can be used in the manufacture of

medicaments and for the treatment of humans and other animals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, panels A to E, illustrates the electrically induced Ca®" transients. A) Representative
tracings of basal Ca>" and electrically induced Ca®" transients in the human embryonic stem
cell lines HES2-, H1- and human fetal left ventrical cardiomyocytes (“FLV-CMs”). Bar
graphs summarizing B) basal Ca®", C) amplitude, D) maximum upstroke velocity (Vimax,

upstroke) ad E) maximum decay velocity (Vimax, decay) Of transients. Values are expressed as
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mean = SEM; n=17, 18 and 15 for HES2-, H1- and FLV-CMs (obtained from 5 hearts),
respectively. * P <0.05 vs. FLV-CMs.

FIG. 2, panels A to D, shows the effect of caffeine on Ca®" transients of HES2-, H1- and
FLV-CMs. A) Representative tracings of Ca®* transients induced by caffeine. B)
Percentages of caffeine-responsive and -insensitive cells. Total cell numbers were 20, 20
and 17 for HES2-, H1- and FLV-CMs, respectively. C) Amplitude, D) maximum upstroke
velocity (Vimax, upstroke) and E) maximum decay velocity (Vmax, decay) 0f caffeine-induced
transients Values are expressed as mean + SEM; n=7, 6 and 9 for HES2-, H1- and FLV-
CMs (obtained from 5 hearts), respectively.

FIG. 3, panels A to C, shows the effect of ryanodine (10 uM) on electrically induced Ca®"
transients of caffeine-responsive and -insensitive HES2- and H1-CMs. A) Representative
tracings of Ca”" transients in HES2- and H1-CMs before and after incubation with
ryanodine for 30min. B) Amplitude and C) Vpmay, upstroke after ryanodine application
normalized to values recorded under control ryanodine-free conditions (dashed line i.e.
100%). n=4-6 for caffeine-responsive groups; n=6-7 for caffeine-insensitive groups. * P <

0.05, ** P<0.01 vs. dashed line; # P<0.05 HES2- vs. H1-CMs.

FIG. 4, panels A to C, shows the effect of thapsigargin on the B) amplitude and C)
maximum decay velocity (Vmax, decay) Of €lectrically induced Ca” transients in HES2- and
H1-CMs. A) Representative tracings of Ca®" transients in HES2- and H1-CMs before and
after incubation with thapsigargin for 15min. Values are normalized to values recorded
under control thapsigargin-free conditions (dashed line i.e. 100%); n= 4-5 for caffeine-
responsive groups; n=6-7 for caffeine-insensitive groups. * P <0.05, ** P <0.01 vs. dashed

line.

FIG. 5, panels A to D, confirms the expression of various Ca”-handling proteins in HES2-,
H1-, FLV-and ALV-CMs. A) A representative Western blot of SERCA2a and NCX. B)
Representative confocal images of HES2-, H1- and FLV-CMs after immunostaining for
RyR (green, 60x). C) A representative Western blot of junctin, triadin, calsequestrin and D)
calreticulin. B-actin was used as the loading control. At least three different experiments

were repeated for each of the proteins examined.

-5-
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FIG. 6, panels A to C, shows the presence or absence of t-tubules and t-tubule
development-associated with caveolin 3 in mature and hESC-CMs. A) AFM images of
adult guinea pig CM with t-tubules (indicated by arrows) and hESC-CM missing t-tubules.
B) Immunofluorescent staining of t-tubules in guinea pig CM with regular bright spots and
hESC-CM shows no staining. C) Caveolin 3 is present in mature but absent in hESC-CM

(indicated by arrow).

FIG. 7 shows relative expression of various Ca®" handling proteins by real-time PCR.
CAV1.2 is an L-type Ca”" channel. Relative expression levels for adenoviral-derived
constructs Ad-GFP and Ad-CSQ groups were normalized to those of adenoviral-derived
construct Ad-CSQA. Values are expressed as mean + SEM; n=3. ** P <0.01 vs. Ad-
CSQA; ## P <0.01 vs. Ad-GFP.

FIG. 8, panels A to C, shows Ca’" transients induced by caffeine and recovery of transients
induced by electrical stimulation. A) shows representative tracings and B) shows amplitude
of caffeine-induced Ca’" transients. n=20, 12 and 14 for Ad-GFP, Ad-CSQ and Ad-CSQA,
respectively. C) shows recovery of Ca®” transient amplitude after caffeine application.

Data were analyzed at 0 seconds,16 seconds and 32 seconds after the depletion of SR by
caffeine (n=9). Values are expressed as mean + SEM; * P <0.05 vs. Ad-CSQ. Overall,
CSQ expression facilitates maturation by increasing transient amplitude, hastening the Ca**

transient kinetics, rendering them more adult-like.

FIG. 9, panels A to E, shows electrically induced Ca®" transients. A) Representative
tracings of electrically induced Ca”" transients in Ad-GFP, Ad-CSQ and Ad-CSQA. Bar
graphs summarizing B) basal Ca®’, C) amplitude, D) maximum upstroke velocity (Vmax,
upstroke) and E) maximum decay velocity (Vmax, decay) Of transients, Values are expressed as
mean + SEM; n=20, 13 and 15 for Ad-GFP, Ad-CSQ and Ad-CSQA, respectively. * P <
0.05, ** P <0.01 vs. Ad-CSQ. Overall, CSQ expression facilitates maturation by hastening

the Ca”" transient kinetics, rendering them more adult-like.

FIG. 10, panels A to C, shows the effects of ryanodine (10 uM) on electrically induced
Ca® transients. A) Representative tracings of Ca" transients in Ad-GFP, Ad-CSQ and Ad-
CSQA before and after incubation with ryanodine for 30 min. B) Amplitude and C) Vi,

-6-
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upstroke after ryanodine application normalized to values recorded under control ryanodine-
free conditions (dashed line i.e. 100%). n=5, 8 and 5 for Ad-GFP, Ad-CSQ and Ad-CSQA,
respectively. ** P <0.01 vs. dashed line. CSQ expression does not negatively alter the

pharmacology of Ca®" transients.

FIG. 11, panels A to C, shows the effects of thapsigargin (0.5 uM) on electrically induced
Ca”" transients. A) representative tracings of Ca®’ transients in Ad-GFP, Ad-CSQ and Ad-
CSQA before and after incubation with thapsigargin for 15 min. B) amplitude and C)
maximum decay velocity (Vimax, decay) Normalized to values recorded under control
thapsigargin-free conditions (dashed line i.e. 100%); n=7, 6 and 6 for Ad-GFP, Ad-CSQ
and Ad-CSQA, respectively. * P <0.05, ** P <0.01 vs. dashed line. CSQ expression does

not negatively alter the pharmacology of Ca”" transients.

FIG. 12 shows L-type Ca’" currents of hESC-CMs after transduction by Ad-CSQ and Ad-
CSQA as labelled. The X-axis indicates the membrane potential of the cells tested. Filled
circles represent hESC-CMs transduced with Ad-CSQ, whereas open circles represent

hESC-CMs transduced with Ad-CSQA. CSQ expression does not negatively affect L-type

Ca®" currents, a crucial component of excitation-contraction coupling.

FIG. 13 shows clectrical-conditioning of hESC-CMs induces a mature ventricular-like
phenotype. Black bars indicate relative expression levels from static control cells, whereas
gray bars indicate relative expression levels from electrical conditioned cells (E-stim). The
X-axis indicates the corresponding gene assayed. The Y-axis indicated the releative mRNA
levels versus mRNA levels for the GAPDH control gene. Normalization was done with the
E-stim groups at to allow for calculation of Kir2.1 expression which was absent in static

cells.
MODES FOR CARRYING OUT THE INVENTION

Definitions

The practice of the present invention will employ, unless otherwise indicated, conventional

techniques of tissue culture, immunology, molecular biology, microbiology, cell biology

and recombinant DNA, which are within the skill of the art. See, e.g., Sambrook, Fritsch
-
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and Maniatis, Molecular Cloning: A Laboratory Manual, 2™ edition (1989); Current
Protocols In Molecular Biology (F. M. Ausubel, et al. eds., (1987)); the series Methods in
Enzymology (Academic Press, Inc.): PCR 2: A Practical Approach (M.J. MacPherson, B.D.
Hames and G.R. Taylor eds. (1995)); Harlow and Lane, eds. (1988) Antibodies, A
Laboratory Manual; Harlow and Lane, eds. (1999) Using Antibodies, a Laboratory Manual;
and Animal Cell Culture (R.I. Freshney, ed. (1987)).

All numerical designations, ¢.g., pH, temperature, time, concentration, and molecular
weight, including ranges, are approximations which are varied ( + ) or ( - ) by increments of
0.1. It is to be understood, although not always explicitly stated that all numerical
designations are preceded by the term “about”. It also is to be understood, although not
always explicitly stated, that the reagents described herein are merely exemplary and that

equivalents of such are known in the art.

€6 9% ¢
a

As used in the specification and claims, the singular form “a”, “an” and “the” include plural
references unless the context clearly dictates otherwise. For example, the term “a cell”

includes a plurality of cells, including mixtures thereof.

The terms “polynucleotide” and “oligonucleotide” are used interchangeably and refer to a
polymeric form of nucleotides of any length, either deoxyribonucleotides or ribonucleotides or
analogs thereof. Polynucleotides can have any three-dimensional structure and may perform
any function, known or unknown. The following are non-limiting examples of
polynucleotides: a gene or gene fragment (for example, a probe, primer, EST or SAGE tag),
exons, introns, messenger RNA (mRNA), transfer RNA, ribosomal RNA, ribozymes, cDNA,
recombinant polynucleotides, branched polynucleotides, plasmids, vectors, isolated DNA of
any sequence, isolated RNA of any sequence, nucleic acid probes and primers. A
polynucleotide can comprise modified nucleotides, such as methylated nucleotides and
nucleotide analogs. If present, modifications to the nucleotide structure can be imparted before
or after assembly of the polymer. The sequence of nucleotides can be interrupted by
non-nucleotide components. A polynucleotide can be further modified after polymerization,
such as by conjugation with a labeling component. The term also refers to both double- and
single-stranded molecules. Unless otherwise specified or required, any embodiment of this

invention that is a polynucleotide encompasses both the double-stranded form and each of

8-
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two complementary single-stranded forms known or predicted to make up the

double-stranded form.

A polynucleotide is composed of a specific sequence of four nucleotide bases: adenine (A);
cytosine (C); guanine (G); thymine (T); and uracil (U) for thymine when the polynucleotide
is RNA. Thus, the term “polynucleotide sequence” is the alphabetical representation of a
polynucleotide molecule. This alphabetical representation can be input into databases in a
computer having a central processing unit and used for bioinformatics applications such as

functional genomics and homology searching.

A “gene” refers to a polynucleotide containing at least one open reading frame (ORF) that is
capable of encoding a particular polypeptide or protein after being transcribed and
translated. Any of the polynucleotide sequences described herein may be used to identify
larger fragments or full-length coding sequences of the gene with which they are associated.

Methods of isolating larger fragment sequences are known to those of skill in the art.
The term “express” refers to the production of a gene product.

As used herein, “expression” refers to the process by which polynucleotides are transcribed
into mRNA and/or the process by which the transcribed mRNA is subsequently being
translated into peptides, polypeptides, or proteins. If the polynucleotide is derived from
genomic DNA, expression may include splicing of the mRNA in an eukaryotic cell.
“Differentially expressed” as applied to a gene, refers to the differential production of the
mRNA transcribed from the gene or the protein product encoded by the gene. A
differentially expressed gene may be overexpressed or underexpressed as compared to the
expression level of a normal or control cell. In one aspect, it refers to overexpression that is
1.5 times, or alternatively, 2 times, or alternatively, at least 2.5 times, or alternatively, at
least 3.0 times, or alternatively, at least 3.5 times, or alternatively, at least 4.0 times, or
alternatively, at least 5 times, or alternatively 10 times higher (i.e., and therefore
overexpressed) or lower than the expression level detected in a control sample. The term
“differentially expressed” also refers to nucleotide sequences in a cell or tissue which are

expressed where silent in a control cell or not expressed where expressed in a control cell.
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A “gene product” or alternatively a “gene expression product” refers to the amino acid (e.g.,

peptide or polypeptide) generated when a gene is transcribed and translated.

“Under transcriptional control” is a term well understood in the art and indicates that
transcription of a polynucleotide sequence, usually a DNA sequence, depends on its being
operatively linked to an element which contributes to the initiation of, or promotes,
transcription. “Operatively linked” intends the polynucleotides are arranged in a manner

that allows them to function in a cell.

A “gene delivery vehicle” is defined as any molecule that can carry inserted polynucleotides
into a host cell. Examples of gene delivery vehicles are liposomes, biocompatible
polymers, including natural polymers and synthetic polymers; lipoproteins; polypeptides;
polysaccharides; lipopolysaccharides; artificial viral envelopes; metal particles; and
bacteria, or viruses, such as baculovirus, adenovirus and retrovirus, bacteriophage, cosmid,
plasmid, fungal vectors and other recombination vehicles typically used in the art which
have been described for expression in a variety of eukaryotic and prokaryotic hosts, and

may be used for gene therapy as well as for simple protein expression.

% <<

“Gene delivery,” “gene transfer,” and the like as used herein, are terms referring to the
introduction of an exogenous polynucleotide (sometimes referred to as a “transgene”) into a
host cell, irrespective of the method used for the introduction. Such methods include a
variety of well-known techniques such as vector-mediated gene transfer (by, e.g., viral
infection/transfection, or various other protein-based or lipid-based gene delivery
complexes) as well as techniques facilitating the delivery of “naked” polynucleotides (such
as electroporation, “gene gun” delivery and various other techniques used for the
introduction of polynucleotides). The introduced polynucleotide may be stably or
transiently maintained in the host cell. Stable maintenance typically requires that the
introduced polynucleotide either contains an origin of replication compatible with the host
cell or integrates into a replicon of the host cell such as an extrachromosomal replicon (e.g.,
a plasmid) or a nuclear or mitochondrial chromosome. A number of vectors are known to

be capable of mediating transfer of genes to mammalian cells, as is known in the art and

described herein.
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A “viral vector” is defined as a recombinantly produced virus or viral particle that
comprises a polynucleotide to be delivered into a host cell, either in vivo, ex vivo or in vitro.
Examples of viral vectors include retroviral vectors, adenovirus vectors, adeno-associated
virus vectors, alphavirus vectors and the like. Alphavirus vectors, such as Semliki Forest
virus-based vectors and Sindbis virus-based vectors, have also been developed for use in
gene therapy and immunotherapy. See, Schlesinger and Dubensky (1999) Curr. Opin.
Biotechnol. 5:434-439 and Ying, et al. (1999) Nat. Med. 5(7):823-827. In aspects where
gene transfer is mediated by a retroviral vector, a vector construct refers to the
polynucleotide comprising the retroviral genome or part thereof, and a therapeutic gene. As
used herein, “retroviral mediated gene transfer” or “retroviral transduction” carries the same
meaning and refers to the process by which a gene or nucleic acid sequences are stably
transferred into the host cell by virtue of the virus entering the cell and integrating its
genome into the host cell genome. The virus can enter the host cell via its normal
mechanism of infection or be modified such that it binds to a different host cell surface
receptor or ligand to enter the cell. As used herein, retroviral vector refers to a viral particle
capable of introducing exogenous nucleic acid into a cell through a viral or viral-like entry

mechanism.

Retroviruses carry their genetic information in the form of RNA; however, once the virus
infects a cell, the RNA is reverse-transcribed into the DNA form which integrates into the

genomic DNA of the infected cell. The integrated DNA form is called a provirus.

In aspects where gene transfer is mediated by a DNA viral vector, such as an adenovirus
(Ad) or adeno-associated virus (AAV), a vector construct refers to the polynucleotide
comprising the viral genome or part thereof, and a transgene. Adenoviruses (Ads) are a
relatively well characterized, homogenous group of viruses, including over 50 serotypes.
See, ¢.g., International PCT Application No. WO 95/27071. Ads do not require integration
into the host cell genome. Recombinant Ad derived vectors, particularly those that reduce
the potential for recombination and generation of wild-type virus, have also been
constructed. See, International PCT Application Nos. WO 95/00655 and WO 95/11984.
Wild-type AAV has high infectivity and specificity integrating into the host cell’s genome.
See, Hermonat and Muzyczka (1984) Proc. Natl. Acad. Sci. USA 81:6466-6470 and
Lebkowski, et al. (1988) Mol. Cell. Biol. 8:3988-3996.
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Vectors that contain both a promoter and a cloning site into which a polynucleotide can be
operatively linked are well known in the art. Such vectors are capable of transcribing RNA
in vitro or in vivo, and are commercially available from sources such as Stratagene (La
Jolla, CA) and Promega Biotech (Madison, WI). In order to optimize expression and/or in
vitro transcription, it may be necessary to remove, add or alter 5’ and/or 3’ untranslated
portions of the clones to eliminate extra, potential inappropriate alternative translation
initiation codons or other sequences that may interfere with or reduce expression, either at
the level of transcription or translation. Alternatively, consensus ribosome binding sites can

be inserted immediately 5° of the start codon to enhance expression.

