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(57) ABSTRACT

Animal cells, notably adult fibroblasts, are advantageously
reprogrammed in direct lineage reprogramming methods
using defined factors to produce proliferative and multipo-
tent induced cardiac progenitor cells (iCPC). The iCPC thus
produced can be differentiated under suitable differentiation
conditions to cardiac lineage cells including cardiomyo-
cytes, smooth muscle cells, and endothelial cells, as evi-
denced by expression of lineage specific markers. Sets of
factors effective in combination to reprogram the fibroblasts
can include a set that includes some or all of 5 factors
(Mesp1, Baf60c, Nkx2.5, Gatad, Tbx5), a set that includes
some or all of 11 factors (Mespl, Mesp2, Gatad, Gata6,
Baf60c, SRF, Isll, Nkx2.5, Irx4, Tbx5, Thx20), a set that
includes some or all of 18 factors (T, Mespl, Mesp2, Tbx5,
Tbx20, Isll, Gatad, Gata6, Irx4, Nkx2.5, Handl, Hand2,
Tbx20, Tbx18, Tip60, Baf60c, SRF, Hey2), and a set that
includes some or all of 22 factors (T, Mespl, Mesp2, Tbx5,
Tbx20, Isll, Gatad, Gata6, Irx4, Nkx2.5, Handl, Hand2,
Tbx20, Thx18, Tip60, Baf60c, SRF, Hey2, Oct4, K14, Sox2,
L-myc).
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1
LINEAGE REPROGRAMMING TO INDUCED
CARDIAC PROGENITOR CELLS (ICPC) BY
DEFINED FACTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 61/904,881, filed Nov. 15, 2013;
which is incorporated herein by reference as if set forth in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
HIL.099773 awarded by the National Institutes of Health. The
government has certain rights in the invention.

BACKGROUND

Several studies have reported reprogramming of animal
fibroblasts to induced cardiomyocytes (iCM). However,
reprogramming to proliferative and multipotent cardiac pro-
genitor cells (CPC) may be more favorable for cell therapy
and research applications for several reasons. iCM have not
been shown to be proliferative in culture, thereby limiting
the available source of cardiomyocytes (CM) for therapeutic
use. Moreover, cardiac cells other than CM might be thera-
peutically important, but these are not present when iCM are
used.

Human pluripotent cells, including human embryonic
stem cells (ESC) and human induced pluripotent cells
(iPSC), have been differentiated in culture with three soluble
factors to produce induced cardiac progenitor cells ICPC).
Cao, et al., “Highly efficient induction and long-term main-
tenance of multipotent cardiovascular progenitors from
human pluripotent stem cells under defined conditions,” Cel/
Res. 23:1119 (2013). It may be impractical to routinely
employ such pluripotent cells as starting material for making
therapeutic quantities of iCPC, either because of ethical
considerations of using embryonic stem cells, or because of
the considerable time and effort required to obtain suitable
iPSC. Islas et al, PNAS US4 109:13016-21 (Aug. 7, 2012)
(and U.S. Pat. No. 8,486,701) was said to have produced
iCPC from human fibroblasts, but the isolated cells did not
meet the criteria of proliferation and differentiation into
cardiac lineage cells that define cardiac progenitor cells.

Additional approaches are still needed for obtaining pro-
liferative and multipotent iCPC for research or therapeutic
use.

BRIEF SUMMARY

A method for producing induced cardiac progenitor cells
(iCPC) from mammalian somatic cells includes the steps of:

expressing in the somatic cells a set of factors sufficient to
induce reprogramming of the cells to iCPC; and

separating the iCPC from non-reprogrammed somatic
cells.

In certain embodiments, the mammalian somatic cells are
obtained from a human or from a rodent.

In certain embodiments, the set of factors includes a
plurality of early cardiac transcription factors. In some
embodiments, the plurality of early cardiac transcription
factors includes some or all of Mespl, Bat60c, Nkx2.5,
Gatad, and Tbx5. In other embodiments, the plurality
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includes some or all of Mespl, Mesp2, Gatad4, Gata6,
Baf60c, SRF, Isll, Nkx2.5, Irx4, Tbx5, and Tbx20. Other
pluralities include some or all of T, Mespl, Mesp2, TbxS5,
Tbx20, Isll, Gatad, Gata6, Irx4, Nkx2.5, Handl, Hand2,
Tbx20, Tbx18, Tip60, Baf6Oc, SRF, and Hey2. In some
embodiments, the factors are encoded by nucleic acid
obtained from at least one of a human animal and a non-
human animal.

The set of factors can be provided on vectors in an
expression library. In some embodiments the vectors are
viral (e.g., lentiviral, retroviral, adenoviral, baculoviral) vec-
tors. In other embodiments, the vectors are non-viral vectors
such as non-viral episomal vectors, cationic liposomes,
neutral liposomes, polymer-nucleic acid complexes (e.g.,
polymer nanoparticles, dendrimers), and peptide-nucleic
acid complexes.

In some embodiments, the expressing step includes the
step of exposing the somatic cells to an expression library
configured to encode the set of factors. In other embodi-
ments, direct exposure of the cells to the factors per se, and
interaction between the cells and the factors may suffice to
achieve reprogramming to iCPC. Exposure to every member
of the set of factors may not be essential to achieving
reprogramming to iCPC.

In some embodiments, the exposing step includes the step
of introducing the set of factors into the somatic cells by
transfection or other known methods for introduction of
genetic material into mammalian somatic cells.

In some embodiments, expression of the set of factors can
require induction of expression by exposure of the somatic
cells into which the factors were introduced to an inducing
agent such as doxycycline in the expression system
described herein. The inducing agent can be provided in the
culture medium or by any other operable delivery route.

In some embodiments, additional components are advan-
tageously employed in the method to facilitate proliferation
of the iCPC. In some embodiments, a suitable component is
an activator of canonical Wnt signaling such as 6-bromoin-
dirubin-3'-oxime (BIO). In other embodiments, suitable
components include an activator of canonical Wnt signaling
and an activator of Jak/Stat signaling such as Leukemia
Inhibitory Factor (LIF). In each case the additional compo-
nent or components are provided in amounts, or at concen-
trations, sufficient to facilitate proliferation of the iCPC.

In some embodiments, somatic cells to be reprogrammed
can be provided with a marker that is selectively expressed
only in cells of the desired state, here cells characterized as
CPC. In certain embodiments, the somatic cells can contain
a stable marker-encoding transgene under control of a CPC-
specific regulatory sequence where the transgene produces a
detectable product only when the cells are CPC, or in this
case induced CPC. A suitable marker-encoding transgene
can encode fluorescent protein such as, but not limited to
eYFP or eGFP.

In some embodiments, the iCPC can be separated from
non-reprogrammed cells by cell sorting on the basis of a cell
surface marker characteristic of one cell type or the other, or
by another known method for separating cells having dis-
tinguishable attributes, including by splitting the cultures
such that non-reprogrammed cells, which do not proliferate,
are outcompeted by the proliferative, reprogrammed cells.
Alternatively, reprogrammed cells can be manually dis-
sected from non-reprogrammed cells on the basis of fluo-
rescence and other morphological differences.

Nucleic acids encoding sets of factors sufficient to repro-
gram somatic cells to iCPC by direct lineage reprogramming
can be provided as kits, as can libraries that include viral or
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non-viral nucleic acid vectors engineered to express some or
all of the encoded factors upon transfer into the somatic
mammalian cells.

In another aspect, provided herein is an in vitro population
of induced cardiac progenitor cells produced according to a
method provided herein.

In a further aspect, provided herein is a culture comprising
an in vitro population of induced cardiac progenitor cells
produced according to a method provided herein.

These and other features, aspects, and advantages
described herein will become better understood upon con-
sideration of the following detailed description, drawings,
and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

In the descriptions of the drawings and the Examples
section below, all work was done with mouse cells unless
human is specified.