Gene delivery vehicles also include several non-viral vectors, including DNA/liposome
complexes, and targeted viral protein-DNA complexes. Liposomes that also comprise a
targeting antibody or fragment thereof can be used in the methods of this invention. To
enhance delivery to a cell, the nucleic acid or proteins of this invention can be conjugated to
antibodies or binding fragments thereof which bind cell surface antigens, e.g., a cell surface

marker found on stem cells or cardiomyocytes.

A “probe” when used in the context of polynucleotide manipulation refers to an
oligonucleotide that is provided as a reagent to detect a target potentially present in a sample
of interest by hybridizing with the target. Usually, a probe will comprise a label or a means
by which a label can be attached, either before or subsequent to the hybridization reaction.
Suitable labels include, but are not limited to radioisotopes, fluorochromes,

chemiluminescent compounds, dyes, and proteins, including enzymes.

A “primer” is a short polynucleotide, generally with a free 3’ -OH group that binds to a
target or “template” potentially present in a sample of interest by hybridizing with the
target, and thereafter promoting polymerization of a polynucleotide complementary to the
target. A “polymerase chain reaction” (“PCR”) is a reaction in which replicate copies are
made of a target polynucleotide using a “pair of primers” or a “set of primers” consisting of
an “upstream” and a “downstream” primer, and a catalyst of polymerization, such as a DNA
polymerase, and typically a thermally-stable polymerase enzyme. Methods for PCR are
well known in the art, and taught, for example in “PCR: A Practical Approach” (M.
MacPherson et al., IRL Press at Oxford University Press (1991)). All processes of

producing replicate copies of a polynucleotide, such as PCR or gene cloning, are
-12-
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collectively referred to herein as “replication.” A primer can also be used as a probe in

hybridization reactions, such as Southern or Northern blot analyses. Sambrook et al., infra.

“Hybridization” refers to a reaction in which one or more polynucleotides react to form a
complex that is stabilized via hydrogen bonding between the bases of the nucleotide
residues. The hydrogen bonding may occur by Watson-Crick base pairing, Hoogstein
binding, or in any other sequence-specific manner. The complex may comprise two strands
forming a duplex structure, three or more strands forming a multi-stranded complex, a
single self-hybridizing strand, or any combination of these. A hybridization reaction may
constitute a step in a more extensive process, such as the initiation of a PCR reaction, or the

enzymatic cleavage of a polynucleotide by a ribozyme.

Hybridization reactions can be performed under conditions of different “stringency”. In
general, a low stringency hybridization reaction is carried out at about 40°C in 10x SSC or a
solution of equivalent ionic strength/temperature. A moderate stringency hybridization is
typically performed at about 50°C in 6 x SSC, and a high stringency hybridization reaction
is generally performed at about 60°C in 1 x SSC.

When hybridization occurs in an antiparallel configuration between two single-stranded
polynucleotides, the reaction is called “annealing” and those polynucleotides are described
as “complementary”. A double-stranded polynucleotide can be “complementary” or
“homologous” to another polynucleotide, if hybridization can occur between one of the
strands of the first polynucleotide and the second. “Complementarity” or “homology” (the
degree that one polynucleotide is complementary with another) is quantifiable in terms of
the proportion of bases in opposing strands that are expected to form hydrogen bonding

with each other, according to generally accepted base-pairing rules.

A polynucleotide or polynucleotide region (or a polypeptide or polypeptide region) has a
certain percentage (for example, 80%, 85%, 90%, or 95%) of “sequence identity” to another
sequence means that, when aligned, that percentage of bases (or amino acids) are the same
in comparing the two sequences. This alignment and the percent homology or sequence
identity can be determined using software programs known in the art, for example those
described in Current Protocols in Molecular Biology (F.M. Ausubel et al., eds., 1987)
Supplement 30, section 7.7.18, Table 7.7.1. Preferably, default parameters are used for
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alignment. A preferred alignment program is BLAST, using default parameters. In
particular, preferred programs are BLASTN and BLASTP, using the following default
parameters: Genetic code = standard; filter = none; strand = both; cutoff = 60; expect = 10;
Matrix = BLOSUM®62; Descriptions = 50 sequences; sort by = HIGH SCORE; Databases =
non-redundant, GenBank + EMBL + DDBJ + PDB + GenBank CDS translations +
SwissProtein + SPupdate + PIR. Details of these programs can be found at the following
Internet address: http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST.

The term “polypeptide” is used interchangeably with the term “protein” and in its broadest
sense refers to a compound of two or more subunit amino acids, amino acid analogs or
peptidomimetics. The subunits may be linked by peptide bonds. In another embodiment,
the subunit may be linked by other bonds, e.g., ester, cther, efc. As used herein the term
“amino acid” refers to either natural and/or unnatural or synthetic amino acids, including
glycine and both the D and L optical isomers, amino acid analogs and peptidomimetics. A
peptide of three or more amino acids is commonly called an oligopeptide if the peptide
chain is short. If the peptide chain is long, the peptide is commonly called a polypeptide or

a protein.

“Under transcriptional control” is a term well understood in the art and indicates that
transcription of a polynucleotide sequence, usually a DNA sequence, depends on its being
operatively linked to an element which contributes to the initiation of, or promotes,
transcription. “Operatively linked” refers to a juxtaposition wherein the elements are in an

arrangement allowing them to function.

As used herein, the term “comprising” is intended to mean that the compositions and
methods include the recited elements, but not excluding others. “Consisting essentially of”
when used to define compositions and methods, shall mean excluding other elements of any
essential significance to the combination for the stated purpose. Thus, a composition
consisting essentially of the elements as defined herein would not exclude trace
contaminants from the isolation and purification method and pharmaceutically acceptable
carriers, such as phosphate buffered saline, preservatives and the like. “Consisting of”” shall
mean excluding more than trace elements of other ingredients and substantial method steps

for administering the compositions of this invention or process steps to produce a

-14-



10

15

20

25

30

CA 02699642 2010-03-12
WO 2009/036220 PCT/US2008/076084

composition or achieve an intended result. Embodiments defined by each of these transition

terms are within the scope of this invention.

The term “isolated” means separated from constituents, cellular and otherwise, in which the
cell, tissue, polynucleotide, peptide, polypeptide, protein, antibody or fragment(s) thereof,
which are normally associated in nature. For example, an isolated polynucleotide is
separated from the 3’ and 5’ contiguous nucleotides with which it is normally associated in
its native or natural environment, e.g., on the chromosome. As is apparent to those of skill
in the art, a non-naturally occurring polynucleotide, peptide, polypeptide, protein, antibody
or fragment(s) thereof, does not require “isolation” to distinguish it from its naturally
occurring counterpart. An isolated cell is a cell that is separated form tissue or cells of

dissimilar phenotype or genotype.

As used herein, "stem cell" defines a cell with the ability to divide for indefinite periods in
culture and give rise to specialized cells. At this time and for convenience, stem cells are
categorized as somatic (adult) or embryonic. A somatic stem cell is an undifferentiated cell
found in a differentiated tissue that can renew itself (clonal) and (with certain limitations)
differentiate to yield all the specialized cell types of the tissue from which it originated. An
embryonic stem cell is a primitive (undifferentiated) cell from the embryo that has the
potential to become a wide variety of specialized cell types. An embryonic stem cell is one
that has been cultured under in vitro conditions that allow proliferation without
differentiation for months to years. Non-limiting examples of embryonic stem cells are the
HES?2 (also known as ES02) cell line available from ESI, Singapore and the HI (also know
as WAO1) cell line available from WiCells, Madison, WI. Pluripotent embryonic stem cells
can be distinguished from other types of cells by the use of marker including, but not
limited to, Oct-4, alkaline phosphatase, CD30, TDGF-1, GCTM-2, Genesis, Germ cell
nuclear factor, SSEA1, SSEA3, and SSEA4. A clone is a line of cells that is genetically
identical to the originating cell; in this case, a stem cell. In another aspect, a stem cell is
cardiac resident stem cells or a stem cell type that possess cardiogenic potentialas described

in Torella et al. (2006) Nature Clinical Practice Cardiovascular Medicine 3:S8-S13.

The term “propagate” means to grow or alter the phenotype of a cell or population of cells.
The term “growing” refers to the proliferation of cells in the presence of supporting media,

nutrients, growth factors, support cells, or any chemical or biological compound necessary
-15-
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for obtaining the desired number of cells or cell type. In one embodiment, the growing of
cells results in the regeneration of tissue. In yet another embodiment, the tissue is

comprised of cardiomyocytes.

The term “culturing” refers to the in vitro propagation of cells or organisms on or in media
of various kinds. It is understood that the descendants of a cell grown in culture may not be
completely identical (i.e., morphologically, genetically, or phenotypically) to the parent cell.

By “expanded” is meant any proliferation or division of cells.

“Clonal proliferation” refers to the growth of a population of cells by the continuous

division of single cells into two identical daughter cells and/or population of identical cells.

As used herein, the "lineage" of a cell defines the heredity of the cell, i.e. its predecessors
and progeny. The lineage of a cell places the cell within a hereditary scheme of

development and differentiation.

A derivative of a cell or population of cells is a daughter cell of the isolated cell or
population of cells. Derivatives include the expanded clonal cells or differentiated cells
cultured and propagated from the isolated stem cell or population of stem cells. Derivatives
also include already derived stem cells or population of stem cells, such as, but not limited

to, stem cell derived cardiomyocytes.

“Differentiation” describes the process whereby an unspecialized cell acquires the features
of a specialized cell such as a heart, liver, or muscle cell. “Directed differentiation” refers
to the manipulation of stem cell culture conditions to induce differentiation into a particular
cell type. "Dedifferentiated” defines a cell that reverts to a less committed position within
the lineage of a cell. As used herein, the term "differentiates or differentiated” defines a cell
that takes on a more committed ("differentiated") position within the lineage of a cell. As
used herein, "a cell that differentiates into a mesodermal (or ectodermal or endodermal)
lincage" defines a cell that becomes committed to a specific mesodermal, ectodermal or
endodermal lineage, respectively. Examples of cells that differentiate into a mesodermal
lineage or give rise to specific mesodermal cells include, but are not limited to, cells that are

adipogenic, leiomyogenic, chondrogenic, cardiogenic, dermatogenic, hematopoetic,
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hemangiogenic, myogenic, nephrogenic, urogenitogenic, osteogenic, pericardiogenic, or

stromal.

Examples of cells that differentiate into ectodermal lineage include, but are not limited to

epidermal cells, neurogenic cells, and neurogliagenic cells.

Examples of cells that differentiate into endodermal lineage include, but are not limited to
pleurogenic cells, and hepatogenic cells, cell that give rise to the lining of the intestine, and

cells that give rise to pancreogenic and splanchogenic cells.

As used herein, a "pluripotent cell" defines a less differentiated cell that can give rise to at
least two distinct (genotypically and/or phenotypically) further differentiated progeny cells.
In another aspect, a “pluripotent cell” includes a Induced Pluripotent Stem Cell (iPSC)
which is an artificially derived stem cell from a non-pluripotent cell, typically an adult
somatic cell, produced by inducing expression of one or more stem cell specific genes.
Such stem cell specific genes include, but are not limited to, the family of octamer
transcription factors, i.e. Oct-3/4; the family of Sox genes, i.e. Sox1, Sox2, Sox3, Sox 15
and Sox 18; the family of KIf genes, i.e. Kifl, KIf2, KIf4 and KIf5; the family of Myc
genes, i.e. c-myc and L-myc; the family of Nanog genes, i.e. OCT4, NANOG and REX1; or
LIN28. Examples of iPSCs are described in Takahashi K. et al. (2007) Cell advance online
publication 20 November 2007; Takahashi K. & Yamanaka S. (2006) Cell 126: 663-76;
Okita K. et al. (2007) Nature 448:260-262; Yu, J. et al. (2007) Science advance online
publication 20 November 2007; and Nakagawa, M. et al. (2007) Nat. Biotechnol. Advance

online publication 30 November 2007.

A "multi-lineage stem cell" or "multipotent stem cell” refers to a stem cell that reproduces
itself and at least two further differentiated progeny cells from distinct developmental
lineages. The lineages can be from the same germ layer (i.e. mesoderm, ectoderm or
endoderm), or from different germ layers. An example of two progeny cells with distinct
developmental lineages from differentiation of a multilineage stem cell is a myogenic cell
and an adipogenic cell (both are of mesodermal origin, yet give rise to different tissues).
Another example is a neurogenic cell (of ectodermal origin) and adipogenic cell (of

mesodermal origin).
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A “ryanodine receptor” or (RyR) is a receptor that mediates the release of calcium (Ca®")
from the sarcoplasmic reticulum. In skeletal muscle, it is believed that activation occurs via
a physical coupling to the L-type calcium channel, while in cardiac muscle, the primary
mechanism is calcium-induced calcium release. There are multiple isoforms of ryanodine:
RyR1 primarily expressed in skeletal muscle; RyR2 primarily expressed in the myocardium;
RyR3 is more widely expressed, but is especially in the brain; and and a fourth form found
only in fish. These proteins have been sequenced and characterized, see for example
GenBank Accession Nos. CAA01501, AAP29981, NP 001001534, NP_001095188,
NP_001076231, BAA08309, AAB29457, Q92736, AAH59061, P30957, Q15413,
AATI16743, NP 996757, CAA69029, and AAB58117. The gene for this protein has also
been sequenced and characterized, see for example GenBank Accession Nos. NM_ 000540,
NM 001035, NM_023868, NM_001001534, NM_177652. The above GenBank Accession

Nos. were last accessed on September 12, 2007.

A “Sarco/Endoplasmid Reticulum Ca*"-ATPase” or (SERCA) is a 110-kDA transmembrane
calcium pump which transfers Ca®" from the cytosol of the cell to the lumen of the
sarcoplasmic reticulum at the expense of ATP hydrolysis during muscle relaxation. There
are five isoforms of SERCA genes and the cardiac/slow skeletal muscle type splicing
variant of the SERCA2a gene is the predominant SERCA isotype expressed in both normal
and failing hearts. These proteins have been sequenced and characterized, see for example
GenBank Accession Nos. NP_777617, NP_777615, NP_777614, NP_004311, NP_777618,
NP 777613, NP_775293, CAB38029, CAA76764, BAD73969, BAD73967, AAB82290,
NP 031530, NP_058025, NP 478120, AAB08097, NP_990850, NP 001672, NP 733765,
and NP_001003214. The gene for this protein has also been sequenced and characterized,
see for example GenBank Accession Nos. NM_ 001001396, NM_001684, NM 004320, and
NM_174955. The above GenBank Accession Nos. were last accessed on September 12,
2007.

A “Na’/Ca’" exchanger” or (NCX) is a transmembrane protein and member of the
cation/Ca”" antiporter family which plays a key role in maintaining cellular Ca>*
homeostasis in a variety of cell types. These proteins have been sequenced and
characterized, see for example GenBank Accession Nos. BAA83463, AAB50166, P70414,
NP 524423, NP_732576, NP_732577, AAP37041, AAF06363, AAB46708, and
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NP_573484. The gene for this protein has also been sequenced and characterized, see for
example GenBank Accession Nos. NM_170665, NM_001681, NM_001037102,
NM 011406, NM_080440, NM 176632, and NM_012652. The above GenBank Accession

Nos. were last accessed on September 12, 2007.

A “cardiomyocyte or cardiac myocyte” is a specialized muscle cell which primarily forms
the myocardium of the heart. Cardiamyocytes have five major components: 1. cell
membrane (sarcolemma) and t-tubules, for impulse conduction, 2. sarcoplasmic reticulum, a
calcium reservoir needed for contraction, 3. contractile elements, 4. mitochondria, and 5. a
nucleus. Stem cells can be propagated to mimic the physiological functions of
cardiomyocytes or alternatively, differentiate into cardiomyocytes. This differentiation can
be detected by the use markers selected from, but not limited to, myosin heavy chain,

myosin light chain, actinin, troponin, and tropomyosin.

The regulatory protein “Junctin” is a 26-kDa integral membrane protein, which forms a
quaternary protein complex with the ryanodine receptor, calsequestrin and triadin at the
junctional sarcoplasmic reticulum membrane in cardiac and skeletal muscles. Junctin is
believed to work in conjunction with triadin as calsequestrin-anchoring proteins that couple
calsequestrin to RyR and facilitate Ca®* release. These proteins have been sequenced and
characterized, see for example GenBank Accession Nos. AAF82246, AAG16983,
AAF82247,2206415A, AAF37204, AAK00614, AAN87550, AAN87549, AAL09319,
AAL09320, and AAL09321. The above GenBank Accession Nos. were last accessed on
September 12, 2007. The gene for this protein has also been sequenced and characterized,

see for example Wetzel et al. (2000) Mol Genet. Metab. 69(3):252-258.

The regulatory protein “Triadin” is a 95kDa integral membrane protein, which forms a
quaternary protein complex with the ryanodine receptor (RyR), calsequestrin and junctin as
described above. Triadin has also been shown to interact with dihydropyridine receptors
(DHPR’s). Triadin has been shown to co-localize with both DHPR and RyR at the
junctional face of the terminal cisternae. These proteins have been sequenced and
characterized, see for example GenBank Accession Nos. NP_006064, CAC44894, Q28820,
NP 001076212, NP_001003154, CAD33526, AAA75315, CAI41045, CA119636,
AAC48496, AAC48497, AACA48498, AAL33878, AAL33877, and AAL33876. The gene

for this protein has also been sequenced and characterized, see for example GenBank
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Accession Nos. NM_006073, NM_ 001003154, and BC139910. The above GenBank

Accession Nos. were last accessed on September 12, 2007.

The protein “Calsequestrin” (“CSQ”) is the major calcium storage protein of the SR.
Intraluminar Ca’" binds to calsequestrin during diastole to prevent Ca> precipitation and to
lower its free ionic concentration to facilitate efficient storage. Calsequestrin forms part of
a large quaternary complex with the ryanodine receptor, triadin, and junctin as described
above. These proteins have been sequenced and characterized, see for example GenBank
Accession Nos. NP_001222, NP 001223, BAA23494, CAI23373, CAI14532, CAI15276,
EAWS52736, AAH22289, AAA48674, CAA45609, NP 001095161, AAB87570,
AAC69472, AAI05186, BAF34916, and AAI33410. The gene for this protein has also been
sequenced and characterized, see for example GenBank Accession Nos. NM 001232 and
NM 001231. The above GenBank Accession Nos. were last accessed on September 12,
2007.

The protein “Phospholamban” is a 52 amino acid integral membrane protein that regulates
the Ca** pump in cardiac muscle cells. Dephosphorylated phospholamban interacts with the
Ca®" ATPase pump SERCA to lower its activity and sensitivity to Ca'?, thus decreasing
Ca”" uptake into the sarcoplasmic reticulum. Thus, when phospholamban is
phosphorylated, its interact with SERCA is reduced, resulting in an increase in Ca®’
transport into the sarcoplasmic reticulum. This protein has been sequenced and
characterized, see for example GenBank Accession Nos. NP 002658, NP 073198,

NP 075618, NP_001003332, NP_999378, NP_001076090, NP_990741, and P61012. The
gene for this protein has also been sequenced and characterized, see for example GenBank
Accession Nos. NM 214213, NM_ 002667, NM 023129 and NM_001003332. The above

GenBank Accession Nos. were last accessed on September 12, 2007.

The cardiomyocyte marker “myosin heavy chain” and “myosin light chain” are part of a
large family of motor proteins found in muscle cells responsible for producing contractile
force. These proteins have been sequenced and characterized, see for example GenBank
Accession Nos. AAD29948, CAC70714, CAC70712, CAA29119, P12883, NP_000248,
P13533, CAA37068, ABR18779, AAA59895, AAAS9891, AAAS9855, AAB91993,
AAH31006, NP_000423, and ABC84220. The genes for these proteins has also been

sequenced and characterized, see for example GenBank Accession Nos. NM_002472 and
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NM _000432. The above GenBank Accession Nos. were last accessed on September 12,
2007.

The cardiomyocyte marker “actinin” is a mircrofilament protein which are the thinnest
filaments of the cytoskeleton found in the cytoplasm of all eukaryotic cells. Actin polymers
also play a role in actomyosin-driven contractile processes and serve as platforms for
myosin’s ATP hydrolysis-dependent pulling action in muscle contraction. This protein has
been sequenced and characterized, see for example GenBank Accession Nos. NP_001093,
NP_001095, NP_001094, NP_004915, P35609, NP_598917, NP_112267, AAI07534, and
NP_001029807. The gene for this protein has also been sequenced and characterized, see
for example GenBank Accession Nos. NM_001102, NM 004924, and NM_001103. The

above GenBank Accession Nos. were last accessed on September 12, 2007.

The cardiomyocyte marker “troponin” is a complex of three proteins that is intergral to
muscle contraction in skeletal and cardiac muscle. Troponin is attached to the protein
“tropomyosin” and lies within the groove between actin filaments in muscle tissue.
Tropomyosin can be used as a cardiomyocite marker. These proteins have been sequenced
and characterized, see for example GenBank Accession Nos. NP_000354, NP_003272,
P19429, NP 001001430, AAB59509, AAA36771, and NP_001018007. The gene for this
protein has also been sequenced and characterized, see for example GenBank Accession
Nos. NM_000363, NM_152263, and NM_001018007. The above GenBank Accession

Nos. were last accessed on September 12, 2007.

The protein “caveolin 3” is a 151 amino acid (~20-kDA) protein shown to be associated
with the caveolar plasma membranes and is a muscle specific form of the caveolin family.
Caveolins in general are believed to act as scaffolding proteins within caveolar membranes.
This protein has been sequenced and characterized, see for example GenBank Accession
Nos. NP 203123, NP_001225, P56539, NP_062028, NP_031643, and Q2KI43. The gene
for this protein has also been sequenced and characterized, see for example GenBank
Accession Nos. NM 019155 and Z18951. The above GenBank Accession Nos. were last
accessed on September 12, 2007.

The protein “amphiphysin 2”(also known as Binl) have a putative role in membrane

deformation at endocytic sites. An isoform of amphiphysin 2 concentrated at t-tubules
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induces tubular plasma membrane invaginations when expressed in nonmuscle cells. In
developing myotubes, amphiphysin 2 and caveolin 3 segregate in tubular and vesicular
portions of the t-tubules system, respectively. These proteins have been sequenced and
characterized, see for example GenBank Accession Nos. NP_ 647477, CAA57197, P49418,
NP_778172, and CAA73807. The gene for this protein has also been sequenced and
characterized, see for example GenBank Accession Nos. NM_009668, NM 139343,

NM 139344, NM 139346, NM_ 139347, NM_139349, NM 139345, NM_ 139348,

NM 004305, NM 139350, and NM_139351. The above GenBank Accession Nos. were
last accessed on September 12, 2007.

In one aspect, an “clectrophysiological phenotype” of a cell or tissue is the measurement of
a cell or tissue’s action potential. An action potential is a spike of electrical discharge that
travels along the membrane of a cell. The properties of action potentials differ depending
on the cell type or tissue. For example, cardiac action potentials are significantly different
from the action potentials of most neuronal cells. In one embodiment, the action potential is
a cardiac action potential. The “cardiac action potential” is a specialized action potential in
the heart, with unique properties necessary for function of the electrical conduction system
of the heart. The cardiac action potential has 5 phases; phase 4 (resting membrane
potential), phase 0 (rapid depolarization), phase 1 (inactivation of the fast Na' channels
causing a small downward deflection of the action potential), phase 2 (a.k.a. the plateau
phase, is the sustained balance between inward movement of Ca*" and outward movement
of K"), phase 3 (cell repolarization), and back to phase 4. The cardiac action potentials of
cells comprising the different portions of the heart have unique features and patterns
specific to those cells including, atrial, ventricular, and pacemaker action potentials. This
action potential is a unique property of SA nodal cells and most importantly the
spontaneous depolarization (a.k.a. automaticity) necessary for SA node’s pacemaker
activity. The normal activity of SA nodal cells of the heart is to spontancously depolarize at
regular rthythm, thus generating a normal heart rate. Another embodiment of the invention
is the electrophysiological phenotype of an adult cardiac ventricular or atrial muscle cell

that have normally electrically silent-yet-excitable properties.

“Ik; activity” is the activity of a cell which results in the inward rectifier current of the cell.

It is contemplated that the Ik; activity is a stabilizer of a cell’s resting membrane potential.
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This activity is controlled by a family of proteins termed the inward-rectifier potassium ion
channels (Kir channels). There are seven subfamilies of Kir channels (Kirl, Kir2, Kir3,
Kir4, Kir5, Kir6, and Kir7). Each subfamily has multiple members (e.g. Kir2.1, Kir2.2,
Kir2.3, etc). The Kir2 subclass has four members, Kir2.1, Kir2.2, Kir2.3, and Kir2.4. The
active Kir channels are formed from homotetrameric membrane proteins. Additionally,
heterotetramers can form between members of the same subfamily (e.g. Kir2.1 and Kir2.3)
when the channels are overexpressed. The proteins Kir2.1, Kir2.2, Kir2.3, and Kir2.4 are
also know as IRK1, IRK?2, IRK3, and IRK4, respectively. These proteins have been
sequenced and characterized, see for example GenBank Accession Nos. AAF73241,
AAF73242, BAC02718, NP 000882, BAD23901, NP 066292, AAL89708, P63252,
P52185, P52190, 019182, 018839, Q64273, P49656, P35561, CAA56622, AAY 53910,
Q14500, P52188, P52187, NP_001019861, NP_690607, NP_609903, Q64198, P52189,
NP _004972, AAF97619, NP_733838, Q8JZN3 and 070596, last accessed on September
28, 2007. The genes for these proteins have been sequenced and characterized, see for
example GenBank Accession Nos. AB074970, AF153819, NM_000891, AB182123,

NM 021012, AF482710, X80417, DQ023214, NM_001024690, NM_ 152868,

NM 004981, AF181988, and NM_ 170720, last accessed on September 28, 2007.

“Iractivity” is the activity of a cell which results in the “funny” or pacemaker current of the
cell. It is contemplated that this current functionally modulates pacing of cells which
compose the heart (specifically the cells which compose the SA node). The Igactivity is a
mixed Na'/K " inward current activated by hyperpolarization and modulated by the

autonomic nervous system.

Atrial Natriuretic Factor (ANF) is a short (approximately 28 amino acids) peptide that is
produced, stored and released by cardiac myocytes of the atria of the heart. It is released in
response to atrial stretch and a variety of other signals. The amino acid and putative gene
for an ANF precursor is known in the art, for example at GenBank Accession No. X01471,
last accessed on September 10, 2008. A synthetic ANF gene and its translation product is
reported at GenBank Accession No. X08077, last accessed on September 10, 2008.

"Substantially homogeneous" describes a population of cells in which more than about 50%,
or alternatively more than about 60 %, or alternatively more than 70 %, or alternatively

more than 75 %, or alternatively more than 80%, or alternatively more than 85 %, or
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alternatively more than 90%, or alternatively, more than 95 %, of the cells are of the same
or similar phenotype. Phenotype can be determined by a pre-selected cell surface marker or
other marker, ¢.g. myosin or actin or the expression of a gene or protein, e.g. a calcium
handling protein, a t-tubule protein or alternatively, a calcium pump protein. In another
aspects, the substantially homogenous population have a decreased (e.g., less than about
95%, or alternatively less than about 90%, or alternatively less than about 80%, or
alternatively less than about 75%, or alternatively less than about 70%, or alternatively less
than about 65%, or alternatively less than about 60%, or alternatively less than about 55%,
or alternatively less than about 50%) of the normal level of expression than the wild-type

counterpart cell or tissue.

A “biocompatible scaffold” refers to a scaffold or matrix for tissue-engineering purposes
with the ability to perform as a substrate that will support the appropriate cellular activity to
generate the desired tissue, including the facilitation of molecular and mechanical signaling
systems, without eliciting any undesirable effect in those cells or inducing any undesirable
local or systemic responses in the eventual host. In other embodiments, a biocompatible
scaffold is a precursor to an implantable devise which has the ability to perform its intended
function, with the desired degree of incorporation in the host, without eliciting an
undesirable local or systemic effects in the host. Biocompatible scaffolds are described in

U.S. Patent No. 6,638,369.

A “composition” is intended to mean a combination of active agent, cell or population of
cells and another compound or composition, inert (for example, a detectable agent or label)

or active, such as a biocompatible scaffold.

A “pharmaceutical composition” is intended to include the combination of an active agent
with a carrier, inert or active such as a biocompatible scaffold, making the composition

suitable for diagnostic or therapeutic use in vitro, in vivo or ex vivo.

As used herein, the term “pharmaceutically acceptable carrier” encompasses any of the
standard pharmaceutical carriers, such as a phosphate buffered saline solution, water, and
emulsions, such as an oil/water or water/oil emulsion, and various types of wetting agents.

The compositions also can include stabilizers and preservatives. For examples of carriers,
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stabilizers and adjuvants, see Martin, Remington’s Pharm. Sci., 15th Ed. (Mack Publ. Co.,
Easton (1975)).

An “effective amount” is an amount sufficient to effect beneficial or desired results. An
effective amount can be administered in one or more administrations, applications or

dosages.

A “subject,” “individual” or “patient” is used interchangeably herein, and refers to a
vertebrate, preferably a mammal, more preferably a human. Mammals include, but are not
limited to, murines, rats, simians, bovines, canines, humans, farm animals, sport animals

and pets.

A “cell” is intended to include any individual cell or cell culture which can be or have been
recipients for vectors or the incorporation of exogenous polynucleotides, polypeptides
and/or proteins or compounds or compositions that upregulate, down-regulate, turn-on or
turn-off the expression of a gene or protein. Unmodified cells are referred to as “source
cells” or “source stem cells”. The cells may be prokaryotic or eukaryotic, and include but
are not limited to bacterial cells, yeast cells, plant cells, insect cells, animal cells, and

mammalian cells, ¢.g., murines, rats, simians, bovines, canines and humans.

A “control” is an alternative subject or sample used in an experiment for comparison
purpose. A control can be “positive” or “negative”. For example, where the purpose of the
experiment is to determine a correlation of an altered expression level of a gene with a
particular phenotype, it is generally preferable to use a positive control (a sample from a
subject, carrying such alteration and exhibiting the desired phenotype), and a negative

control (a subject or a sample from a subject lacking the altered expression or phenotype).

As used herein, the terms "treating," "treatment" and the like are used herein to mean
obtaining a desired pharmacologic and/or physiologic effect. The effect can be prophylactic
in terms of completely or partially preventing a disorder or sign or symptom thereof, and/or
can be therapeutic in terms of a partial or complete cure for a disorder and/or adverse effect
attributable to the disorder. Examples of “treatment” include but are not limited to:
preventing a disorder from occurring in a subject that may be predisposed to a disorder, but

has not yet been diagnosed as having it; inhibiting a disorder, i.c., arresting its
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development; and/or relieving or ameliorating the symptoms of disorder, ¢.g., cardia
arrythmia. As is understood by those skilled in the art, “treatment” can include systemic
amelioration of the symptoms associated with the pathology and/or a delay in onset of
symptoms such as chest pain. Clinical and sub-clinical evidence of “treatment” will vary

with the pathology, the individual and the treatment.
Embodiments
Modified Cells and Populations of Cells

One embodiment of the invention is an isolated stem cell that has been modified to provide
electrically active cells having the functions of a mature sarcoplasmic reticulum (SR).
Functionally mature SR will result in the isolated stem cell possessing Ca>* handling
properties more similar to mature or adult cardiomyocytes. Examples of stem cells that can
be modified include, but are not limited to embryonic stem cells, progenitor cells and adult
stem cells that posses the ability to further differentiate into cells of a desired lineage. The
cells can be isolated from a host or can be obtained from an established cell culture.
Methods to isolate and culture ESC are known in the art and described in Xue et al. (2005)
Circulation 111:11-20, Thomson et al. (1998) Science 282:1145-1147, Moore ¢t al. (2005)
Reproductive Toxicology 20:377-391, and Wang et al. (2005) Stem Cells 23:1526-1534.
Available sources of these cells include, for example, from the NIH Human Embryonic

Stem Cell Registry.

The cells can be from any suitable source, ¢.g., an animal or vertebrate. Non-limiting

examples include murine, rat, porcine, canine, simian and human.