FIG. 1 depicts a screen for identifying iCPC inducing
factors and optimal culture conditions. (A) Schematic rep-
resentation of experimental design depicting direct repro-
gramming of iCPCs by defined factors and culture condi-
tions, expansion of iCPCs, and in vitro as well as in vivo
differentiation of iCPCs into cardiac-lineage cells. (B) Infec-
tion with a combination of 11 cardiac factors induced
Nkx2.5-EYFP expression in adult cardiac fibroblasts (AC
Fibs) only after dox induction. (C) 11-factor infected AC
Fibs developed into two dimensional, proliferative colonies
of EYFP+ cells. Images taken 3 weeks after dox treatment
show a colony of reprogrammed EYFP+ cells, surrounded
by EYFP- fibroblasts. (D) Images show the striking mor-
phological difference between EYFP+ reprogrammed cells
and EYFP- fibroblasts (indicated by *). Reprogrammed
cells lost parental fibroblast morphology and exhibited a
high nuclear-cytoplasmic ratio. (E) Strategy to test impact of
culture conditions on F11 reprogramming efficiency as well
as the ability of EYFP+ reprogrammed cells to maintain a
proliferative state. (F) Number of EYFP+ colonies formed
(per 50,000 starting cells) in the respective culture condi-
tions (**p<0.01, *p<0.05). (G) Impact of culture conditions
on EYFP+ colonies expanded up to 5 passages scoring for
EYFP+ expression and proliferative ability (Dox only: n=8,
Dox+LIF: n=3, Dox+BIO: n=4, Dox+LIF+BIO: n=9).
(L=LIF, B=BIO). Data presented as mean. Error bars=SEM.
Scale bar=100 um in B, 500 um in C and D.

FIG. 2 depicts the vectors used in creation of a lentiviral
expression library that includes various agents and factors
associated with cardiogenesis.

FIG. 3 depicts a screen for iCPC inducing factors and
culture conditions. (A) Uninfected AC Fibs showed no
EYFP expression. (B) AC Fibs infected with iPS factors
(K14, Oct4, L-myc, Sox2) showed proliferative cells that
formed iPS-like colonies which were EYFP- (3 weeks after
adding dox). (C) Neonatal cardiac fibroblasts infected with
Gatad, Mef2c, Tbx5 (iCM factors) showed spontaneous
beating 25 days after dox treatment. Arrows indicate
induced cardiomyocytes (ICMs). iCMs did not show EYFP
expression. (D) AC Fibs infected with combinations of
either 22 factors or 18 factors developed into EYFP+ cells
3 weeks after dox induction. (E) AC Fibs infected with an
eleven-factor set and induced by exposure to dox develop
proliferative EYFP+ colonies; however, upon expansion in
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dox only culture condition these cells lost EYFP expression
and senesced within 3-5 passages. (F) Addition of BIO
resulted in expandable EYFP+ cells. However, they became
spindle-shaped and were not highly proliferative. (G) Addi-
tion of both LIF and BIO produced the brightest EYFP+
cells which were robustly expandable. Scale bar represents
100 um in A-D and 200 pum in E-G.

FIG. 4 presents gene ontology analysis performed for
upregulated and downregulated genes in late passage iCPCs
as compared to AC Fibs.

FIG. 5 depicts eleven factors that in combination stably
reprogram adult cardiac fibroblasts into proliferative iCPCs.
(A) iCPCs maintained EYFP expression and proliferative
ability for at least 30 passages after dox withdrawal. (B)
Population doubling time for passage 10 (P10) and passage
20 (P20) iCPCs as compared to uninfected AC Fibs. Data
represented as mean (n=3). (C) qPCR analysis showed
upregulation of CPC markers and downregulation of fibro-
blast markers. Data represent normalized fold expression
relative to uninfected AC Fibs (*p<0.01, #p<0.05). (D)
Immunofluorescence labeling of iCPCs showed nuclear
localization of TFs Nkx2.5, Gatad4, and Irx4 and flow
cytometry analysis revealed that almost all of iCPCs
expressed these TFs (E). (F) Flow cytometry analyses
showed that iCPCs expressed cell surface makers such as
Cxcr4, Flk1, Pdgfr-a, cKit that are associated with CPCs
(n=3). Error bars=SEM. Scale bars=200 um.

FIG. 6 demonstrates that iCPCs are multipotent and
differentiate into contracting cardiomyocytes, smooth
muscle cells, and endothelial cells in vitro. (A) iCPCs
aggregated in cardiac differentiation medium were YFP+ at
day 2 (B) iCPC aggregates were plated and cultured in low
serum conditions and lost Nkx2.5-EYFP expression by day
20. (C) Immunocytochemistry on plated cells revealed
expression of CM markers such as cardiac actin, a-actinin
(note highly organized sarcomere staining), ML.C-2a, MLC-
2v, a/f MHC, a SM marker SM-MHC and EC marker
CD31. (D) iCPC-CMs infected with a GFP expressing
lentivirus co-cultured with mESC-CMs that expressed td-
tomato. No cell fusion was detected. (E) Cx43 immunola-
beling showed that iCPC CMs developed gap junctions with
mHESC-CMs and other iCPC-CMs. (F) iCPC-CMs showed
synchronous calcium transients with mESC-CMs 3 weeks
after co-culture. White arrow=iCPC-CM, yellow
arrow=mESC-CM. (G) Quantification of calcium transients.
Scale bars=400 um in A & B, 100 um in C, 200 um in D, 50
um in E, 10 um in F, 1 second in G.

FIG. 7 depicts the differentiation of mouse iCPCs into
functional cardiomyocytes ex vivo. (A) Shows the number
of embryos injected with iCPCs and the location of iCPC-
derived cells 24 or 48 hrs after whole embryo culture. (B)
iCPCs (labeled with GFP expressing lentivirus) injected into
the cardiac crescent of mouse embryos colonized the devel-
oping heart tube as assessed after 24 hrs of whole embryo
culture. (C) Histological sections of iCPC injected embryos
were stained for GFP antibody (dark brown color). iCPC-
derived cells (brown arrows) integrated with host cell in the
developing heart tube. (D) 24-hr cultured embryos were
immunostained in whole mount preparations for CM mark-
ers and GFP. 3D reconstruction images show iCPCs differ-
entiated into CMs, as indicated by co-expression of CM
markers and GFP. (E) iCPC-CMs matured ex vivo after
extended culture period (48 hours) and attained shape/size
similar to native CMs.

FIG. 8 depicts five factors that in combination stably
reprogram adult cardiac fibroblasts into proliferative and
multipotent iCPCs. (A) Factor combinations tested both for
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ability to produce Nkx2.5-EYFP+ colonies and to expand
them for at least 5 passages without dox. [MTG (n=3),
MTGN (n=5), MTGNB (n=5)] (B) Number of EYFP+
colonies produced after infection with 5 factors and culture
in iCPC induction medium for 3 weeks (per 50,000 seeded
cells). (L=LIF, B=BIO) (C) EYFP+ cells reprogrammed
using 5 factors could be stably expanded without dox. (D)
Immunolabeling of 5 factor iCPCs showed nuclear local-
ization of TFs Nkx2.5, Gata4, and Irx4, quantified by flow
cytometry analysis in (E). (F) 5 factor iCPCs expressed
surface markers associated with CPCs as shown by flow
cytometery analysis (n=2). (G) iCPCs reprogrammed with 5
factors were multipotent and could be differentiated into
CMs (cardiac actin, a-actinin, MLC-2a, MLC-2v, o/f
MHC), SMs (SM-MHC) and ECs (CD 31). Note highly
organized sarcomere staining for a-actinin. Data presented
as mean, error bars=SEM. Scale bars=100 pm.

FIG. 9 depicts combinations of cardiac factors that stably
reprogram adult mouse lung fibroblasts into proliferative
and multipotent iCPCs. (A) Number of Nkx2.5-EYFP+
colonies produced (per 50,000 seeded cells) after infection
of adult lung fibroblasts with 11 or 5 factors and culture in
iCPC induction medium for 3 weeks (n=4). (L=LIF, B=BIO)
(B) EYFP+ cells reprogrammed using a set of 5 factors were
stably expanded without dox shown after 10 passages. (C)
Immunolabeling revealed lung-iCPCs had nuclear localiza-
tion of CPC TFs, quantified in (D). (E & F) Flow cytometery
analysis revealed that Lung-iCPCs expressed cell surface
markers associated with CPCs (n=3). (G) Lung-iPSCs were
multipotent and differentiated into CMs (cardiac actin, c.-ac-
tinin, ML.C-2a, MLC-2v, o/ff MHC), SMs (SMMHC) and
ECs (CD31). Note highly organized sarcomere staining for
a-actinin. Data presented as mean, error bars=SEM. Scale
bars=100 pum.

FIG. 10 depicts cardiac factors that stably reprogram adult
mouse tail-tip fibroblasts into proliferative and multipotent
iCPCs. (A) Number of Nkx2.5-EYFP+ colonies produced
after infection of adult tail-tip fibroblasts with 11 or 5 factors
(n=4). (B) EYFP+ cells reprogrammed using 5 factors could
be stably expanded without dox. (C) Tail-tip-iCPCs
expressed TFs associated with CPCs. (D) Tail-tip-iCPCs
expressed cell surface markers associated with CPCs (n=3).
(E) Tail-tip-iCPCs were multipotent and differentiated into
cardiomyocytes (cardiac actin, a-actinin, MLC-2a, MLC-
2v, o/f MHC), smooth muscle cells (SM-MHC) and
endothelial cells (CD 31). Note highly organized sarcomere
staining for a-actinin. Data presented as mean, error bars
indicate standard error of mean. Data presented as mean,
error bars=SEM. Scale bars represent 100 um.

FIG. 11 depicts stable reprogramming of genetically
unmodified human fibroblasts into proliferative and multi-
potent iCPCs by 11 cardiac factors. (A-B) Phase contrast
images show human fibroblasts before (A) and 24 hours
after (B) dox induction of cells infected with dox-inducible
GFP lentivirus+11-factor set. GFP fluorescence was
observed only after dox induction. (C) Proliferative and
morphologically distinct cells are visible 2 weeks after dox
induction. (D) By day 24, these cells developed into colonies
of highly proliferative cells.

FIG. 12 depicts (A) immunolabeling of 11-factor human
iCPCs, showing nuclear localization of TFs Tbx5, Nkx2.5,
Mespl, and Irx4. (B) Immunolabeling of human cardiomyo-
cytes differentiated from human iCPCs, showing expression
of cardiac actin, MLC-2a, a-actinin, MLC-2v, a-MHC,
SM-MHC (marker of smooth muscle cells), and CD31
(marker of endothelial cells).
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FIG. 13 presents defined factors used for iCPC repro-
gramming screen.

DETAILED DESCRIPTION

All publications, patents, and patent applications men-
tioned in this specification are herein incorporated by ref-
erence in their entirety as if each individual publication,
patent, and patent application was specifically and individu-
ally indicated to be incorporated by reference.

Several studies have reported reprogramming of fibro-
blasts to induced cardiomyocytes. However, reprogramming
to proliferative induced cardiac progenitor cells (iCPCs),
which are favorable for cardiac repair because of their
expandability and multipotency, had not been accomplished
prior to the Inventors’ discovery. Described for the first time,
therefore, are methods for producing a scalable source of
clinically relevant cardiac lineage progenitor cells useful for
numerous applications including cardiac regenerative
therapy, drug discovery, and disease modeling. Lineage
reprogramming of adult somatic cells into iCPCs provides a
scalable cell source for cardiac regenerative therapy, drug
discovery, and disease modeling. Accordingly, the present
invention is based at least in part on the Inventors’ discovery
of defined factors capable of stably reprogramming somatic
cells to cardiac lineage-restricted progenitors that can be
extensively passaged and expanded in culture and that show
multipotency toward cardiovascular lineages. Also provided
herein are novel methods for reprogramming differentiated
somatic cells into expandable populations of multipotent
cardiac progenitor cells.

In a first aspect, provided herein are methods for produc-
ing induced cardiac progenitor cells iCPCs) from somatic
cells. In exemplary embodiments the method includes
expressing in the somatic cells a set of factors sufficient to
induce reprogramming of the cells to produce iCPC; and
separating the iCPC from non-reprogrammed cells. As used
herein, the terms “induced cardiac progenitor cell” and
“iCPC” refer to proliferative and expandable progenitor
cells that maintain multipotency to differentiate into cardio-
myocytes, smooth muscle cells, and endothelial cells. As
used herein, the term “proliferative” refers to the capacity of
a iCPC to increase in cell number in culture and give rise to
more progenitor cells having the ability to generate a large
number of mother cells. Proliferative cardiac progenitor
cells are identifiable based on some or all of the following
properties: actively cycling; capable of self-renewal; pre-
mitotic arrest; able to differentiate into terminally derived
cardiac cell types (e.g., functional cardiomyocytes); express
markers (e.g., biomarkers) characteristic of cardiac progeni-
tor cells such as, without limitation, transcription factors
Mespl, Nkx2.5, GATA4, Mef2C, Irx4, TBXS5, TBX20, Isl1,
SRF as well cell surface markers CXCR4, PDGFRa, ¢-Kit,
Flk-1, and Sca-1. iCPCs can be obtained by reprogramming
various differentiated (i.e., non-pluripotent and multipotent)
somatic cells. Apart from genetic material introduced to
encode the factors, the reprogrammed (i.e., converted) cells
are substantially genetically identical to the somatic cells
from which they were derived. Preferably, the differentiated
somatic cell is a mammalian somatic cell. More preferably,
a mammalian somatic cell is from a human or a rodent.

As used herein, the term “reprogramming” refers to a
genetic process whereby differentiated somatic cells are
converted into multipotent cells having a greater multipo-
tency potential than the cells from which they were derived.
Likewise, the term “reprogramming factor” refers to a
factor, such as a gene or other nucleic acid, or a functional
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fragment thereof, as well as an encoded factor or functional
fragment thereof, which have the capacity to reprogram,
transform, or enhance the potency of a somatic cell, so that
it becomes a proliferative and expandable multipotent pro-
genitor cell. In exemplary embodiments, a method as
described herein results in direct lineage reprogramming
which, as used herein, means that an iCPC is obtained from
a differentiated somatic cell without the somatic cells into
which reprogramming factors are introduced passing
through a pluripotent cell stage.

In some cases, the reprogramming factors are early car-
diac transcription factors. The factors can include, without
limitation, Mespl, Baf60c, Nkx2.5, Gatad4, and Tbx5. In
some cases, factors are introduced as a set of factors
comprising a plurality of early cardiac transcription factors
(TFs). The plurality can comprise some of all of Mespl,
Baf60c, Nkx2.5, Gata4, and Tbx5. In some cases, the
plurality of early cardiac transcription factors includes some
or all of Mespl, Mesp2, Gatad, Gata6, Baf6Oc, SRF, Isll,
Nkx2.5, Irx4, Tbx5, and Tbx20. In other cases, the plurality
includes some or all of T, Mesp1, Mesp2, Tbx5, Tbx20, Isll,
Gatad, Gata6, Irx4, Nkx2.5, Hand1, Hand2, Tbx20, Tbx18,
Tip60, Baf60c, SRF, and Hey2. In some cases, the set of
factors further comprises at least one chromatin remodeling
factor. In some embodiments, as few as five factors are
sufficient. For example, a set of factors can comprise Mespl,
Baf60c, Nkx2.5, Gatad, and Tbx5.

In some cases, the plurality of factors comprises one or
more artificial transcription factors (ATFs). ATFs resemble
naturally occurring transcription factors and generally com-
prise a DNA-binding domain that can recognize a specific
DNA sequence (typically near the transcription start site of
a targeted gene) and an effector domain that mediates
transcriptional activation or repression. In some cases, the
effector domain is an activator of transcription such as, for
example, herpes simplex virus VP16, VP64, or nuclear
factor-kB subunit p65.

Reprogramming factors optionally can be present only
transiently in the reprogrammed cells or can be maintained
in a transcriptionally active or inactive state in the genome
of the reprogrammed cells. Likewise, the reprogramming
factors can be present in more than one copy in the induced
cardiac progenitor cells, where the factor can be integrated
in the cell’s genome, can be extra-chromosomal, or both.
Preferably, the factors are encoded by nucleic acid obtained
from a human animal or a non-human animal.