Functional SR is obtained by modifying the genotype and/or phenotype of the stem cell. In
one aspect, the stem cell or its derivative is modified by expressing one or more of a
calcium channel protein that is necessary to perform physiological functions of mature
cardiomyocytes. Examples of calcium channel proteins include, but are not limited to
ryanodine receptor (RyR) protein. In another aspect, the stem cell is modified to express a
calcium handling protein. Examples of calcium handling proteins include, but are not

limited to calsequestrin, junctin, triadin, and phospholamban.
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Functional SR can also be obtained by modifying the stem cell to express a calcium pump
protein such as a sarco/endoplasmic reticulum Ca>"-ATPase (SERCA) protein. The
expression of either one or both of the calcium channel and calcium pump proteins will

result in a cell providing functionally mature SR.

In another aspect, functional SR is provided by reducing expression of the Na/Ca®"
exchanger (NCX) protein in the stem cell. A reduction in the expression of this protein
results in a functionally mature SR by modifying the ratio of NCX to other calcium channel

or pump proteins similar to those found in mature cardiomyocytes.

SR functions can be obtained or enhanced by modifying the stem cell or its derivative to
enhance expression of a membrane structure transverse (t)-tubule biogenic protein(s).

Examples of such include, but are not limited to caveolin 3 and amphiphysin 2.

In a yet further aspect, t-tubule formation can be promoted by other means such as, but not

limited to, physical, electrical and/or mechanical stimulations.

This invention also provides a stem cell that has been modified as described above, wherein
the cell further expresses a cardiomyocyte cell marker selected from, but not limited to,
myosin heavy chain, myosin light chain, actinin, troponin and tropomyosin. Other markers

that can be used are cell surface markers, which are well known to those skilled in the art.

This invention also provides a substantially homogeneous population of stem cells that have
been modified as described above. One embodiment of the invention is a substantially
homogeneous population of stem cells that expresses a calcium channel protein such as a
ryanodine receptor (RyR) protein. Another embodiment of the invention is a substantially
homogeneous population of stem cells that expresses a calcium pump protein such as a
sarco/endoplasmic reticulum Ca?-ATPase (SERCA) protein. A further embodiment of the
invention is a substantially homogeneous population of stem cells that comprises a reduced
expression of the Na'/Ca®" exchanger (NCX) protein. A yet further embodiment of the
invention is a substantially homogeneous population of stem cells that have been modified
to contain a functional SR or enhanced expression of a calcium channel protein and further
expresses a calcium handling protein selected from, but not limited to, calsequestrin,

junctin, triadin, and phospholamban. Another embodiment of the invention is a
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substantially homogeneous population of stem cells that have been modified to contain a
functional SR or enhanced expression of a calcium channel protein and further contains the
membrane structure transverse (t)-tubule. An alternate embodiment of the invention is a
substantially homogeneous population of stem cells that have been modified to contain a
functional SR or enhanced expression of a calcium channel protein and further expresses a

t-tubule biogenic protein that is, but not limited to caveolin 3 or amphiphysin 2.

In another aspect, the substantially homogeneous population of stem cells contain a
modified genotype or phenotype as described above and further express a cardiomyocyte
marker selected from, but not limited to, myosin heavy chain, myosin light chain, actinin,

troponin and tropomyosin.

In one aspect of the invention including all of the above embodiments, the substantially
homogeneous population of stem cells are comprised of embryonic stem cells or pluipotent
stem cells. In another aspect of the invention including all of the above embodiments, the
substantially homogeneous population of stem cells are comprised of mammalian cells. Ina
further embodiment, the mammalian cells are human cells. Compositions and methods to
differentiate stem cells to cardiac cells are known in the art, e.g., U.S. Patent No. 6,387,369
and U.S. Patent Publication No. 2007/0025972A1.

Yet another embodiment of the invention is a composition of a substantially homogeneous
population of stem cells that have been propagated to contain a functional SR or enhanced
expression of a calcium channel protein and a carrier. In another further embodiment, the
carrier is, but not limited to, a biocompatible scaffold or a pharmaceutically acceptable
carrier. In a further aspect, a composition containing cells differentiated from the modified

stem cells are provided in combination with a carrier.

Further provided by this invention are any one or more combinations of the above-noted
independent modifications. Thus, Applicant’s invention includes any one or more
combination of the independently described modifications. The preferred modification or
combination of modifications will be determined by the use of the modified cells and in

some aspects, the patient to be treated with the modified cell or population of cells.
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Also provided by this invention is a population of differentiated cells produced by
propagating the above-noted isolated cell(s) or substantially homogeneous population of
cells. In one aspect, the cells and/or populations are propagated under conditions that
produce immature or mature cardiomyocytes. These methods are known to those skilled in
the art and are described, for example in Xue et al. (2005) Circulation 111:11-20, Moore et
al. (2005) Reproductive Toxicology 20:377-391, and Wang et al. (2005) Stem Cells
23:1526-1534. In another aspect, they are propagated under conditions that produce clonal

populations of substantially identical or identical cells.
Methods to Produce Modified Cells and Populations of Cells

Also provided by this invention are methods to produce the isolated modified stem cells as
described herein. The methods require the genetic modification of the source stem cell by
modulation of the expression of one or more genes described above. In one aspect, such
modification is achieved by inserting a polynucleotide encoding the gene into the source
cell by any suitable method. For example, the polynucleotide of interest is inserted into a
vector such as a viral vector which is then contacted with the cell under conditions that
facilitate transfer of the vector and polynucleotide into the cell. The recipient cell is grown
or propagated under suitable conditions to express the inserted gene. In other aspects, the
cell is modified to enhance expression of the endogenous gene of interest. In further
aspects, the genes are overexpressed as compared to a wild-type counterpart cell by
inserting numerous copies of the polynucleotide or alternatively, enhancing expression of
the endogenous gene of interest. In the embodiment where the modification is reduced
expression, for example the reduced expression of the NCX protein, compositions and

methods to reduce or block endogenous expression are utilized.

Applicant has provided herein the protein and/or polynucleotide sequences for use in gene
transfer and expression techniques described below. It should be understood, although not
always explicitly stated that the sequences provided herein can be used to provide the
expression product as well as substantially identical sequences that produce a protein that
has the same biological produce. These “biologically equivalent” polypeptides can
hybridize under moderate or stringent conditions to the sequences provided herein or the
complement. They also are at least 80%, or alternatively at least 85%, or alternatively at

least 90%, or alternatively at least 95% or alternatively at least 98%, identical to the
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reference polynucleotide when compared using sequence identify methods run under default

conditions.
Gene Expression and Nucleic Acids

In order to express the proteins described herein, delivery of nucleic acid sequences
encoding the gene on interest can be delivered by several techniques. Examples of which
include viral technologies (e.g. retroviral vectors, adenovirus vectors, adeno-associated
virus vectors, alphavirus vectors and the like) and non-viral technologies (e.g.
DNA/liposome complexes, and targeted viral protein-DNA complexes). Once inside the
cell of interest, expression of the transgene can be under the control of ubiquitous promoters
(e.g. EF-1a) or tissue specific promoters (e.g. the muscle specific promoter a-actin).
Alternatively expression levels may controlled by use of an inducible promoter system (e.g.
Tet on/off promoter). The genes described herein include RyR, SERCA, NCX,
calsequestrin, junctin, triadin, phospholamban, caveolin 3, and amphiphysin 2. GenBank

accession nos. for the above are describe above.

This invention also provides genetically modified cells that produce enhanced expression of
the genes of described herein or their equivalents. The genetically modified cells can be
produced by insertion of upstream regulatory sequences such as promoters or gene

activators (see, U.S. Patent No. 5,733,761).

Non-limiting examples of promoters include, but are not limited to, the cytomegalovirus
(CMV) promoter (Kaplitt et al. (1994) Nat. Genet. 8:148-154), CMV/human B3-globin
promoter (Mandel et al. (1998) J. Neurosci. 18:4271-4284), GFAP promoter (Xu et al.
(2001) Gene Ther., 8:1323-1332), the 1.8-kb neuron-specific enolase (NSE) promoter
(Klein et al. (1998) Exp. Neurol. 150:183-194), chicken beta actin (CBA) promoter
(Miyazaki (1989) Gene 79:269-277) and the B-glucuronidase (GUSB) promoter (Shipley et
al. (1991) Genetics 10:1009-1018), the human serum albumin promoter, the alpha-1-
antitrypsin promoter. To improve expression, other regulatory elements may additionally
be operably linked to the transgene, such as, e.g., the Woodchuck Hepatitis Virus
Post-Regulatory Element (WPRE) (Donello et al. (1998) J. Virol. 72: 5085-5092) or the
bovine growth hormone (BGH) polyadenylation site.
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Additional promoters which are suitable for the present invention may be any strong
constitutive or tissue (cardiac)-specific promoter which is capable of promoting expression
of an associated coding DNA sequence in cardiac muscle or cardiomyocytes. Such strong
constitutive promoters include the human and murine cytomegalovirus promoter, truncated
CMV promoters, human serum albumin promoter [HSA], the alpha-1-antitrypsin promoter

and myosin light chain promoter.

In addition to the expression of genes described herein, the down regulation of presently
existing genes within the cell can be utilized. “Reducing expression” or “down regulating
expression” is a process resulting in the decreased gene and corresponding protein
expression. For example, when a cell 1s overly stimulated by a neurotransmitter, hormone
or drug for a prolonged period of time and the expression of the receptor protein is
decreased in order to protect the cell. Reducing expression of a gene described herein can
be done by a variety of method known in the art. Examples of which include the use of
oligonucleotide-based strategies including interfering RNA technology, micro-RNA,
siRNA, and vector based technologies including insertional mutagenesis, Cre-Lox deletion

technology, double-stranded nucleic acid RNA/RNA, DNA/DNA, RNA/DNA and the like.

Polynucleotides useful for the methods of this invention can be replicated using PCR. PCR
technology is the subject matter of United States Patent Nos. 4,683,195; 4,800,159,
4,754,065; and 4,683,202 and described in PCR: The Polymerase Chain Reaction (Mullis

et al. eds, Birkhauser Press, Boston (1994)) and references cited therein.
Detection

One can determine if the required expression, overexpression or underexpression of the
polynucleotide of interest has been achieved by using methods known in the art, e.g., by
traditional hydridization techniques, immunohistochemistry or PCR. Specific examples
include hybridization to DNA microarrays, in situ hybridization, PCR, RNase protection
assays and Northern blot analysis. Alternatively expression of the encoded polypeptide can
be detected using antibodies that specifically recognize and bind the polypeptide or protein.
Such antibodies are useful for visualizing cells that express the polypeptide using

techniques such as immunohistology, ELISA, and Western blotting.
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As used herein, an “antibody” includes whole antibodies and any antigen binding fragment
or a single chain thereof. Thus the term “antibody” includes any protein or peptide
containing molecule that comprises at least a portion of an immunoglobulin molecule.
Examples of such include, but are not limited to a complementarity determining region
(CDR) of a heavy or light chain or a ligand binding portion thereof, a heavy chain or light
chain variable region, a heavy chain or light chain constant region, a framework (FR)
region, or any portion thereof, or at least one portion of a binding protein, any of which can
be incorporated into an antibody of the present invention. The term “antibody” is further
intended to encompass digestion fragments, specified portions, derivatives and variants
thereof, including antibody mimetics or comprising portions of antibodies that mimic the
structure and/or function of an antibody or specified fragment or portion thereof, including
single chain antibodies and fragments thereof. Examples of binding fragments
encompassed within the term “antigen binding portion” of an antibody include a Fab
fragment, a monovalent fragment consisting of the Vi, Vi, Cr. and CH, domains; a F(ab’)2
fragment, a bivalent fragment comprising two Fab fragments linked by a disulfide bridge at
the hinge region; a Fd fragment consisting of the Vi and Cy, domains; a Fv fragment
consisting of the Vi and Vi domains of a single arm of an antibody, a dAb fragment (Ward
et al. (1989) Nature 341:544-546), which consists of a Vi domain; and an isolated
complementarity determining region (CDR). Furthermore, although the two domains of the
Fv fragment, Vi and Vy, are coded for by separate genes, they can be joined, using
recombinant methods, by a synthetic linker that enables them to be made as a single protein
chain in which the Vi and Vy regions pair to form monovalent molecules (known as single
chain Fv (scFv)). Bird et al. (1988) Science 242:423-426 and Huston et al. (1988) Proc.
Natl. Acad Sci. USA 85:5879-5883. Single chain antibodies are also intended to be
encompassed within the term “fragment of an antibody.” Any of the above-noted antibody
fragments are obtained using conventional techniques known to those of skill in the art, and
the fragments are screened for binding specificity and neutralization activity in the same

manner as are intact antibodies.

Various antibody preparations can also be used in analytical methods such as ELISA assays
or Western blots to demonstrate the expression of proteins encoded by the identified genes

by test cells in vitro or in vivo. Fragments of such proteins generated by protease
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degradation during metabolism can also be identified by using appropriate polyclonal

antisera with samples derived from experimental samples.

One can also determine if the modified cell has functional SR activity by testing the action
potential, electrical activity and/or Ca*” handling of the modified cell. These physiological
methods include but are not limited to a spectrofluorometric method such as fura and indo
ratiometric calcium indicators or using mechanical measurement of electrical fields. These
methods are described in the patent and technical literature for example, U.S. Patent

7,084,641 and Grynkiewicz et al. (1985) J. Biol. Chem. 260(6):3440-3450.
Compositions

This invention also provides compositions containing the cells, population of cells and/or
differentiated cells in combination with a carrier, such as a biocompatible scaffold or a
pharmaceutically acceptable carrier. In one embodiment, the composition is intended for
therapeutic use and therefore, an effective amount of the modified cell, population of cells

or differentiated cells are provided in the composition.
Uses of the Cells and Cell Populations

Yet another embodiment of the invention is a method for restoring cardiac function in a

tissue or host in need thereof. This and other therapeutic uses are described herein.

In one embodiment, the invention provides methods for regenerating cardiac muscle tissue
by growing an effective amount of the modified cell or population of cells described above.
Yet another embodiment of the invention is a method for regenerating cardiac muscle tissue
by growing an effective amount of a substantially homogeneous population of stem cells
described above. After culturing of the cells, an effective amount of the cells and/or
populations comprising the cells can be transplanted into a host in need thereof to restore

cardiac function in the host.

Yet another embodiment of the invention is a method for regenerating cardiac muscle tissue
in a suitable host by administering to the host an effective amount of the isolated stem cell

or population of cells as described above.
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A further embodiment of the invention is the host is a mammalian patient and the isolated
stem cell is mammalian. In another embodiment, the host is a human patient and the
isolated stem cell is human. In another embodiment, the stem cells and/or substantially
homogeneous population of stem cells can be transplated or administed into a tissue to

populate or differentiate into cardiomyocytes of the host.

Another embodiment of the invention is a method for regenerating cardiac muscle tissue in
a suitable host by administering to the host an effective amount of a substantially
homogeneous population of stem cells that have been propagated to contain a functionally
mature SR or enhanced expression of a calcium channel protein. In a further embodiment
the host is a mammalian patient and the isolated stem cell is mammalian. In another

embodiment, the host is a human patient and the isolated stem cell is human.

Another embodiment of the invention is a method for differentiating an isolated stem cell to
have a functionally mature SR by enhancing the expression of a calcium handling protein

selected from, but not limited to, calsequestrin, junctin, triadin, or phospholamban.

Another embodiment of the invention is a method for differentiating an isolated stem cell to
have a mature SR function by enhancing the expression of a transverse (t)-tubule biogenic

protein selected from, but not limited to, caveolin 3 or amphiphysin 2.

Another embodiment of the invention is a method for differentiating an isolated embryonic
stem cell to have a functionally mature SR by enhancing the expression of both a calcium
handling protein and a transverse (t)-tubule biogenic protein selected from, but not limited
to, calsequestrin, junctin, triadin, or phospholamban and caveolin 3 or amphiphysin 2,

respectively.

Another embodiment of the invention is a method of improving cardiac function in a patient
in need thereof by the administration of an effective amount of the isolated stem cell that
has been propagated to mature the functions of the SR or enhanced expression of a calcium
channel protein. The patients of this embodiment are suffering from a disease or disorder
associated with cardiac malfunction including, but not limited to, sick sinus syndrome,
congestive heart failure, isolated diastolic heart failure, myocardial infarction, and cardiac

arrthythmia. There are several forms of cardiac arrhythmia that can be treated including, but
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not limited to, bradyarrhythmia, abnormal sinus node function, atrioventricular block, and

atrial and ventricular tachyarrhythmia.

Another embodiment of the invention is a method of improving cardiac function in a patient
in need thereof by the administration of an effective amount of substantially homogeneous
population of stem cells that has been propagated to mature the functions of the SR or
enhanced expression of a calcium channel protein. The patients of this embodiment are
suffering from a disease or disorder associated with cardiac malfunction including, but not
limited to, sick sinus syndrome, congestive heart failure, isolated diastolic heart failure,
myocardial infarction, and cardiac arrhythmia. There are several forms of cardiac
arrhythmia that can be treated including, but not limited to, bradyarrhythmia, abnormal

sinus node function, atrioventricular block, atrial and ventricular tachyarrhythmia.

Administration of the cells or compositions can be effected in one dose, continuously or
intermittently throughout the course of treatment. Methods of determining the most
effective means and dosage of administration are known to those of skill in the art and will
vary with the composition used for therapy, the purpose of the therapy and the subject being
treated. Single or multiple administrations can be carried out with the dose level and pattern
being selected by the treating physician. Suitable dosage formulations and methods of

administering the agents are known in the art.

The cells and populations of cell are administered to the host using methods known in the

art and described, for example, in U.S. Patent No. 6,638,369.
Screening Assays

The present invention provides methods for screening various agents that modulate the
expression of a polynucleotide of the invention or the function of a protein product encoded
by the polynucleotide of interest in a cell. For the purposes of this invention, an “agent” is
intended to include, but not be limited to a biological or chemical compound such as a
simple or complex organic or inorganic molecule, a peptide, a protein (e.g. antibody), a
polynucleotide (e.g. anti-sense) or a ribozyme. A vast array of compounds can be
synthesized, for example polymers, such as polypeptides and polynucleotides, and synthetic

organic compounds based on various core structures, and these are also included in the term
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“agent.” In addition, various natural sources can provide compounds for screening, such as
plant or animal extracts, and the like. It should be understood, although not always
explicitly stated that the agent is used alone or in combination with another agent, having

the same or different biological activity as the agents identified by the inventive screen.

One aspect of the invention is a method for screening small molecules capable of interacting
with the protein or polynucleotide of the invention. For the purpose of this invention,
“small molecules” are molecules having low molecular weights (MW) that are, in one
embodiment, capable of binding to a protein of interest thereby altering the function of the
protein. Preferably, the MW of a small molecule is no more than 1,000. Methods for
screening small molecules capable of altering protein and/or polynucleotide function are
known in the art. For example, a miniaturized arrayed assay for detecting small
molecule-protein interactions in cells is discussed by You et al. (1997) Chem. Biol.

4:961-968.

To practice the screening method in vitro, suitable cell cultures or tissue cultures containing
the modified cell(s) are first provided. When the agent is a composition other than a DNA
or RNA, such as a small molecule as described above, the agent can be directly added to the
cell culture or added to culture medium for addition. As is apparent to those skilled in the
art, an “effective” amount must be added which can be empirically determined. When
agent is a polynucleotide, it can be directly added by use of a gene gun or electroporation.
Alternatively, it can be inserted into the cell using a gene delivery vehicle or other method
as described above. Positive and negative controls can be assayed to confirm the purported

activity of the drug or other agent.

In another aspect, this invention provides a method of identifying an agent that modulates
the transport of calcium (Ca2+) ions to and/or from the sarcoplasmic reticulum (SR) in a cell
comprising contacting the cell with an amount of a test agent under conditions effective to
modulate the SR’s ability to store or pump Ca®" ions, measuring a change in Ca®" transients
wherein a change in a measureable feature of the Ca®" transients such as, but not limited to,
basal Ca”" levels, amplitude, Vmax upstroke or Vmax decay identifies the test agent as an
agent that modulated the transport of Ca>" ions from the SR in a cell. In a further aspect,

the transport of calcium (Ca®") ions comprises Ca®* induced Ca®' release (CICR). In yet a
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further aspect, the change in Ca”" transients indicates toxicity of the test agent to the cell,

which include, but are not limited to, cardiotoxicity or arrhythmogenicity.

In one embodiment of the invention, the cell useful for this method is an isolated stem cell,
substantially homogeneous population of stem cells or derivatives of each thereof, or a
composition described herein modified to provide functions of the sarcoplasmic reticulum
(SR). In another aspect the isolated stem cell, substantially homogeneous population of
stem cells or derivatives thereof or composition as described herein expresses a calcium
channel protein that is necessary to perform physiological functions. In a further aspect, the
calcium channel protein is a ryanodine receptor (RyR) protein. In another aspect, the
1solated stem cell, substantially homogeneous population of stem cells or composition
described herein further expresses a calcium pump protein that is necessary to perform
physiological functions. In a further aspect, the calcium pump protein is a
sarco/endoplasmic reticulum Ca?-ATPase (SERCA) protein. In yet another aspect, the
isolated stem cell, substantially homogeneous population of stem cells or composition
described herein further comprises reduced expression of the Na'/Ca*" exchanger (NCX)
protein. In yet another aspect, the isolated stem cell, substantially homogeneous population
of stem cells or derivative thereof or composition described herein further expresses a
calcium handling protein, wherein the protein is selected from the group consisting of
calsequestrin, junctin, triadin and phospholamban. In yet another aspect, the isolated stem
cell, substantially homogeneous population of stem cells or composition described herein
further comprises the membrane structure transverse (t)-tubule. In yet another aspect, the
isolated stem cell, substantially homogeneous population of stem cells or composition
described herein further expresses a transverse (t)-tubules biogenic protein that is caveolin 3

or amphiphysin 2.

In another embodiment of the invention, the isolated stem cell, substantially homogeneous
population of stem cells or composition described herein expresses a cardiomyocyte marker
selected from the group consisting of myosin heavy chain, myosin light chain, actinin,
troponin and tropomyosin. In one aspect the isolated stem cell, substantially homogeneous
population of stem cells or composition described herein is an embryonic stem cell or a
pluripotent stem cell. In one aspect, the cell can be a mammalian cell. In a further aspect,

the mammalian cell is a human cell.
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The following examples are intended to illustrate and not limit the inventions as provided

herein.
EXAMPLE 1

By way of background, it is known that the primary function of our heart is to mechanically
pump blood throughout the body. However, cardiomyocytes (CMs) are non-regenerative.
As a result, transplantation is the last resort for end-stage heart failure patients but this is
hampered by the severe shortage of donor organs (1-2). Human (h) embryonic stem cells
(ESC), derived from the inner cell mass of human blastocysts, can self-renew while
maintaining their pluripotency (3). Upon in vitro induction, hESCs can differentiate into
spontancously beating CMs (4-8). Indeed, hESC-derived CMs (hESC-CMs) display
structural and functional properties of carly-stage cardiomyocytes, (7) and can functionally

integrate with (4, 9) or even electrically pace the recipient heart after transplantation in vivo

(4).

During an action potential of adult CMs, Ca”" entry into the cytosol through sarcolemmal L-
type Ca®" channels triggers the release of Ca”" from the intracellular Ca** stores (a.k.a.
sarcoplasmic reticulum or SR) via the ryanodine receptor (RyR). This process, the so-called
Ca’'-induced Ca®' release (CICR), (10) escalates the intracellular Ca>* ([Ca®'];) to activate
the contractile apparatus for contraction. For relaxation, elevated [Ca®']; is pumped back
into the SR by the sarco/endoplasmic reticulum Ca®'-ATPase (SERCA) and extruded by the
Na'-Ca®" exchanger (NCX) to return to the resting [Ca>']; level. Such a rise and subsequent
decay of [Ca”']; is known as Ca®" transient (11). Given the central importance of CICR in
cardiac excitation-contraction (EC) coupling, proper Ca>* handling properties of hESC-CMs
are therefore crucial for their successful functional integration with the recipient heart after
transplantation. Indeed, abnormal Ca®" handling, as in the case of heart failure, can even be

arrhythmogenic (e.g. delayed after depolarization) (10, 12).

In mouse (m) ESC-CMs, both the SR load and RyR are essential for regulating contractions
even at very early developmental stages(13). By contrast, it has been reported that
spontaneously beating hESC-CMs (derived from the H9.2 and 13 hESC lines) do not have
functional SRs and that their contractions result from trans-sarcolemmal Ca®" influx rather

than Ca”' release from the SR (14). To better define the poorly known Ca** handling
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properties of hESC-CMs, experiments performed herein are a comprehensive analysis of
Ca®" transients recorded from CMs differentiated from the H1 (H1-CMs) and HES2 (HES2-
CMs) hESC lines and compared their properties to those of human fetal left ventricular
CMs (FLV-CMs, 16-18 weeks) under different electrophysiological and pharmacological
conditions. Human FLV-CMs, which have been suggested as a choice for myocardial
repair, (15) were chosen for comparison because they are developing yet functional CMs.
Furthermore, the electrical phenotypes of hESC-CMs have been reported to exhibit fetal-
like properties, (5,6) but a detailed comparison of their Ca®* handling properties has not
been performed. Experimental evidence shows that both H1- and HES2-CMs do express
functional SRs. A better understanding of these fundamental properties of hRESC-CMs is
crucial for designing effective strategies or protocols for improving both their safety and
functional efficacy (e.g. facilitated or driven maturation of Ca®* handling properties for

enhanced contractile functions).
hESC Culturing and Differentiation

The HES2 (ESI, Singapore) and H1 (WiCells, Madison, WI) hESC lines (NIH codes are
ES02 and WAO1, respectively) chosen for this study were cultured and differentiated as
previously described (4, 16, 17).

Briefly, HES2 cells were grown on mitomycin C- (Sigma; St Louis, MO, USA) inactivated
mouse embryonic fibroblasts (mEFs). Culture medium consisted of DMEM (Invitrogen,
Carlsbad, CA) containing 2mM L-glutamine, insulin-transferrin-selenium, non-essential
amino acids, 90 uM B-mercaptoethanol, and 20% FBS (Hyclone, Logan, UT). HES2 cells
were passaged manually (“cut-and-paste”), by cutting colony into pieces and removing
them from the mEFs using dispase (8 mg/mL, Invitrogen, Carlsbad, CA). For cardiac
differentiation, HES2 cells were removed from the mEFs, resuspended and broken into
pieces, followed by co-culturing with the immortalized endoderm-like END2 cells at 100%

confluence (6).

H1 cells were grown on irradiated mEFs from 13.5-day embryos of CF-1 mice and
propagated as previously described (3). The culture medium consisted of 80% Dulbecco’s
modified Eagle’s medium, 20% knockout serum replacement, 4 ng/ml basic fibroblast
growth factor, 1 mmol/L glutamine, 0.1 mmol/L B-mercaptoethanol, and 1% nonessential
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amino acid solution (all from Gibco-BRL, Gaithersburg, MD). To induce the formation of
embryoid bodies (EBs), hESCs were detached using 1 mg/mL type IV collagenase (Gibco-
BRL) and transferred to Petri dishes containing 80% Dulbecco’s modified Eagle’s medium,
20% fetal bovine serum defined (HyClone, Logan, UT), 1 mmol/L glutamine, and 1%
nonessential amino acid stock in the absence of B-FGF. The aggregates were cultured in
suspension for 7 days, followed by plating on gelatin-coated (0.1%; Sigma-Aldrich, St.
Louis) 6-well plates to form hESC-CMs.

Isolation of hESC-CMs

For isolating hESC-CMs, beating outgrowths were microsurgically dissected from H1- (7 +
11 to 17 or 18-24 days) and HES2- (18-24 days) derived EBs by a glass knife, (4) followed
by incubation in collagenase I1 (Img/mL) at 37°C for 30 min. The isolated cells were
incubated with KB solution containing (mM): 85 KCl, 30 K;HPO4, 5 MgSO4, 1 EGTA, 2
Na,-ATP, 5 pyruvic acid, 5 creatine, 20 taurine, 20 d-glucose, at room temperature for 30
min. After the cells were plated on laminin-coated glass coverslips for 1hr at 37°C, regular
culture media was added. Same as previous reports, (6, 18) sarcomeres were displayed in
these derived CMs as shown after myosin heavy chain, a-actinin and tropomyosin staining
although much less evident and defined than those in adult CMs. Calcium recordings from

cell clusters containing 10-15 cells were performed within 48 hrs after plating.
Isolation of human fetal and adult left ventricular cardiomyocytes

Human FLV-CMs and adult-CMs were isolated and experimented according to protocols
approved by the UC Davis IUPAC and IRB (Protocol #200614787-1 and # 200614594-1).
Briefly, fetal human hearts (16-18 weeks, Advanced Bioscience Resources, INC. Alameda,
CA) and adult human hearts (18+ years, National Disease Research Interchange,
Philadelphia, PA) were perfused with enzymatic solutions using a customized Langendorff
apparatus as previously described (19). FLV-CMs were cultured on laminin-coated glass
coverslips in 24-well dishes with a density of ~5x10° cells/well in a water-jacket incubator
at 37°C with media containing: 5 mM carnitine, 5 mM creatine, 5 mM taurine, 100 pug ml™
penicillin-streptomyocin and 10 % fetal bovine serum in Medium 199 (Sigma-Aldrich Corp.

St. Louis, MO). Adult-CMs were stored at -80°C for Western blotting.
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Measurements of cytosolic Ca**

A spectrofluorometric method with Fura-2/AM as the Ca" indicator was used for
measuring [Ca’"];. FLV- or hESC-CMs were incubated with 5 uM Fura-2/AM and 0.2%
pluronic F-127 for 30 min at 37°C. Fluorescent signals obtained upon excitation at 340 nm
(F340) and 380 nm (F380) were recorded from cells perfused with Tyrode solution
containing (mM): 140 NaCl, 5.0 KCl, 1.0 CaCl,, 1.0 MaCl,, 10.0 glucose and 10 HEPES
(pH 7.4) unless otherwise indicated. Data were analyzed using the lonwizard software
(Version 5, IonOptix) to generate the Ca transient parameters reported in this study. The
F340/F380 ratio was used to represent cytosolic [Ca>']i. To induce cytoplasmic Ca**
transients, CMs were stimulated by electrically pulsing from 0.1 to 0.5 Hz or by caffeine
application as indicated. For electrical stimulations, Ca®" transients were recorded and
analyzed after a series of depolarizations that enabled each transient to fully decay so as to

establish a steady-state SR content.
Immunostaining

Cells were fixed for 15 min at room temperature with 4% paraformaldehyde in PBS. After
washing with PBS, cells were permeabilized in PBS containing 0.2% Triton-100. Primary
mouse anti-RyR monoclonal antibody (MA3-925, ABR) was diluted with 10% goat serum
at 1:100. Alexa Fluor 488 anti-mouse IgG (A-11029, Invitrogen) was the second antibody
used for fluorescence imaging. Hoechst 33342 (H3570, Invitrogen) was used to stain the
nuclei. Coverslips were mounted onto glass slides in Prolong Gold antifade reagent
(Invitrogen). Samples were imaged on a confocal laser scanning microscope (Clsi, Nikon,

Japan).
Western blot

Proteins (12 pg) were loaded in SDS-polyacrylamide (10%) gel and separated by
electrophoresis at 150 V for 2 h. The separated proteins were transferred electrophoretically
from the gel onto nitrocellulose membrane at 100 V in 4°C for 1 h in a buffer containing 25
mM Tris-base, 192 mM glycine and 20% methanol. After the membranes were washed in a
buffer (TBS pH 7.4, containing 0.1% Tween-20 and 5% skimmed milk power) for 60 min at

room temperature to block non-specific binding, they were probed at 4°C overnight with
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anti-SERCA2a (ab2861, abcam), anti-NCX1 (ab2869, abcam), anti-calsequestrin (ab3516,
abcam), anti-triadin (sc-33391, Santa cruz), anti-junctin (sc-33367) or anti-calreticulin
(ab22683, abcam), respectively. After washing for 30 min with TBS (0.1% Tween-20
solution), the membranes were then incubated for 1 h with a secondary antibody solution
conjugated to horseradish peroxidase-conjugated rabbit anti-mouse at 1: 2000 dilution. Then
the membranes were washed for 30 min with TBS. Detection was performed with an ECL

Plus western blotting detection system.
Statistical analysis

All data were expressed as means £ SEM. One-way ANOVA followed by Newman-Keuls
multiple comparison tests or paired ¢ test was carried out to test for differences between the

mean values within the same study. A difference of P<0.05 was considered significant.
RESULTS
Electrically evoked Ca’" transients of hESC- and FLV-CMs had similar properties.