Suitable somatic cells can be any somatic cell such as a
non-embryonic cell obtained from a fetal, newborn, juvenile
or adult mammal, including a human. Differentiated somatic
cells, including cells from a fetal, newborn, juvenile or adult
mammal, including human, individual, are suitable starting
cells in the methods. Suitable somatic cells include, but are
not limited to, bone marrow cells, epithelial cells, endothe-
lial cells, fibroblast cells, hematopoietic cells, keratinocytes,
hepatic cells, intestinal cells, mesenchymal cells, myeloid
precursor cells and spleen cells. Suitable somatic cells are
receptive, or can be made receptive using methods generally
known in the scientific literature, to uptake of reprogram-
ming factors including genetic material encoding the factors.
Uptake-enhancing methods can vary depending on the cell
type and expression system. Exemplary conditions used to
prepare receptive somatic cells having suitable transduction
efficiency are well-known by those of ordinary skill in the
art. The starting somatic cells can have a doubling time of
about twenty-four hours.

A method for producing a proliferative and expandable
cardiac progenitor cell as described herein includes a intro-
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ducing step in which a set of factors are introduced into
somatic cells by transfection or other known methods for
introduction of genetic material into mammalian somatic
cells. In some cases, a set of factors is introduced into a
mammalian somatic cell as a vector or construct encoding
the set of factors. As used herein, the terms “construct” and
“vector” refer to a recombinant nucleotide sequence, gen-
erally a recombinant DNA molecule, that has been generated
for the purpose of the expression of a specific nucleotide
sequence(s), or is used in the construction of other recom-
binant nucleotide sequences. In general, the terms “vector”
and “construct” are used herein to refer to a recombinant
DNA molecule or, in some cases, a nucleic acid/polymer
complex or nucleic acid/peptide complex. The terms “plas-
mid” and “vector” as used herein include autonomously
replicating nucleotide sequences as well as genome integrat-
ing nucleotide sequences.

In exemplary embodiments, a set of factors is introduced
using a vector, where the vector includes an expression
construct comprising a promoter operably linked to a
nucleotide sequence encoding inducing factor under the
transcriptional control of the regulatable promoter. As used
herein, the term “operably linked” refers to a DNA sequence
and a regulatory sequence(s) are connected in such a way as
to permit gene expression when the appropriate molecules
(e.g., transcriptional activator proteins) are bound to the
regulatory sequence(s). In preferred cases, the operably
linked promoter is not natively associated with the coding
sequence of a reprogramming factor. In some cases, intro-
ducing comprises direct exposure of a somatic cell to the
factors per se, whereby an interaction between the cells and
the factors is sufficient to achieve reprogramming of the
somatic cell to iCPC. Exposure to every member of the set
of factors may not be essential to achieving reprogramming
to iCPC.

Vectors suitable for use according to the methods
described herein include, without limitation, non-viral vec-
tors such as non-viral episomal vectors. As used herein, the
terms “non-viral vector” and “non-viral construct” are used
interchangably and mean that the vector or construct cannot
encode an infectious virus. Episomal vectors include struc-
tural components that permit the vector to self-replicate in
the somatic starting cells. For example, the known Epstein
Barr oriP/Nuclear Antigen-1 (EBNA-I) combination (see,
e.g., Linder et al., Plasmid 58:1 (2007), incorporated by
reference as if set forth herein in its entirety) is sufficient to
support vector self-replication and other combinations
known to function in mammalian, particularly primate, cells
can also be employed. Preferably, vectors suitable for use
according to the methods described herein can be propa-
gated and expressed episomally in human cells. Standard
techniques for the construction of non-viral vectors suitable
for use in the present invention are well-known to one of
ordinary skill in the art and can be found in publications such
as Sambrook J, et al., “Molecular cloning: a laboratory
manual,” (3rd ed. Cold Spring harbor Press, Cold Spring
Harbor, N. Y. 2001), incorporated herein by reference as if
set forth in its entirety. In exemplary embodiments, suitable
expression cassettes structures are created using conven-
tional methods by direct polymerase chain reaction (PCR)
amplification of open reading frames (ORFs) from some or
all of a set of reprogramming factors. Other non-viral
vectors suitable for use according to the methods provided
herein include, without limitation, In other embodiments,
the vectors are non-viral vectors such as non-viral episomal
vectors, cationic liposomes, neutral liposomes, polymer-
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nucleic acid complexes (e.g., polymer nanoparticles, den-
drimers), and peptide-nucleic acid complexes.

In some cases, vectors useful for the methods provided
herein include viral vectors, most commonly adenoviral and
retroviral vectors. Exemplary viral-based vectors include,
but are not limited to, recombinant retroviruses (see, e.g.,
WO 90/07936; WO 94/03622; WO 93/25698, WO
93/25234; U.S. Pat. No. 5,219,740, WO 93/11230; WO
93/10218; U.S. Pat. No. 4,777,127; GB Patent No. 2,200,
651; EP 0 345 242; and WO 91/02805); alphavirus-based
vectors (e.g., Sindbis virus vectors, Semliki forest virus
(ATCC VR-67; ATCC VR-1247); and adeno-associated
virus (AAV) vectors (see, e.g., WO 94/12649, WO
93/03769; WO 93/19191; WO 94/28938; WO 95/11984 and
WO 95/00655).

Suitable reprogramming vectors are episomal vectors,
such as plasmids, that do not encode all or part of a viral
genome sufficient to give rise to an infectious or replication-
competent virus, although the vectors can contain structural
elements obtained from one or more virus.

One or a plurality of reprogramming vectors can be
introduced into a single somatic cell. One or more trans-
genes can be provided on a single reprogramming vector.
One strong, constitutive transcriptional promoter can pro-
vide transcriptional control for a plurality of transgenes,
which can be provided as an expression cassette. Separate
expression cassettes on a vector can be under the transcrip-
tional control of separate strong, constitutive promoters,
which can be copies of the same promoter or can be distinct
promoters. Various heterologous promoters are known in the
art and can be used depending on factors such as the desired
expression level of the potency-determining factor. It can be
advantageous to control transcription of separate expression
cassettes using distinct promoters having distinct strengths
in the target somatic cells. In human somatic cells, both the
human EF 1a elongation factor promoter (EF 1) and CMV
are strong promoters, but the cytomegalovirus (CMV)
immediate early promoter is silenced more efficiently than
the EF 1o promoter such that expression of transgenes under
control of the former is turned off sooner than that of
transgenes under control of the latter. Preferably, where a
plurality of transgenes is encoded on a single transcript, an
internal ribosome entry site is provided upstream of trans-
gene(s) distal from the transcriptional promoter. Although
the relative ratio of factors can vary depending upon the
factors delivered, one of ordinary skill in possession of this
disclosure can determine an optimal ratio of factors.

The skilled artisan will appreciate that the advantageous
efficiency of introducing all factors via a single vector rather
than via a plurality of vectors, but that as total vector size
increases, it becomes increasingly difficult to introduce the
vector. The skilled artisan will also appreciate that position
of'a factor on a vector can affect its temporal expression, and
the resulting reprogramming efficiency. After introduction of
the reprogramming vectors, and while the somatic cells are
being reprogrammed, the vectors can persist in target cells
while the introduced transgenes are transcribed and trans-
lated. Transgene expression can be advantageously down-
regulated or turned off in cells that have been reprogrammed
to a pluripotent state. The reprogramming vector(s) can
remain extra-chromosomal.