FIG. 1A-B shows that the basal cytosolic Ca**, an index of Ca>" homeostasis regulated by
various Ca’'-handling proteins (such as the RyR, SERCA2a, ctc), was significantly lower in
HES2-CMs (n=17) than that of FLV-CMs (n=15). However, no detectable significant
difference was observed between H1- (n=18) and FLV-CMs (p>0.05). Upon electrical
stimulations, all of HES2-, H1- and FLV-CMs examined similarly generated Ca®" transients
with statistically identical amplitude, maximum upstroke velocity (Vmax, upstroke) and
maximum decay velocity (Vmax, decay) (p>0.05; FIG. 1C-E). The experiments that follow
were designed to further explore the basis of and any latent differences in the Ca®" handling

properties of HES2-, H1- and FLV-CMs.
Differential responses of hESC- and FLV-CMs to caffeine

To investigate whether functional SRs are indeed expressed in HES2-, H1- and FLV-CMs
and their Ca’" contents, studied were conducted to ascertain the effect of caffeine, an
activator of RyR, on cytosolic Ca®". To exclude the contribution of trans-sarcolemmal Ca**
influx via voltage-gated Ca>" channels that have been shown to express in hRESC-CMs °, the

experiments were performed in the absence of Ca®” in the extracellular bath. FIG. 2A-B
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shows that a brief exposure to caffeine (10mM) induced a rise in cytosolic Ca®" that
subsequently decayed back to the baseline in 65% of FLV-CMs (n=11 of 17). By contrast,
only 35% (n=7 of 20) and 40% (n=8 of 20), respectively, of HI- and HES2-CMs that
generated Ca®" transients upon electrical stimulation (cf. FIG. 1), also elicited caffeine-
induced Ca”" transients. Despite the lower percentages of caffeine-responsive HES2- and
H1-CMs relative to FLV-CMs, the caffeine-induced Ca®" transient amplitudes were not
different among themselves (p>0.05; FIG. 2C). Thus, caffeine-responsive hESC-CMs had
developed SR loads similar to that of FLV-CMs. Kinetically, H1-CMs displayed the highest
Vmax, upstroke (FIG. 2D) but those of HES2- and FLV-CMs were comparable. As for the
decay, FLV-CMs were most rapid followed by H1- then HES2-CMs (FIG. 2E). These

functional differences were further explored below.
Effects of ryanodine and thapsigargin on Ca®" transients of hESC-CMs.

The caffeine experiments presented above clearly demonstrate that SRs in HES2- and H1-
CMs were indeed expressed and operable. To relate the SR function of HES2- and H1-CMs
to Ca*" handling proteins such as RyR and SERCA2a, the effects of their specific inhibitors
ryanodine (20) and thapsigargin (21), respectively, on electrically evoked Ca”" transients
was examined. FIG. 3A-B shows that after application of 10 uM ryanodine for 30min, the
electrically evoked Ca®" transient amplitudes of caffeine-responsive HES2- and H1-CMs
were significantly reduced by 374+4.8 and 18+4.3%, respectively (p<0.05; FIG. 3B, open
bars). However, the amplitudes of caffeine-insensitive HES2- and H1-CMs were not
affected by ryanodine (FIG. 3B, solid bars). Ryanodine also significantly slowed the Vpmay,
upstroke Of caffeine-responsive but not -insensitive cells (FIG. 3C). Taken collectively, the
above observations were consistent with the notion that functional RyRs were present only

in caffeine-responsive cells.

In adult human CMs, SERCAZ2a is responsible for ~70% of Ca*’ uptake from the cytoplasm
back into the SR (10). FIG. 4A-B shows that thapsigargin application (0.5uM, 15min)
significantly reduced the electrically evoked Ca”" transient amplitude of caffeine-responsive
HES2- and H1-CMs. This was probably due to inhibited SR Ca*" re-load as a result of
SERCAZ2a blockade by thapsigargin. In accordance with this notion, Vmax, decay 0f both
HES2- and H1-CMs was significantly slowed by thapsigargin (FIG. 4C)
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Ca”* handling proteins in hESC-, FLV- and ALV-CMs.

FIG. 5A shows a representative Western Blot analysis of SERCA2a and NCX in HES2-,
H1-, FLV- as well as human adult left ventricular (ALV-) CMs. All of H1-, HES2- and
FLV-CMs expressed comparably high levels of SERCAZ2a, consistent with the responses of
their Ca®" transients to thapsigargin. As anticipated, the expression level of SERCA2a was
highest in ALV-CMs (22, 23). Unlike SERCA2a, NCX displayed a different protein
expression profile. NCX was most abundant in FLV-CMs but only very weakly expressed
in ALV-CMs, consistent with previously published results (24). Interestingly, NCX was
substantially expressed in both HES2- and HI-CMs relative to ALV-CMs but much less so

in comparison to FLV-CMs.

As for RyR, immunostaining was performed. FIG. 5B shows that RyR was indeed
expressed in HES2-, H1- and FLV-CMs. However, the organized, regularly spaced
expression pattern as previously reported for adult human ventricular cardiomyocytes (25)
was not observed. In the junctional SR membrane, RyR forms a macrocomplex with several
regulatory proteins including junctin (Jn), triadin (Trd) and calsequestrin (CSQ). FIG. 5C
shows that all of Jn, Trd and CSQ were expressed in ALV-CMs but not HES2- and H1-
CMs. As for FLV-CMs, CSQ and Trd but not Jn were expressed, but still at levels
substantially less than those of ALV-CMs. Developmentally, immature CMs are known to
express significant levels of calreticulin; calreticulin decreases after birth due to post-
transcriptional modification and is subsequently replaced by CSQ during SR maturation
(26, 27,28). As anticipated from these previous results, FIG. 5D shows that calreticulin
was abundantly and comparably expressed in all of HES2-, H1- and FLV-CMs. Taken
collectively, the results indicate that SR related proteins in human heart cells undergo

substantial developmental changes.
DISCUSSION

Characterizing the functional properties of hRESC-CMs is a crucial first step for their
eventual clinical applications for myocardial repair. Although recent studies have revealed
several important cellular electrical properties of hESC-CMs, (5, 6, 29) their Ca®* handling
properties are much less defined and the availability of relevant data is extremely scarce

with only one published report to date (14) (the reported data have been reviewed (31)). As
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mentioned, proper Ca®’ handling is crucial for the successful functional integration of
hESC-derived cardiac grafts after transplantation and for ensuring their lack of
arrhythmogenicity. In brief, the major findings of the present study are the following: 1) In
contrast to the previous report (14), the data above data support that functional SRs (i.e.
RyR and SERCA2a) are indeed expressed in hESC-CMs; thus, CICR contributes to Ca”"
transients even at early developmental stages, like the murine ESC-CMs (13) 2). Human
ESC-CMs that evoke electrically induced Ca”" transients consist of caffeine-responsive and
—insensitive cells (with and without functional SR, respectively), probably due to the
presence of differentiating CMs of different developmental stages. 3) SERCA2a is
expressed in hESC-CMs but at a level substantially less than the adult counterpart; by
contrast, NCX is expressed at a higher level in hRESC-CMs than adult LV-CMs. 4) The SR-
associated Ca’"-handling regulatory proteins triadin, calsequestrin and junctin are expressed
in adult LV- but not hESC-CMs. These findings are further discussed below i) in
comparison to previously published results so as to provide a better basic understanding of
the Ca>" handling properties of hESC-CMs, and i) in relation to the development of novel
strategies to facilitate the maturation of hESC-CMs for improving their functional efficacy

for therapies.

Same as the study by Dolnikov and colleagues (14), Ca®” transients could be readily
generated from both HES2- and H1-CMs upon electrical stimulations. Unlike the previous
report, however, at least two sub-populations, caffeine-responsive and -insensitive, were
present in hESC-CMs and FLV-CMs. Caffeine induces large Ca®" transients in ~38% of
hESC-CMs, indicating that this caffeine-responsive sub-population expresses functional
SRs and RyRs that are capable of loading and unloading Ca®". The percentage of caffeine-
responsive cells is higher in FLV-CMs (~65%). The difference could be attributed to the
presence of a larger population of developmentally immature hESC-CMs with un- or under-
developed SR; indeed, increased SR load has been suggested to improve the efficacy of
voltage-gated Ca®” currents as a trigger for SR Ca®” release for effective excitation-
contraction coupling (32, 33, 34). Although ~ 85% and 60% of HES2- and H1-CMs,
respectively, belong to the ventricular type, atrial and pacemaker derivatives are also known
to be present in spontaneously contracting human embryoid bodies, (5, 6, 16) this
heterogeneity of chamber-specific cells likely further contributes to the lower percentages of

caffeine-sensitive hESC-CMs. Human ESC lines whose cardiac derivatives have been
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genetically labeled, such as that recently described by Huber et al (35), will be useful tools

for distinguishing among these possibilities.

Dolnikov et al reports that neither ryanodine nor caffeine affects Ca®” transients of hESCs
(14). This apparent difference is indeed consistent with the present results and can be
readily accounted for by the caffeine-responsive population newly identified in the present
study. In the above recordings, only Ca”" transients of caffeine-responsive but not -
insensitive cells can be functionally inhibited by ryanodine. Immunostaining confirms the
expression of RyR proteins in hESC-CMs. However, the expression pattern is distinct from
the highly organized distribution seen in adult cardiomyocytes (25) but similar to that of
FLV-CMs. Although human and murine (m) ESCs (and their cardiac derivatives) differ in
many important ways, the developmental aspect of the Ca>"-handling properties of hESCs
resembles that of mESCs: RyRs are expressed in very early stages and can be caffeine-
induced to lead to Ca”" transients for contractions (36). Ofnote, 18- to 24-day old hESC-
CMs were investigated in the present study. According to Sartiani et al (18), these hESC-
CMs can be considered as early CMs (15-40 days), whose electrophyiological properties are
relatively immature. This notion is consistent with the above observation that only ~38% of
the hESC-CMs expressed functional SR. Nonetheless, sarcomeres were displayed as shown
by MHC, a-actinin and tropomyosin staining although much less evident and defined than
those in adult CMs. Furthermore, although these cells were chronologically younger than
those investigated by Dolnikov and colleagues (55 day-old H9.2-CMs), relatively more
mature Ca’" handling properties (as gauged by their responsiveness to caffeine) were
observed. Collectively, the differences between their study and this study could be
attributed to the different culturing, differentiation and experimental conditions (e.g.,
clusters of 10-15 cells rather than the entire beating outgrowths from intact hEBs were
chosen for these experiments) as well as other intrinsic differences between the different
hESC lines studied (H9.2 and I3 vs. HI and HES2 for these experiments). Based on these

results, a novel strategy for driven maturation is provided.

In mESC-derived CMs, it has been suggested that spontancous Ca®” transients are triggered
by inositol-1,4,5-trisphosphate (IP3)-mediated Ca”" release which are then amplified and
modulated by RyR-mediated Ca®" release (37). IPsreceptor is highly expressed in

conductive CMs in either embryonic or adult hearts (38). Considering the role of IP3 in
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automaticity and generation of arrhythmias, IP3-sensitive stores may play an important role

in hESC-CMs but further experiments will be required to test this notion.

Immature Ca®" handling properties of hESC-CMs can cause poor functional integration with
the host myocardium at best, or lethal arrhythmias at worst. Thus, it is desirable to develop
methods for facilitating their maturation ex vivo. Since RyR and SERCA?2a are already
expressed, targeted expression of the regulatory proteins that are largely absent in hESC-
CMs (such as junctin, triadin, calsequestrin and phospholamban) via gene transfer or protein
transfection might render their SR and Ca”" handling properties more mature or adult-like.
Additionally, NCX is highly expressed in hESC- and FLV-CMs but not in ALV-CMs. It
has been reported that NCX expression in human heart developmentally peaks at 20-week
gestation, and is substantially higher than that in adult heart (24); the reduction of NCX
expression may be a compensatory response to the increased SERCA activity. Thus,
suppressing NCX activity in hESC-CMs can achieve the high SERCA2a:NCX ratio in adult

CMs for driven maturation and for maintaining Ca homeostasis.
EXAMPLE 2

Atomic Force Microscopy (AFM) and Fluorescent Staining of Mature-CM and hESC-
CM

The presence of t-tubules and t-tubule development-associated with caveolin 3 in mature
and hESC cardomycytes were tested. Structurally, hRESC-CMs lack t-tubules as shown by
AFM (FIG. 6A). Fluorescent staining for t-tubules and hESC-CM shows the absence of
regular bright spots in the hESC-CM indicating the absence of t-tubules (FIG. 6B).
Additionally, caveolin 3, a protein involved in t-tubule biogenesis that is normally present in
mature CMs, is absent in hRESC-CM (FIG. 6C). Thus, it is highly desirable to facilitate the
maturation of t-tubules in hESC-CM via targeted expression of the regulatory proteins so as
to render the sarcoplasmic reticulum and specifically the Ca®* handling properties more

mature or adult-like.
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EXAMPLE 3
Gene Transfer

While the adenovirus- and lentivirus-mediated protocols given here are examples, unlimited
examples, other relevant methods for gene/protein delivery (e.g., protein transfection,
homologous recombination, extrachromosomal modifications, etc) can be similarly

employed.

The full-length coding sequence of the transgene(s) of interest are cloned into the multiple-
cloning site of pAdCMV-GFP-IRES (pAd-CGI) to generate the corresponding ultimate
construct. Adenoviruses are generated by Cre-lox recombination of purified y5 viral DNA
and shuttle vector DNA. The recombinant products are plaque purified, expanded, and
purified by CsCl gradient, yielding concentrations on the order of 10'° PFU/ml. For

transduction, adenoviral particles are added at a concentration of ~2x10° PFU.

For transplantation experiments, lentivirus (L'V)- rather than adenovirus-mediated gene
transfer are employed (39). Specifically, the two-vector doxcycline (DOX)-inducible
expression system (40) recently demonstrated in ESCs (41) is employed. Briefly, TR-
KRAB is a tetracycline-controlled fusion protein that contains the TR fused to the Kruppel-
associated box (KRAB) domain of human Kox1(42). KRAB, a 75-amino-acid
transcriptional repression module in many zinc finger-containing proteins, suppresses
transcription within 3 kb from its binding site in an orientation-independent manner (42-45).
When fused to the DNA-binding domain of TR, KRAB can modulate transcription from an
integrated promoter juxtaposed with the tet operator (tetO) sequence (43-45). In the absence
of DOX, TR-KRAB binds specificallyto tetO and thereby suppresses any nearby
promoter(s). By contrast, the presence of DOX will sequester TR-KRAB away from tetO

to enable transgene expression (40).

In all cases, the ubiquitously active promoter EF-1a is chosen to drive transgene to avoid
silencing in undifferentiated ESCs. To generate the ultimate construct, GFP of pLV-THM-
GFP is replaced with the transgene of interest. The recombinant lentiviruses are produced
by transient transfection of HEK293T cells as previously described (46). Briefly, the
lentiviral plasmids pA8.91, pMD.G, and pLV-THM-Kir2.1GFP or pLV-TR-KRAB-dsRed
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(2:1:3 mass ratio) are co-transfected into HEK293T cells seeded at a density of 6x10° cells
per 10-cm dish 24 h prior to transfection. The supernatant containing lentiviral particles are
harvested at 24 and 48 h post-transfection and stored at -80 °C before use. LV-TR-KRAB-
IRES-dsRed and LV-THM-transgene(s) are co-introduced into m- and hESCs successively
in the same order as previously described (39, 47). dsRed” and/or GFP" cells are identified
by their epifluorescence and sorted by MoFlo (Dako, Ft. Collins, CO). Co-transduced ESC-
CMs are cultured in presence or absence of DOX (1 pug/ml, Sigma) as needed. The animals
are pre-treated with DOX (5 mg/kg/day) at least 5 days before injection and continue to

receive treatment after transplantation during the course of the experiment.
EXAMPLE 4

Facilitated Maturation of Human Embryonic Stem Cell-derived Cardiomyocytes in

Ca® Handling via Expression of Calsequestrin

Ca®" homeostasis is dependent on Ca*'-handling proteins such as L-type Ca*" (Icar)
channels, RyR, SERCA and NCX. RyRs are arranged in large organized arrays (up to 200
nm in diameter with more than 100 RyRs) at the junctions between the SR and sarcolemma
(i.e. t-tubules) beneath I¢, 1 channels. These arrays constitute a large functional Ca® release
complex. RyRs are also coupled to other proteins at the luminal SR surface such as triadin,
junctin and calsequestrin (CSQ). As the most abundant, high-capacity but low-infinity
Ca”'-binding protein in the SR, the cardiac isoform CSQ2 can store up to 20mM Ca** while
buffering the free SR [Ca2+] at ~ImM. This allows repetitive muscle contractions without
run-down. CSQ?2 also coordinates the rates of SR Ca’' release and loading by modulating
RyR activities. Indeed, the SR Ca®" content affects the amount of Ca®' released via CICR.
For a given I¢,, 1 trigger, a high SR Ca”" load enhances the open probability of RyRs while
directly providing more Ca”" available for release. By contrast, Ic, can no longer cause
CICR when the SR Ca®" content is sufficiently low. Mechanistically, CSQ senses the levels
of luminal Ca" and effects RyRs via triadin and junctin. For instance, when SR Ca**
declines (e.g., during Ca®" release), the increased level of Ca®'-free CSQ deactivates RyRs
by binding via triadin and junctin; alternatively, SR Ca’’ reload (e. g., upon relaxation when
CICR terminates) relieves the CSQ2-mediated inhibition of RyRs. Thus, CSQ?2 is an
important determinant of the SR load. Interestingly, CSQ can activate purified RyRs in the

absence of triadin and junction. (71, 72)
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Human embryonic stem cells (hESCs), isolated from the inner cell mass of blastocysts, can
self-renew while maintaining their pluripotency to differentiate into all cell types (10),
including cardiomyocytes (CMs) (14, 48-51). Therefore, hESCs may provide an unlimited
ex vivo source of CMs for cell-based heart therapies. Although hESC-derived CMs (hESC-
CMs) have been reported to improve cardiac function in several animal myocardial infarct
models (52, 53), numerous hurdles need to be overcome before their clinical applications.
As shown in Example 1 above, Ca”'-handling properties are functional in hESC-CMs, but
are immature relative to the adult form. Indeed, a number of crucial Ca-handling proteins
are differentially expressed in hESC-, fetal and adult CMs. CSQ that is robustly expressed
in adult CMs is completely absent in hESC-CMs (FIG. 5C). The effects of CSQ expression

on the Ca**-handling properties of hESC-CMs were evaluated in the following experiments.
hESC Culturing and Differentiation

H1 cells (WiCells, Madison, WI) were grown on irradiated mEFs from 13.5-day embryos of
CF-1 mice and propagated as previously described (3). Briefly, the culture medium
consisted of 80% Dulbecco’s modified Eagle’s medium, 20% knockout serum replacement,
4 ng/ml basic fibroblast growth factor, 1 mmol/L glutamine, 0.1 mmol/L B-mercaptoethanol,
and 1% nonessential amino acid solution (all from Invitrogen, Carlsbad, CA). To induce the
formation of embryoid bodies (EBs), H1 cells were detached using 1 mg/mL type IV
collagenase (Invitrogen) and transferred to petri dishes containing 80% Dulbecco’s modified
Eagle’s medium, 20% fetal bovine serum defined (HyClone, Logan, UT), 1 mmol/L
glutamine, and 1% nonessential amino acid stock in the absence of b-FGF. The aggregates
were cultured in suspension for 7 days, followed by plating on gelatin-coated (0.1%; Sigma-

Aldrich, St. Louis) 6-well plates to form H1-CMs.
Construction of Recombinant Adenoviruses

Human cardiac calsequestrin 2 (sc119365, Origene technologies, MD) was cloned and
ligated into adenovirus shuttle vectors pAdCMV-IRES-GFP using primers creating Bm¢ and
Spe I sites (pAdCMV-CSQ-IRES-GFP). IRES, internal ribosomal entry site, allows the
simultaneous translation of CSQ and the fluorescence marker (GFP) with a single transcript.
The truncated CSQ mutant was constructed in pAdCMV-IRES-GFP by deleting 817bp
(53bp-869bp) using the two EcoN I sites inside CSQ’s coding sequence (Ad-CSQA). The
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resulting product after Hind III cutting was self-ligated to produce another control of
pAdCMV-GFP (Ad-GFP). Adenoviruses were generated by Cre-lox recombination of
purified y5 viral DNA and shuttle vector DNA using Cre4 cells as described previously
(56). The recombinant products were plaque purified, amplified, and purified again by
Vivapure Adenopack Kit (Vivascience Ltd, UK), yielding concentrations of the order of 10°
plaque-forming units (PFU) m1™.

Isolation of hESC-CMs and Adenoviral Gene Transfer

For isolating H1-CMs, beating outgrowths were microsurgically dissected from H1- derived
EBs (7 + 14 to 7+21 days) by a glass knife, followed by incubation in collagenase 11
(Img/mL) at 37°C for 30 min. The isolated cells were incubated with KB solution
containing (mM): 85 KCl, 30 K,HPO4, 5 MgSO4, 1 EGTA, 2 Na,-ATP, 5 pyruvic acid, 5
creatine, 20 taurine, 20 d-glucose, at room temperature for 30 min. After the cells were
plated on gelatin-coated glass coverslips for 1hr at 37°C, regular culture media was added.
After 48 hours, plated H1-CMs were infected with adenoviruses for 3 hours. Recordings

were performed within 24-48 hrs after infection.
Real-time PCR

Total RNA was extracted with RNeasy Mini kit (Qiagen Inc., CA). The amount of RNA
was measured with a spectrophotometer and the purity was confirmed by the absorbance
ratio at A260/280. Reverse transcription was done by use of QuantiTect Reverse
Transcription Kit (Qiagen Inc., CA). Quantitative PCR was carried out using Platinum
SYBR green qPCR SuperMix-UDG (Invitrogen, CA) and MyiQ™ Optical Module
(BioRad, CA) according to the manufacturer’s instructions. Primers for CSQ, RyR,
junction, triadin, SERCA2a, L-type Ca®" channel (CAV1.2) and calreticulin were designed
using Oligo Perfect Software (Invitrogen, CA).

Measurements of cytosolic Ca>*

A spectrofluorometric method with Fura-2/AM as the Ca”" indicator was used for
measuring [Ca’'];. HI-CMs were incubated with 10 uM Fura-2/AM and 0.2% pluronic F-
127 for 30 min at 37°C. Fluorescent signals obtained upon excitation at 340 nm (F340) and

380 nm (F380) were recorded from cells perfused with Tyrode solution containing (mM):
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140 NaCl, 5.0 KCl, 1.0 CaCl,, 1.0 MaCl,, 10.0 glucose and 10 HEPES (pH 7.4) unless
otherwise indicated. Data were analyzed using the lonwizard software (Version 5, lonOptix)
to generate the Ca®" transient parameters reported in this study. The F340/F380 ratio was
used to represent cytosolic [Ca®'];. To induce cytoplasmic Ca®" transients, CMs were
stimulated by electrically pulsing from 0.1 to 0.5 Hz or by caffeine application as indicated.
For electrical stimulations, Ca®" transients were recorded and analyzed after a series of
depolarizations that enabled each transient to fully decay so as to establish a steady-state SR

content.
L-type Ca®* current (Ica, 1.) Measurements

Lea, 1 was recorded from single H1-CMs after 24-48 hrs transduction using whole-cell patch
clamp with an Axopatch 200B amplifier and the pClamp9.2 software (Axon Instruments
Inc., Foster City, CA) in a bath solution containing (mM) 110 NaCl, 30 KCl, 1.8 CaCl,, 0.5
MgCl,, 5 HEPES, and 10 glucose (PH 7.4) at 37°C. Patch pipette solution contained (mM):
110 K" aspartate, 20 KCI, 1 MgCl,, 0.1 Na-GTP, 5 Mg-ATP, 5 Na,-phospocreatine, 1
EGTA, 10 HEPES, pH adjusted to 7.3 with KOH. To elicit Ca®" currents (Ic,r), cells were
held ata - 40 mV potential and pulsed from -40mV to +60 mV with 10 mV increments for

2s. L-type Ca®" currents (Ic,1) was defined as 5 mM nifedipine-sensitive currents.
Di-8-ANEPPS Staining of T-tubule

H1-CMs were fixed with 4% paraformaldehyde for 15 min at room temperature and then
incubated with 10 uM Di-8-ANEPPS (Invitrogen, CA) for 5 min at room temperature. After
washing for 10 min with PBS, the mid-planes of the cell height were imaged on a confocal

laser-scanning miscroscope (Clsi; Nikon, Tokyo).
Statistical analysis

All data were expressed as means £ SEM. One-way ANOVA followed by Newman-Keuls
multiple comparison tests or paired ¢ test was carried out to test for differences between the

mean values within the same study. A difference of P<0.05 was considered significant.
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RESULTS
Unchanged Expressions of Other Ca’* Handling Proteins

CSQ mRNA was significantly elevated in H1-CMs infected with pAdCMV-CSQ-IRES-
GFP (Ad-CSQ) by 1258 + 92-fold, in comparison to both fluorescence (Ad-GFP) and the
truncated CSQ mutant (Ad-CSQA) controls (FIG. 7). Appearance of the fluorescence
marker, GFP, was used to determine the infection rates of the H1-CMs cells in each group.
The truncated CSQ mutant (Ad-CSQA) produced no functional CSQ, which is consistent

with previous reports in which a stop codon was inserted after 71st amino acid (57).

In adult CMs, CSQ associates with triadin and junctin to regulate RyR, forming the RyR
Ca®' release complex. Therefore, the effect of CSQ expression on the mRNA levels of
these related proteins was investigated. mRNA levels of RyR, triadin and junctin were
unchanged upon the expression of CSQ in Ad-CSQ group (FIG. 7). Similarly, no
concomitant alterations occurred in mRNA levels of SERCA, L-type Ca®" channel
(CAV1.2) and calreticulin. Calreticulin is another SR Ca®'-binding protein, which decreases
after birth once CSQ assumes its principle role (27). The unchanged profile of these Ca®*
handling proteins indicates that the herein described functional alterations resulted from

acute responses to the short-term addition of CSQ alone.
Increased SR Ca”* Content

As CSQ is an important determinant of SR Ca”" load, application of caffeine (10 mM) was
used to assess influences of CSQ expression on the total Ca>* storage capacity of SR.
Consistent to previous reports on the presence of caffeine-sensitive Ca®" store in hESC-CMs
(48, 58), a brief exposure to caffeine elicited a robust cytosolic Ca> increase. As
anticipated, the peak was significantly larger in H1-CMs expressed CSQ (FIG. 8A and
FIG. 8B). This indicates a substantial increase in SR Ca”" content upon the higher Ca**

binding activity is conferred by the presence of CSQ.

The SR Ca”" depletion by caffeine was followed by the reoccurrence of electrically induced
Ca®" transients with progressively increased amplitudes as SR was recharged gradually. The
recharging rate mainly depends on activity of SERCA or the functional size of SR.

Although CSQ supplement led to increased SR store and unchanged SERCA expression
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(FIG. 7) and activity (FIG. 11), transient amplitude recovery taken at three different time
points showed no significant difference between Ad-CSQ and Ad-CSQA (FIG. 8C).

Enhanced Magnitude and Kinetics of Ca’" Transients

To investigate whether CSQ expression in hESC-CMs can facilitate their developments of
Ca®" handling propertics and thereby the contractile functions, electrically induced Ca®*
transients were characterized and compared. Basal cytosolic Ca®" was elevated remarkably
in hESC-CMs infected with Ad-CSQ compared to Ad-GFP and Ad-CSQA (FIG. 9B).
Example 1 shows that hESC-CMs have lower cytosolic Ca®* than human fetal CMs. hESC-
CMs infected with Ad-CSQ generated larger transients with a higher upstroke and decay
velocity, indicating that CSQ expression in H1-CMs enhanced the SR Ca”" release, which is
correlated with more forceful contraction (FIG. 9C to FIG. 9E). Taken collectively, this
observation may suggest a developmental improvement of the Ca®* homeostasis after CSQ
expression in hESC-CMs. This higher cytoplasmic Ca®* concentration may explain the
faster Ca®* transient decay (FIG. 9D) since Ca”" extrusion via NCX possibly increased as a

result.
Unchanged Effects of Ryanodine and Thapsigargin on Ca’" Transients

CSQ is known as an important regulator of RyR, therefore the influences of CSQ expression
on RyR activity was investigated by application of its inhibitor, ryanodine. As seen in
Example 1, incubation with 10 uM ryanodine for 30 minutes significantly decreased the
clectrically evoked Ca”" transient amplitude (78%, 80% and 84%) and slowed the upstroke
velocity (67%, 64% and 62%) in Ad-CSQ, Ad-GFP and Ad-CSQA, respectively (FIG. 10).
However, the inhibitory effects were identical between H1-CMs with and without CSQ
expression. Therefore the improved Ca”" release observed in this study is not likely due to

enhanced expression or function of RyR, but a delicate regulation on RyR conferred by

CSQ.

Similarly, thapsigargin, a specific inhibitor of SERCA, significantly decreased the decay
velocity in all three groups (61%, 69% and 65% for Ad-CSQ, Ad-GFP and Ad-CSQA,
respectively) after 15min incubation, confirming the existence of the functional Ca*’

reuptake protein (SERCA) responsible for SR reload in hESC-CMs (FIG. 11C). The

-54-



10

15

20

25

CA 02699642 2010-03-12
WO 2009/036220 PCT/US2008/076084

unchanged transient amplitude is likely due to the trans-sarcolemmal Ca*" cycling which
partly contributes to the Ca’" transients in H1-CMs beyond the immature CICR mechanism
(FIG. 11B). In accordance to the stable expression of SERCA (FIG. 7), the blocking effects

of thapsigargin on Ca”" transients were the same, regardless of CSQ expression.
Unchanged L-type Ca’" currents (Xean)

Ior. the Ca® trigger for SR Ca”" release, was recorded in Ad-CSQ and Ad-CSQA groups
(FIG. 12). The magnitude of peak L, 1 was nearly identical in both groups at different
membrane potentials, indicating no effect of CSQ expression on I, 1. Moreover, no
significant change occurred in membrane capacitance of H1-CMs with or without CSQ

expression (data not shown).
No Induced T-tubules Formation

The membrane-selective dye, Di-8-ANEPPS, was used to detect the presence of t-tubules,
invaginations of the surface membrane of HI-CMs. Regardless of CSQ expression, only
the periphery (not the cellular mid-plane) of H1-CMs was positively stained (data not
shown). Previously an organized pattern of staining was found in the center of adult CMs
(59, 60). Thus the absence of organized t-tubules observed in hESC-CMs with CSQ

expression, indicates that t-tubules formation was not induced by CSQ.
DISCUSSION

Functional compatibility with the recipient adult myocytes is the basic requirement for
hESC-CMs to apply for cell transplantation. Unfortunately, the functional properties related
to Ca?" handling of hESC-CMs are demonstrated to be developing and immature compared
to their adult counterparts due to the absence of either auxiliary proteins (e.g. CSQ, junctin
or phospholambin) (14, 48) or organized spatial localization (t-tubules) (58). Therefore
facilitated maturation of hRESC-CMs towards the adult phenotype in vitro is indispensable
for their future functional and structural integration with the host myocardium ixn vivo. For
the first time, the feasibility of such genetic manipulation, i.e. expression of the absent CSQ,
on the developmental profile of Ca>" homeostasis in hESC-CMs was assayed. These
experiments show: 1) CSQ expression increased the functional SR Ca®” store; 2) Ca®”

transients with larger magnitude and higher upstoke and decay kinetics were generated upon
-55-



10

15

20

25

30

CA 02699642 2010-03-12
WO 2009/036220 PCT/US2008/076084

CSQ expression, which leads to more forceful contraction; 3) CSQ expression did not
increase the Ca®” influx through the L-type Ca®" channel; and 4) the adenoviral CSQ gene
transfer did not affect the expression of other related Ca®’ handling proteins. These results
demonstrate that expression of CSQ, a key regulatory factor on CICR, will facilitate the
Ca”" handling of hESC-CMs towards a mature cardiomyocyte phenotype by providing

precise regulations on Ca”" cycling,

CSQ is known as the high-capacity and low-affinity Ca®" buffer located in the internal SR,
which confers SR in adult CMs tremendous storage capacity to maintain the repetitive
contraction with minimal run-down in tension (49). The functional RyR mediated SR Ca*"
stores are proved present in hESC-CMs (48) and its content increased over the
developmental stages from 2 to 40 days post-beating (48, 58). By expressing CSQ, the SR
Ca”" load was significantly enhanced in hESC-CMs of (14- 21) +7 days old, providing a
larger Ca’" store available for release. This is consistent with other findings on CSQ
overexpression in adult CMs either with adenoviral transduction (57, 61) or from transgenic
mice (62). On the other hand, SR luminal Ca®" is suggested to function as a regulator on
RyR channel gating which occurs through either a direct Ca** binding to the RyR inside the
SR or via CSQ, triadin and junction (63, 64). Higher the SR Ca®" load, enhanced the open
probability of the RyR. Therefore by adding the auxiliary protein CSQ, hESC-CMs gain
not only an increased SR Ca®" store, but also more functionally more sensitive RyR upon

the Ca”" influx via the L-type Ca”" channel.