In an exemplary embodiment, an expression construct or
vector suitable for use according to the methods provided
herein comprise at least one regulatory sequence or control
sequence. As used herein, a “regulatory sequence” or “con-
trol sequence” is a nucleotide sequence involved in an
interaction of molecules that contributes to the functional
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regulation of a polynucleotide, such as replication, duplica-
tion, transcription, splicing, polyadenylation, translation, or
degradation of the polynucleotide. Transcriptional control
elements include promoter regions, polyadenylation signals,
transcription termination sequences, upstream regulatory
domains, origins of replication, internal ribosome entry sites
(“IRES”), enhancers, splice junctions, and the like, which
collectively provide for the replication, transcription, post-
transcriptional processing and translation of a coding
sequence in a recipient cell. In some cases, an expression
vector comprises a regulatable (e.g., inducible) promoter.
Control of expression of reprogramming factors can be
achieved by contacting a somatic cell having at least one
reprogramming factor under the control of an inducible
promoter with a regulatory agent or other inducing agent. In
such cases, a set of factors is introduced to a somatic cell
using an expression construct comprising a regulatable
promoter operably linked to at least one polynucleotide
sequence encoding one or more reprogramming factors.
Inducible gene expression is obtained by virtue of the
presence or absence of an inducer. Several inducible pro-
moter systems have been described including those con-
trolled by hormones (e.g., estrogen), RU-486 (a progester-
one antagonist) (Wang et al. 1994 Proc. Natl. Acad. Sci.
USA 91:8180-8184), steroids (Mader and White, 1993 Proc.
Natl. Acad. Sci. USA 90:5603-5607), and tetracycline (Gos-
sen and Bujard 1992 Proc. Natl. Acad. Sci. USA 89:5547-
5551; U.S. Pat. No. 5,464,758). In exemplary embodiments,
expression of the set of factors is induced in the presence or
absence of a tetracycline or doxycycline (dox) inducing
agent. Dox is a derivative of the antibiotic tetracycline.
When a tetracyline-controlled inducible system is used,
transcription is reversibly turned on or off in the presence of
tetracycline or dox. A “Tet-Off” inducible system activates
expression in the absence of tetracycline and its derivatives
(e.g., Dox), whereas a “Tet-On” system activates in the
presence of tetracycline and its derivatives. In exemplary
embodiments, a method provided herein comprises contact-
ing a somatic cell to an iCPC induction medium that
comprises an inducing agent.

In exemplary embodiments, the methods provided herein
further comprise a step in which iCPCs produced according
to a method provided herein are maintained in a proliferative
state. In some cases, an iCPC maintenance medium com-
prises an iCPC induction medium lacking an inducing agent
(e.g., dox). In other cases, iCPCs produced according to a
method provided herein are maintained in a proliferative
state by culturing the cells in a medium that comprises an
activator of canonical Wnt signaling and, optionally, an
activator of Jak/Stat signaling, each in an amount sufficient
to maintain proliferating iCPC. For example, a culture
medium for maintaining proliferative iCPCs comprises an
activator of canonical Wnt signaling and an activator of
Jak/Stat signaling. Appropriate activators of canonical Wnt
signaling include, without limitation, 6-bromoindirubin-3'-
oxime (BIO), CHIR 99021, CHIR 98014, and BIO-acetox-
ime, LiCl, SB 216763, SB415286, AR A014418, 1-Azak-
enpaullone, and Bis-7-indolylmaleimide. Activators of Jak/
Stat signaling useful for the methods described herein
include Interleukin (IL.)-6-related cytokines such as Leuke-
mia Inhibitory Factor (LIF), IL-2, 1L.-6, IL-11, leptin, and
ciliary neurotrophic factor (CNTF). In some cases, a culture
medium for maintaining proliferative iCPCs comprises BIO
as the activator of canonical Wnt signaling and LIF as the
activator of Jak/Stat signaling. In exemplary embodiments,
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maintained iCPCs are separated from non-reprogrammed
cells by cell sorting, splitting, manual dissection, or a
combination thereof.

A somatic cell can have a heterologous sequence for
inducing expression of nucleic acids encoding the set of
factors, whereby the step of expressing a set of factors
comprises inducing gene expression by virtue of the pres-
ence or absence of an inducer.

In some cases, a somatic cell alternatively or additionally
comprises a heterologous sequence encoding a non-lethal
marker that is expressed only in cells at a developmental
stage characteristic of a cardiac progenitor cell. Non-lethal
markers include, without limitation, fluorescent markers
such as Green Fluorescent Protein (GFP), Enhanced Green
Fluorescent Protein (EGFP), and luciferase. A seclectable
marker gene can be used to identify the reprogrammed cells
expressing the marker through visible cell selection tech-
niques, such as fluorescent cell sorting techniques. In such
cases, the expressing step comprises inducing the expression
such that the cell is reprogrammed to produce the iCPC,
such that the non-lethal, selectable marker indicates the
presence of a cell at the developmental stage characteristic
of cardiac progenitor cells. It is not intended that all cells in
the reprogrammed cell culture have the desired level of
potency. Given the inefficiencies of cell sorting technology,
the variations in levels of gene expression and other bio-
logical effects, some cells in the enriched population may
not be multipotent induced cardiac progenitor cells. How-
ever, at a practical level, the reprogrammed cell population
derived from somatic cells is enriched for induced cardiac
progenitor cells having multipotency to differentiate into
cardiomyocytes, smooth muscle cells, and endothelial cells.

Induced CPCs can be identified using any appropriate
method such as, for example, detecting nuclear localization
of cardiac progenitor cell transcription factors (TFs) (e.g.,
Irx4, Gatad, Nkx2.5) or detecting expression of CPC-asso-
ciated cell surface markers (e.g., Cxcrd, Flk1, Pdgfr-a,
cKit). Importantly, iCPCs also can be identified under these
culture conditions based on morphology and in the absence
of a detectable reporter (i.e., for use in vivo).

It can be advantageous to separate iCPCs from non-
reprogrammed cells. Any appropriate cell separating or cell
sorting method can be used according to a method provided
herein. Procedures for separation of iCPCs can include
magnetic separation, using antibody coated magnetic beads,
affinity chromatography, and “panning” with antibody
attached to a solid matrix, e.g., plate, or other convenient
technique. Techniques providing accurate separation include
fluorescence activated cell sorting, which can have varying
degrees of sophistication, e.g., a plurality of color channels,
low angle and obtuse light scattering detecting channels,
impedance channels, etc. Cells can be sorted on the basis of
a cell surface marker characteristic of cardiac progenitor
cells or other cell type. Other methods for separating cells
based on the distinguishable attribute(s) of the target cell
include separating non-proliferative reprogrammed cells by
splitting the cultures such that non-reprogrammed cells,
which do not proliferate, are outcompeted by the prolifera-
tive, reprogrammed cells. Alternatively, reprogrammed cells
can be manually or mechanically dissected from non-repro-
grammed cells on the basis of fluorescence or other mor-
phological differences.

Induced cardiac progenitor cells obtained according to a
method provided herein can be cultured in any medium used
to support growth of cardiac progenitor cells. For example,
a culture medium can include DMEM, 10% FBS 1% NEAA,
1% L-glutamine, and 1% Pen/strep. Other appropriate cul-

5

10

15

20

25

30

35

40

45

50

55

60

65

12

ture media include, without limitation, a defined medium,
such as TeSR™ (StemCell Technologies, Inc.; Vancouver,
Canada), mTeSR™ (StemCell Technologies, Inc.) and
Stemline® serum-free medium (Sigma; St. Louis, Mo.), as
well as conditioned medium. As used herein, a “defined
medium” refers to a biochemically defined formulation
comprised solely of biochemically-defined constituents. A
defined medium may also include solely constituents having
known chemical compositions. A defined medium may
further include constituents derived from known sources. As
used herein, “conditioned medium” refers to a growth
medium that is further supplemented with soluble factors
from cells cultured in the medium.

Induced cardiac progenitor cells obtained according to the
methods described herein are advantageous for a variety of
biomedical and clinical applications including, without limi-
tation, basic biomedical research (e.g., cardiac development,
cardiac cell biology and physiology), modeling cardiac
diseases, drug discovery and toxicology, and cardiac regen-
erative therapies. With respect to regenerative therapies,
induced cardiac progenitors as described herein are less
tumorigenic than pluripotent stem cell derivatives, provide a
scalable cell source, and differentiation can be directed to
obtain cardiomyocytes, smooth muscle cells, and endothe-
lial cells.

Although the invention has been described in consider-
able detail with reference to certain embodiments, one
skilled in the art will appreciate that the present invention
can be practiced by other than the described embodiments,
which have been presented for purposes of illustration and
not of limitation. Therefore, the scope of the appended
claims should not be limited to the description of the
embodiments contained herein.

EXAMPLES
Example 1—Defined Factor Libraries

A nucleic acid Gateway entry library encoding transcrip-
tion factors and chromatin remodeling agents involved in
normal cardiogenesis as well as factors involved in repro-
gramming of somatic cells to pluripotency was generated by
individually cloning the nucleic acid coding sequence of
each gene into Gateway entry vector pCR™S8/GW/TOPO®
(Invitrogen) to produce a Gateway entry library. A minimal
Kozak sequence (ACC) was added upstream of ATG when-
ever possible. The Gateway entry library was then trans-
ferred into a doxycycline-inducible, Gateway-adapted len-
tivirus destination vector (pSAM, see, U.S. Patent
Publication Number 2007/0243608, incorporated herein by
reference as if set forth in its entirety) using site specific
recombination mediated by LR Clonase II™ (Invitrogen) to
create a lentivirus destination vector (FIG. 2) that was
sequence verified.

In various iterations, subsets of such lentivirus destination
vectors separately encoding various combinatorial sets of
factors were combined and were included in the various
lentivirus expression libraries thus produced. The sets of
factors represented in the libraries were as follows:

Factor Combinations
Set of 22 Factors: T, Mespl, Mesp2, Tbx5, Tbx20, Isll,
Gatad, Gata6, Irx4, Nkx2.5, Hand1, Hand2, Tbx20, Tbx18,
Tip60, Baf60c, SRF, Hey2, Oct4, K1f4, Sox2, L-myc.

Set of 18 Factors: T, Mespl, Mesp2, Tbx5, Tbx20, Isll,
Gatad, Gata6, Irx4, Nkx2.5, Hand1, Hand2, Tbx20, Tbx18,
Tip60, Baf60c, SRF, Hey2.
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Set of 11 Factors: Mespl, Mesp2, Gatad, Gata6, Baf60c,
SRF, Isl1, Nkx2.5, Irx4, Tbx5, Tbx20.
Set of 6 Factors: Mespl, Baf60c, Nkx2.5, Gata4, TbxS5,
Oct4. (In addition to being an iPSC reprogramming factor,
Oct4 has a role in development of CPC as well, so it was
included in this set)
Set of 5 Factors: Mespl, Bat60c, Nkx2.5, Gata4, Tbx5

Instead of preparing a lentivirus destination vector for use
in preparation of the factor-encoding libraries, genes cloned
into the pCR™S8/GW/TOPO® Gateway entry vector were
alternatively transferred using site specific recombination
mediated by LR Clonase II (Invitrogen) into a piggyBAC
destination vector.

The factors represented in the libraries (and their source
organism) are shown in Table 1. Full-length coding
sequences for each factor are provided in the Sequence
Listing. Nucleic acids encoding Tbx5 (SEQ ID NO:6),
Gatad (SEQ ID NO:8), T (SEQ ID NO:3), Gata6 (SEQ ID
NO:9), Mesp2 (SEQ ID NO:5), Nkx2.5 (SEQ ID NO:2), Isl1
(SEQ ID NO:7), Tbx20 (SEQ ID NO:11), Handl (SEQ 1D
NO:12), Hand2 (SEQ ID NO:13), Hey2 (SEQ ID NO:16),
Tbx18 (SEQ ID NO:1), Tip60 (SEQ ID NO:18), Oct4 (SEQ
1D NO:19), Kl1f4 (SEQ ID NO:20), L-myc (SEQ ID NO:21),
Sox2 (SEQ ID NO:22) were obtained from a mouse
embryoid body cDNA library. Human Bat60c DNA (SEQ
ID NO:15) was obtained from Addgene Plasmid #21036.
Human Mespl DNA (SEQ ID NO:4) was obtained in a
vector from Michael Kyba at University of Minnesota.
Human Mef2¢ (SEQ ID NO:14) and SRF DNA (SEQ ID
NO:17) was obtained in vectors from Youngsook Lee at
University of Wisconsin-Madison. Human Irx4 (SEQ ID
NO:10) was obtained in a vector from Dr Gary Lyons at
University of Wisconsin-Madison.

Production of Lentivirus Particles

The lentiviral expression library vectors were transfected
into HEK 293 TN cells (SBI). Briefly, one day before
transfection, 4.5x10° cells were plated in a 10 cm dish.
Transfections included 7 pg of lentiviral library vectors, 10
ng psPAX2 (Addgene plasmid #12260—packaging), 5 nug
pMD2.G (Addgene plasmid #12259—envelope) and Lipo-
fectamine 2000 (Invitrogen) (1:2 ratio). The transfected cells
were incubated for 15-16 hours in transfection medium
(Lipofectamine-DNA complexes in 2 ml OPTI-MEM
medium and 3 ml fibroblast medium (DMEM, 10% FBS,
1% NEAA, 1% L-glutamine and 1% Pen/strep)), which was
then replaced with 5 ml of fibroblast medium. After 48-52
hours in fibroblast medium, supernatant containing lentivi-
rus particles was collected, filtered (Millipore 0.45 pM) and
frozen at -80° C.

Isolation of Primary Fibroblasts

Adult cardiac- and lung fibroblasts were separately
obtained for use in subsequent studies from 1-3 month-old
Nkx2.5-EYFP/rtTA double transgenic mice by explant cul-
ture. Heart and lung explants were washed with PBS to
remove blood cells and were then minced in fibroblast
medium (DMEM, 10% FBS, 1% NEAA/L-glutamine/Pen/
strep) to about 1 mm?>. The minced explants were trypsinized
(0.25% trypsin-EDTA) for 10 minutes and were then plated
on 0.1% gelatin-coated dishes in fibroblast medium for
10-12 days. Primary fibroblasts that migrated from the
explants were harvested, filtered through a 40 uM cell
strainers (BD), passaged 1-2 times, and, when not used for
experiments right away, frozen in freeze medium (DMEM,
20% FBS, 20% DMSO). No contaminating ¢TnT* cardio-
myocytes were present in the explant culture and the isolated
fibroblasts did not express eYFP.
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The fibroblasts thus obtained are particularly useful in that
doxycycline induces expression of nucleic acid that encodes
factors and agents introduced using the lentiviral vectors.
Moreover, yellow fluorescent protein (YFP) reporter is
expressed only in cells generated in the methods that cor-
respond to cells present in a developing mouse heart at
between E7.75-E10.5 during embryogenesis. The develop-
mentally restricted Nkx2.5-EYFP reporter identifies early
CPCs, but it is inactive during later stages of cardiac
development (E11 onwards) and in the adult heart. The
Nkx2.5-eYFP/rtTA mice were obtained by mating male
Nkx2.5-eYFP transgenic mice (provided by Dr. Daniel
Garry, University of Minnesota and described in Masino et
al., Circulation Research 95(4):389-397 (2004), incorpo-
rated herein by reference as if set forth in its entirety) with
female B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/] mice
(Jackson Labs) that are homozygous for reverse tetracy-
cline-controlled transactivator rtTA. The male parent
Nkx2.5-eYFP mice contain a transgenic 6.6 kb enhancer
fragment upstream of Nkx 2.5.

Lentiviral Infection of Primary Fibroblasts and Differen-
tiation to iCPC

One or two days before infection, the primary fibroblasts
were seeded in a gelatinized 12 well plate at density of
50,000 cells/well. Immediately before infection, lentivirus
supernatants obtained after transfection with vectors of a
lentivirus expression library were thawed in 37° C. water
bath. The seeded cells were then fed with lentivirus infection
media (lentivirus-vector-containing supernatant supple-
mented with 8 pg/ml Polybrene (Sigma)) to infect the
fibroblasts. Lentivirus infection was continued for 48 hours,
after which the medium was changed to iCPC induction
medium (DMEM, 10% FBS, 1% NEAA, 1% L-glutamine,
1% Pen/strep, 4 ug/ml doxycycline (Sigma), 2.5 uM BIO
(Cayman Chemical), 10° units/ml LIF (Millipore), until cells
were reprogrammed by direct lineage reprogramming (i.e.,
without passing through a pluripotent cell stage). Repro-
grammed cells might not take up copies of, or express, every
factor in each set and different subsets of factors in a set
might independently support reprogramming.