The larger Ca®" transients obtained after CSQ expression in hESC-CMs were the most
interesting observation. Since increased amplitude leads to stronger contraction, CSQ
expression potentially enhanced the contractility of transduced hESC-CMs, which is the
critical challenge to functionally maturate the cells for transplantation. This favorable effect
is attributed to the role of CSQ as both a buffer and luminal sensor of Ca>". It is established
that the rate and sensitivity of Ca®” release depends on Ca’" loading, i.c., increased SR Ca®"
load, enhanced Ca®" release (32, 65). Furthermore, a previous study showed that CSQ not
only relayed the luminal Ca®” changes to RyR but also amplified the direct response of RyR
to such alterations (66). The above results show that the I, was similar regardless of CSQ
expression. Therefore, larger Ca’" transients were not resulted from more Ca”" influx

trigging CICR 1n CSQ expressed hESC-CMs. Whether “E-C coupling” gain was increased
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or not needs further voltage-clamped Ca®" transient recording. All together, the CICR
mechanism became more sensitive and effective in CSQ-expressed hESC-CMs, leading to
more robust and rapid Ca>" transients. Consistent with a previous study, in rat adult CMs,
the magnitude of I¢,,r-induced Ca®" transients was increased when CSQ levels were
elevated, which resulted from prolonged Ca”" release duration by slowing luminal Ca*'-
dependent closure of RyRs (57). Conversely, in adult CMs from transgenic mice, CSQ
overexpression resulted in cardiac hypertrophy characterized as a significant decrease in
cardiac contractility and amplitude of the Ca" transients (62, 67). Without being bound by
theory, Applicants postulate that one possible explanation is that the inhibitory effect of
CSQ on the RyR opening may cause reduced SR Ca*" release even though a higher SR Ca®”

store was available.

The role of CSQ, as a regulator of RyR, has been increasingly studied. Previous studies
have shown that when SR luminal Ca®" is low, CSQ associates with RyR and inhibits its
opening, while at high SR Ca’" content, CSQ detaches from RyR thereby increasing Ca*’
release (49, 54). The total CSQ content can therefore potentially alter Ca®" release by
affecting either its direct interaction with the RyR or the size of the functional Ca®" store
inside SR. The interplay between these two actions after CSQ overexpression is unknown,
whose balance may vary depending on the levels and durations (acute v.s. chronic) of CSQ
increase. This may provide an explanation for the discrepancy of Ca®" transient changes
found in different studies. It is important to point out that previous modulations on CSQ
expression are increases (or decreases) above (or below) the physiological (optimal) level of
CSQ in adult CMs. However, above experiments facilitated hESC-CMs to express CSQ
from “none to all”. Moreover, the inhibitory interaction of CSQ-RyR requires the presence
of triadin and junction (55). Interestingly, CSQ activates purified RyR lacking triadin and
junctin in lipid bilayer preparation (68, 69). This observation is consistent with the above
results that CSQ increased the Ca”" transients in hESC-CMs which have not developed
triadin and junction (48). Although the exact influence of CSQ-RyR interaction on SR Ca*"
release is still in debate in adult CMs, these results shed light on a direct effect of restoring
CSQ ex vivo without interferences from other auxiliary proteins. Given the significant role
of CSQ on Ca*" homeostasis as a result of regulation on RyR release channel, these results

show that expression of CSQ facilitated the Ca®" handling in hRESC-CMs.
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No significant alterations were found for other proteins involved in the Ca**-release cascade
(RyR, junctin and triadin) upon CSQ expression in hESC-CMs. Previous studies
demonstrated the abundant presence of RyR in hESC-CMs did not result in a regularly
spaced pattern as reported in adult ventricular CMs (48, 58). Acute supplement of CSQ did
not affect the level of RyR, which neither induced the appearance of junctin and triadin and
were reported to be downregulated in transgenic mouse CMs overexpressing CSQ (62).
Moreover, no compensatory alterations occurred in L-type Ca>” channel, SERCA and
calreticulin, the fetal type of Ca>" buffer protein that was replaced after birth by CSQ (27).
Pharmacological studies on blocking either RyR or SERCA further confirmed the functional
SR Ca®" release and uptake channel/pump present in hRESC-CMs. Consistent to the
unchanged RyR/SERCA expressions, CSQ did not alter the response of hESC-CMs to the

blockade on them.

It is well known that transgenic cardiac overexpression of CSQ leads to hypertrophy with
increases in heart mass and cell size (62, 70), which has been used as a standard model of
hypertrophy (71, 72). However, these results did not reveal any increase in cell size of
CSQ-expressed hESC-CMs as reflected by membrane capacitance. Similarly, this acute
CSQ supplement also failed to induce such structural development as t-tubule formation,
which was absent in control hRESC-CMs but critical in adult CMs to ensure spatially and
temporally synchronous Ca”" release throughout the cell during CICR (73). The absence of
t-tubules in single hESC-CMs (40-50 days) has been observed previously (unpublished
data), whereas some t-tubules were found in clusters of hRESC-CMs, to which the
abundance, distribution and maturation pattern of the cells were far below the level in adult

CMs (58).

In conclusion, expression of CSQ that is absent in hRESC-CMs facilitates the Ca®" handling
maturation by increasing the SR Ca’" load and conferring regulation on RyR Ca’" release.
These results provide a strategy for designing effective cells which can be used for

transplantation.
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EXAMPLE 5

qPCR of Static Control and Electrically Conditioned hES2-CM Beating Clusters
hES2-CM beating clusters manually dissected from hES2-EBs were plated in 0.1% gelatin-
coated 6-well plates. After 2 days of recovery period, hES2 beating clusters were
electrically stimulated at 2 V/cm with 5-msec pulse of 1 Hz by C-Pace Culture Pacer
(Ionoptix) for 2 weeks. Medium was refreshed daily for the electrically stimulated (E-stim)
and the static control (Static) groups. At the end of stimulation, the beating arcas were
again manually dissected and then solubilized in Trizol for mRNA extraction. qPCR was
used to analyze the mRNA expression of atrial natriuretic factor (ANF), hyperpolarization-
activated cyclic nucleotide-modulated channel (HCN4), inward-rectifying K channel
(Kir2.1), transiently outward K" channel (Kv1.4), myosin heavy chain o, (MHCo) and B
(MHCp), myosin light chain-2a (MLC2a) and 2v (MLC2v). The mRNA expression was
quantified using the AACt method with GAPDH as the reference gene and normalized with
the Static against the E-stim group. Normalization with E-stim as the calibrator group was

chosen to allow for calculation of Kir2.1 expression that had no mRNA in the Static group.

Electrical-Conditioning Induces Mature, Ventricular-Like hES2-CMs

After 2 weeks of electrical-conditioning, the E-stim group showed significant mRNA
expression increase relative to the static control group in ANF from 0.65 to 1.0, Kir2.1 from
0.0 to 1.0, and MLC2v from 0.11 to 1.0, while a significant mRNA expression decrease was
shown in HCN4 from 2.66 to 1.0, Kv1.4 from 86.22 to 1.0, MHCo. from 1.83 to 1.0, and
MLC2a from 2.66 to 1.0 (FIG. 13). There was no significant change in MHCD between the
two groups (FIG. 13). The increase in ANF, a hypertrophic marker, signifies that the
electrically conditioned hES2-CMs are increasing in size to become more like their adult
counterpart. The ion channel profile exhibited a dramatic increase in Kir2.1, a membrane
potential stabilizer, and a decrease in HCN4, a membrane potential oscillator, which
suggests a shift in hES2-CMs to become more mature with a more stable electrophysiology.
A decrease in Kv1.4 is suggestive of hES2-CMs exhibiting the epicardial ventricular
phenotype. The mRNA analysis of the contractile apparatus with a decrease in MHCa or
the isoform with a higher actomyosin ATPase, suggests CMs transitioning to a slower
contraction rate, which is also a sign of maturity since fetal hearts are known to have higher

beating frequency than adult hearts. Finally, a decrease in MLC2a and increase in MLC2v
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both indicate that the electrically stimulated hES2-CMs were directed towards a ventricular
phenotype. Overall, electrical conditioning of hES2-CMs results in a more mature and

ventricular-like phenotype.

It is to be understood that while the invention has been described in conjunction with the
above embodiments, that the foregoing description and examples are intended to illustrate
and not limit the scope of the invention. Other aspects, advantages and modifications
within the scope of the invention will be apparent to those skilled in the art to which the

invention pertains.
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WHAT IS CLAIMED IS:

1. An isolated stem cell modified to provide functions of the sarcoplasmic
reticulum (SR).
2. An isolated stem cell of claim 1, wherein the cell expresses a calcium

channel protein that is necessary to perform physiological functions.

3. The isolated stem cell of claim 2, wherein the calcium channel protein is a

ryanodine receptor (RyR) protein.

4. The isolated stem cell of claims 1, further expressing a calcium pump protein

that is necessary to perform physiological functions.

5. The isolated stem cell of claim 4, wherein the calcium pump protein is a

sarco/endoplasmic reticulum Ca**-ATPase (SERCA) protein.

6. The isolated stem cell of claim 1, further comprising reduced expression of

the Na'/Ca”" exchanger (NCX) protein.

7. The isolated stem cell of claim 1, further expressing a calcium handling
protein, wherein the protein is selected from the group consisting of calsequestrin, junctin,

triadin and phospholamban.

8. The isolated stem cell of claim 1, wherein the isolated stem cell further

comprises the membrane structure transverse (t)-tubule .

9. The isolated stem cell of claim 8, wherein the cell further expresses a

transverse (t)-tubules biogenic protein that is caveolin 3 or amphiphysin 2.

10.  The isolated stem cell of claim 1, wherein the isolated stem cell expresses a
cardiomyocyte marker selected from the group consisting of myosin heavy chain, myosin

light chain, actinin, troponin and tropomyosin.

1. The isolated stem cell of claim 1, wherein the stem cell is an embryonic stem
cell or a pluripotent stem cell.
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12. The isolated stem cell of claim 1, wherein the cell is a mammalian cell.
13. The isolated stem cell of claim 12, wherein the mammalian cell is a human
cell.

14. A substantially homogeneous population of stem cells modified to possess

functions of the sarcoplasmic reticulum (SR).

15. A substantially homogeneous population of stem cells expressing a calcium

channel protein that is necessary to perform physiological functions.

16.  The substantially homogeneous population of stem cells of claim 15,

wherein the calcium channel protein is a ryanodine receptor (RyR) protien.

17.  The substantially homogeneous population of stem cells of claim 14, further

expressing a calcium pump protein that is necessary to perform physiological functions.

18.  The substantially homogeneous population of stem cells of claim 17,
wherein in the calcium pump protein is a sarco/endoplasmic reticulum Ca*"-ATPase

(SERCA) protein.

19.  The substantially homogeneous population of stem cells of claim 14, further

comprising reduced expression of a Na'/Ca”" exchanger (NCX) protein.

20.  The substantially homogeneous population of stem cells of claim 14, further
expressing a calcium handling protein, wherein the protein is selected from the group

consisting of calsequestrin, junctin, triadin and phospholamban.

21.  The substantially homogeneous population of stem cells of claim 14,
wherein the substantially homogeneous population of stem cells further comprises the

membrane structure transverse (t)-tubule.

22.  The substantially homogeneous population of stem cells of claim 21,
wherein the substantially homogeneous population of stem cells further expresses a

transverse (t)-tubules biogenic protein that is caveolin 3 or amphiphysin 2.
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23.  The substantially homogeneous population of stem cells of claim 14,
wherein the substantially homogeneous population of stem cells expresses a cardiomyocyte
marker selected from the group consisting of myosin heavy chain, myosin light chain,

actinin, troponin and tropomyosin.

24.  The substantially homogeneous population of stem cells of claim 14

comprised of embryonic stem cells or pluripotent stem cells.

25.  The substantially homogeneous population of stem cells of claim 14,

wherein the substantially homogeneous population of stem cells are mammalian cells.

26.  The substantially homogeneous population of stem cells of claim 25,

wherein the mammalian cells are human cells.

27. A composition comprising the substantially homogenous population of stem

cells of claims 14 or 15 and a carrier.
28.  The composition of claim 27, wherein the carrier is a biocompatible scaffold.

29.  The composition of claim 27, wherein the carrier is a pharmaceutically

acceptable carrier.

30. A method for regenerating cardiac muscle tissue comprising growing an

effective amount of the isolated stem cell of claim 1 under suitable conditions.

31. A method for regenerating cardiac muscle tissue comprising growing an
effective amount of the substantially homogeneous population of stem cells of claim 14

under suitable conditions.

32. A method for regenerating cardiac muscle tissue in a suitable host
comprising administering an effective amount of the isolated stem cell of claim 1 to the

host.

33.  The method of claim 32, wherein the host is a mammalian patient and the

isolated stem cell is mammalian.
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34.  The method of claim 32, wherein the host is a human patient and the isolated

stem cell is human.
35.  The method of claim 32, wherein the tissue comprises cardiomyocytes.

36. A method for regenerating cardiac muscle tissue in a suitable host
comprising administering an effective amount of composition of claim 14 to the host in

need thereof.

37.  The method of claim 36, wherein the host is a mammalian patient and the

substantially homogeneous population of stem cells of the composition are mammalian.

38.  The method of claim 36, wherein the host is a human patient and the

substantially homogeneous population of stem cells of the composition are human.
39.  The method of claim 36, wherein the tissue comprises cardiomyocytes.

40. A method for differentiating an isolated stem cell comprising functionally
mature sarcoplasmic reticulum (SR) by enhancing the expression of a calcium handling

protein that is calsequestrin, junctin, triadin or phospholamban.

41. A method for differentiating an isolated stem cell comprising functionally
mature transverse (t)-tubules by enhancing the expression of a transverse (t)-tubule biogenic

protein that is caveolin 3 or amphiphysin 2.

42. A method for differentiating an isolated embryonic cell comprising
functionally mature sarcoplasmic reticulum by enhancing the expression of a calcium
handling protein that is calsequestrin, junctin, triadin, or phospholamban and comprising
functionally mature transverse (t)-tubules by enhancing the expression of a transverse (t)-

tubule biogenic protein that is caveolin 3 or amphiphysin 2.

43. A method of improving cardiac function in a patient in need thereof

comprising administering an effective amount of the isolated stem cell of claims 1 or 2.

44.  The method of claim 43, wherein the patient is suffering from a disease or

disorder associated with cardiac malfunction.
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45. The method of claim 44, wherein the disease or disorder associated with
cardiac malfunction is selected from the group consisting of sick sinus syndrome,
congestive heart failure, isolated diastolic heart failure, bradyarrhythmia, atrial

tachyarrhythmia, ventricular tachyarrhythmia and myocardial infarction.

46. The method of claim 44, wherein the disease or disorder associated with
cardiac malfunction is cardiac arrhythmia, bradycardia, tachycardia, abnormal sinus node

function, or atrioventricular block.

47. A method of improving cardiac function in a patient in need thereof
comprising administering an effective amount of the substantially homogeneous population

of stem cells of claim 14 to the patient.

48.  The method of claim 47, wherein the patient is suffering from a disease or

disorder associated with cardiac malfunction.

49, The method of claim 48, wherein the disease or disorder associated with
cardiac malfunction is selected from the group consisting of sick sinus syndrome,

congestive heart failure and myocardial infarction.

50. The method of claim 48, wherein the disease or disorder associated with
cardiac malfunction is cardiac arrhythmia including bradycardia, tachycardia, abnormal

sinus node function, or atrioventricular block.

51. A method of identifying an agent that modulates the transport of calcium
(Ca”") ions to and/or from the sarcoplasmic reticulum (SR) in a cell comprising contacting
the cell with an amount of a test agent under conditions effective to modulate the SR’s
ability to store or pump Ca”" ions, measuring any change in Ca”" transients wherein a
change in basal Ca”" levels, amplitude, Vi upstroke or Vi decay identifies the test agent

as an agent that modulated the transport of Ca®" ions from the SR in a cell.

52. The method of claim 51, wherein the cell is an isolated stem cell modified to

provide functions of the sarcoplasmic reticulum (SR) or a derivative thereof.
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53.  The method of claim 51, wherein the cell is a substantially homogeneous
population of stem cells modified to possess functions of the sarcoplasmic reticulum (SR)

or a derivative thereof.

54.  The method of claim 52 or 53, wherein the stem cell is an embryonic stem

cell or a pluripotent stem cell or a derivative thereof.

55.  The method of claim 51, wherein the test agent comprises oligonucleotide, a

polynucleotide, a peptide, a protein, an antibody or an antibody fragment.

56.  The method of claim 51, wherein the test agent comprises an organic

molecule, an inorganic molecule or a mixture of an organic or inorganic molecule.

57.  The method of claim 51, wherein the transport of calcium (Ca”") ions

comprises Ca>" induced Ca®" release (CICR).

58.  The method of claim 51, where the change in Ca®" transients indicates

cardiotoxicity or arrhythmogenicity.
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