After reprogramming was achieved, and after one passage
in iCPC induction medium, iCPC were maintained in iCPC
maintenance medium (iICPC induction medium without
doxycycline). iCPC were differentiated into cardiac lineage
cells, by aggregating the iCPC in 24-well, low attachment
plates (Corning) for 2-6 days in cardiac differentiation
medium (fibroblast medium, 5 uM IWP4 (Stemgent), 50
ng/ml BMP4 (RD Systems), 10 ng/ml VEGF (RD Systems),
30 ng/ml bFGF (RD Systems) and then plating the aggre-
gates in cardiac differentiation medium. After 2-3 more
days, the aggregates where then plated on gelatin-coated
dishes and cultured in fibroblast medium containing 1%
serum for 10-50 days.

Immunocytochemistry for Detecting Cardiac-Related
Markers

Cells were fixed in methanol free formaldehyde (4%) for
12 minutes at room temperature and then permeabilized with
0.1% Triton X for 6 minutes at room temperature and
blocked in 2% serum (Goat or Donkey), 5% BSA in PBS for
1 hour at room temperature. Primary antibodies were incu-
bated in blocking buffer containing 0.1% Triton X at 4° C.
overnight. Secondary antibodies were incubated in blocking
buffer containing 0.1% Triton X for 2 hours at room tem-
perature.

Primary antibodies used and their respective dilutions
were—cTnT (Thermo Scientific—1:200), MF20 (lowa
hybridoma bank—1:10), Alpha actinin (Sigma—1:250),
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Cardiac actin (Sigma—1:400), CD31 (BD Pharmingen—1:
400), Smooth Muscle-Myosin Heavy Chain (SM-MHC,
Biomedical Technologies—1:250), Nkx2.5 (RD Systems—
1:100), Isl1 (RD Systems—1:100), Gata4 (Santa Cruz—1:
200), Irx4 (Abgent—undiluted supernatant).

Quantitative RT-PCR

Total RNA was isolated from cells using RNAqueous®
Kit (Invitrogen). Reverse transcription was performed using
iScript™ Reverse Transcription Supermix (Bio-Rad). qRT-
PCR was performed using CFX96™ Real Time PCR Detec-
tion System (Bio-Rad) using SsoFast™ EvaGreen Supermix
(Bio-Rad). MIQE guidelines were followed in designing
gqPCR experiments. mRNA levels were normalized by com-
parison to P-actin (A CT) and data are presented as fold
change with respect to expression in control fibroblasts (AA
CT).

RNA-Seq and Bioinformatics Analysis

RNA was extracted as above from AC Fibs derived iCPCs
either at low passage (1-3) or high passage (8-10). Unin-
fected AC Fibs were used as control. RNAseq was per-
formed using HiSeq 2500 (Illumina) in duplicates from
independent biological samples. Sequencer outputs were
processed using CASAVA-1.8.2 (Illumina), and each sam-
ple’s reads were processed using RSEM version 1.2.3 to
obtain expression measures for genes. The percentage of
reads that mapped to the RefSeq mmO09 reference transcrip-
tome ranged from 79% to 86%. Differential analysis was
done using EBSeq version 1.5.3. The EBSeq input dataset
contained un-normalized expected count values for all genes
as output from RSEM for each sample paired with another
(sequence-independent) with condition strings as repre-
sented in Table 1 below along with the size factors calcu-
lated by median normalization (MedianNorm function
within the EBSeq package). Additional input parameters to
EBSeq (specifically the EBTest function) specified five total
iterations were to be run (maxround=5), genes with similar
means were to be grouped into 1000 bins (NumBin=1000),
no pooling was to be used (Pool=F), transcript variances
with mean less than a variance cutoff of 10-10
(ApproxVal=10"-10) were approximated as the mean
divided by (1-10-10), all model parameters (Alpha, Beta,
Plnput, RInput) were null so that all probabilities were
estimated from the data, initial candidate genes for differ-
ential expression were taken from the 25%-75% quantile
(PoolLower=0.25, PoolUpper=0.75), and transcripts with all
zero were to be removed from the dataset (Qtrm=0.99,
QtrmCut=0). The targeted false discovery rate for each run
was 0.05. Transcripts per million values were used for all
calculations. STRING database was used for GO analysis
(Franceschini et al., 2013). The targeted false discovery rate
(FDR) used for each run of EBSeq was 0.05. Transcripts per
million (TPM) values were used for calculations throughout
this study.

TABLE 1

EBSeq Input Dataset

Condition String Size Factors

EBSeq Run  Samples (Same Order as in ‘Samples’)  (Same Order)
1 1 and 4 “Control, Psgl” 1,1
2 4 and 6 “Psgl, Psg5” 0.973, 1.028
3 1 and 6 “Control, Psg5” 0.960, 1.042

Ca** Imaging
Cells were loaded with Rhod-2, AM (Invitrogen) for 20
mins at 37° C. in fibroblast medium, then washed and
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incubated for additional 30 mins at 37° C. to allow for
deesterification of the dye. Rhod-2 loaded cells were ana-
lyzed by Nikon epifluorescence microscope with NIS ele-
ments software.

Embryo Injections, Immunostaining, and Imaging

Cardiac crescent stage mouse embryos were obtained by
timed matings. iCPCs were infected with a GFP lentivirus
(Addgene #17448) to trace cells in vivo. Approximately
200-500 iCPCs were introduced into the cardiac crescent of
dissected mouse embryos in dissection medium via a mouth-
held glass capillary (~20 um opening). Operated and stage-
matched unoperated embryo samples were then placed into
whole embryo culture medium (Downs, Methods in Molecu-
lar Medicine 121:241-272 (2006)), and cultured for 24 or 48
hours, with a change to fresh gas- and temperature-equili-
brated culture medium at the end of 24 hours for those
embryos continuing on for 48 hours. At the end of the culture
period, embryos were scored for a variety of parameters,
including heartbeat, yolk sac circulation, morphology, and
imaged using a Nikon epifluorescence microscope to deter-
mine the location of injected GFP* cells. Embryos were then
fixed with 4% PFA. Immunofluorescence of whole mount
embryos was done as previously described by (Nelson et al.,
Developmental Dynamics 243:381-92 (2014)) and imaging
was performed using a custom built multi-photon micro-
scope. Imaris software (Bitplane) was used to make 3D
reconstructions.

Statistical Analysis

Differences between groups were tested for statistical
significance using ANOVA or for comparison of two groups,
Student’s t-test. p values of <0.05 were regarded as signifi-
cant.

Results

Generating and Testing Defined Factor Libraries

A first defined factor library prepared as described above
encoded 22 factors (T, Mespl, Mesp2, Tbx5, Tbx20, Isll,
Gatad, Gata6, Irx4, Nkx2.5, Hand1, Hand2, Tbx20, Tbx18,
Tip60, Baf60c, SRF, Hey2, Oct4, Klif4, Sox2, L-myc),
including early cardiac transcription factors (expressed dur-
ing late primitive streak to cardiac crescent stage), late
cardiac transcription factors (expressed during heart tube to
chamber formation stage), cardiac chromatin remodeling
agents, and reprogramming factors employed in reprogram-
ming somatic cells to induced pluripotent cells (iPSC).

Screening for Cardiac Progenitor Cell Inducing Factors

At the outset, the operability, transcription/translation
efficiency, and doxycycline regulation of the lentivirus
expression system after delivery into fibroblasts was tested
and confirmed. Fibroblast cells were infected with a lenti-
viral vector containing the Green Fluorescent Protein (GFP)
gene. In the absence of induction with doxycycline, no GFP
expression (evidenced by fluorescence) was observed. In
contrast, 24 hours after exposure to doxycycline, 90-95% of
cells showed bright GFP fluorescence. One week after
doxycycline was withdrawn, no GFP expression was
observed. After infection of fibroblasts with individual fac-
tors provided in lentiviral vectors, efficient transcription was
confirmed by RT-PCR and translation was confirmed by
immunocytochemistry.

Uninfected adult cardiac fibroblasts (AC Fibs) did not
express Enhanced Yellow Fluorescent Protein (EYFP) and
senesced after 3-4 passages (FIG. 3A). As a first test of the
dox-inducible library for reprogramming, AC Fibs were
infected with iPSC factors. Following these infections, dox
treatment produced proliferative cells that formed EYFP-
iPSC colonies (FIG. 3B).
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Uninfected adult cardiac fibroblasts (AC Fibs) were then
infected with iCM factors Gatad (G), Mespl (M), and Tbx5
(). Even after extended dox induction (6 weeks), we did not
observe contracting cells or EYFP+ cells. However, neona-
tal cardiac fibroblasts infected with iCM factors repro-
grammed into spontaneously contracting EYFP- iCMs after
4 weeks of dox treatment (FIG. 3C). These results demon-
strate dox-inducible reprogramming with the described vec-
tor system. Furthermore, the Nkx2.5-EYFP reporter is not
activated during iPSC or iCM reprogramming.

Next, AC Fibs were infected with a library of lentiviruses
containing all 22 factors, or GFP only, or iPSC factors only
(negative control) and were then induced with doxycycline.
After induction via dox treatment, cultures were monitored
for appearance of EYFP* cells. Infection of AC Fibs with a
mixture of lentiviruses containing all 22 factors resulted in
a small number of EYFP* proliferative colonies only after
dox treatment (FIG. 3D).

When iPSC factors were subtracted from the 22-factor
expression library (leaving 18 cardiac factors), proliferative
EYFP+ cells were observed three weeks after dox treatment
(FIG. 3D). Reasoning that factors expressed early in cardiac
development might have the highest potential to reprogram
fibroblasts into iCPCs, 11 early cardiac factors (Mespl,
Mesp2, Gatad, Gata6, Bat60c, SRF, Isll, Nkx2.5, Irx4,
TbxS5, Tbx20) were selected for AC Fibs infection. Infection
with the 11-factor expression library gave rise to prolifera-
tive EYFP* cells (FIG. 1B).

The time course of appearance of EYFP* cells upon
infection with 11 factors was analyzed. Single EYFP™* cells
were detected as early as day 4 after dox treatment. By 3
weeks after dox treatment, these EYFP™ cells developed into
two-dimensional, highly proliferative colonies of EYFP*
cells that lost their parental fibroblast morphology and
exhibited a high nuclear-cytoplasmic ratio (FIGS. 1C-D).
Infection with 11 factors reproducibly gave rise to EYFP*
proliferative colonies (4 colonies/50,000 cells; efficiency
0.008%) (FIGS. 1E-F). We manually isolated these EYFP*
colonies and tried to expand them by splitting. However,
cells lost EYFP expression and senesced after 3-5 passages
in the ‘dox only’ culture condition (FIG. 1G).

Wnt and JAK/STAT Signaling Promotes Proliferative
Reprogrammed Cells

The overexpression of cardiac factors alone, even though
sufficient to produce EYFP+ colonies, was insufficient for
maintaining EYFP+ cells in a proliferative, reprogrammed
state, suggest that additional signaling cues might be nec-
essary for maintenance of iCPCs. Canonical Wnt signaling
is critical for proliferation of CPCs (Cao et al., Cell Res.
23:1119-32 (2013); Kwon et al., PNAS 104:10894-10899
(2007); Qyang et al., Cell Stem Cell 1:165-79 (2007)) and
JAK/STAT signaling is important for normal cardiogenesis
(Foshay et al., Stem Cells 23:530-543 (2005); Snyder et al.,
J. Biol. Chem. 285: 23639-23646 (2010)). The effect of
supplementing reprogramming medium with BIO (canoni-
cal Wnt activator) and/or LIF (JAK/STAT activator) on
reprogramming efficiency and the ability of EYFP+ cells to
maintain a proliferative state was tested. Surprisingly, addi-
tion of LIF alone inhibited the generation of EYFP+ cells
and colony formation. Addition of BIO alone resulted in a
similar reprogramming efficiency as dox only; however, the
EYFP+ cells became spindle-like upon passaging and were
not highly proliferative. The LIF+BIO combination pro-
duced the brightest EYFP+ cells and the EYFP+ cells were
robustly expandable (FIGS. 3E-G). Hence, both LIF and
BIO are included in our iCPC maintenance culture
medium—*“iCPC induction medium.” Infection of the
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11-factor library followed by culture in iCPC induction
medium produced 6-9 EYFP+ colonies (per 50,000 starting
cells) that were continuously expanded on splitting (0.013%
reprogramming efficiency). To determine whether LIF+BIO
was necessary for initial reprogramming, we tested whether
EYFP+ colonies generated by the dox only condition could
be expanded by addition of LIF+BIO later during passaging.
We observed that addition of LIF+BIO starting at passage 1
allowed for robust expansion of dox only EYFP+ cells,
indicating that the impact of LIF+BIO was more on the
maintenance of the reprogrammed state than on initiation of
reprogramming.

11-Factors Stably Reprogram Adult Cardiac Fibroblasts
into Cardiac Mesodermrestricted iCPCs

To determine whether continued forced expression of
11-factors (Mespl, Mesp2, Gatad, Gata6, Baf60c, SRF, Isll,
Nkx2.5, Irx4, Tbx5, Tbx20) was required to maintain the
iCPC state, we withdrew dox from the iCPC induction
medium (ICPC maintenance medium) after 2 passages and
assessed whether EYFP+ cells remained proliferative. Cells
maintained EYFP expression as well as their proliferative
ability for over 30 passages (FIG. 5A). The EYFP+ cells
continued to reduce in size during the initial passage until
passages 2-3, at which point they reached a steady state after
which their morphology remained unchanged during further
passaging. The population doubling time of iCPCs that had
been passaged in iCPC maintenance medium for 10 and 20
passages was determined. Both passage 10 and passage 20
iCPCs had similar population doubling time of about 30
hours, which was significantly less than AC Fibs (FIG. 5B).
These results suggest that iCPCs were stably reprogrammed
and maintained their epigenetic state in the presence of
LIF+BIO and without exogenous induction of cardiac fac-
tors by dox.

Quantitative PCR (qPCR) analysis of iCPCs revealed
upregulation of key CPC transcription factors including
Nkx2.5, Tbx5, Mef2c, Mespl, Tbx20, and Irx4 accompa-
nied by down regulation of the fibroblast-specific gene Fspl
(FIG. 4C). These data indicate that iCPCs initiated the
cardiac epigenetic program at the expense of the fibroblast
program, a hallmark of lineage reprogramming. Next, we
performed immunostaining for CPC transcription factors
(TFs). In contrast to AC Fibs, which did not immunolabel for
Nkx2.5, Gata4 or Irx4 (data not shown), iCPCs exhibited
nuclear localization of these TFs that remained constant
across passages 5-25 (FIG. 5D). Flow cytometry demon-
strated that greater than 95% of the iCPCs expressed
Nkx2.5, Gatad, and Irx4 (FIG. 5E). Further, we assessed
whether iCPCs expressed cell surface markers associated
with CPCs (Kattman et al., Cell Stem Cell 8:228-240 (2011);
Nelson et al., Dev. Dynamics 243:381-92 (2008)). Flow
cytometry analysis revealed that iCPCs homogenously
expressed Cxcrd; however, only a fraction of iCPCs
expressed Flk1, Pdgfr-a, or cKit (FIG. 5F). We found no
protein expression for pluripotency (Oct4) or cardiac lineage
differentiation markers (a-MHC, SM-MHC, CD31) even
after extensive passaging (data not shown).

To characterize the transcriptome of iCPCs, we performed
RNA-seq analysis on early passage (1-3) as well as late
passage (8-10) iCPCs and compared with uninfected AC
Fibs. We found that genes involved in cardiovascular devel-
opment including TFs (Tbx3, Hesl, Prrx1, Foxa2, Gata4/6,
Meisl, Gli2), signaling molecules (LIF, Vegfc, Greml,
Fgf2), cell surface markers (cKit, Pdgfr-a, Notchl, Gpc3)
and chromatin remodeling genes (Smarcd3, Hdac 2/5/7/10,
Jarid2) were increasingly upregulated as iCPCs were pas-
saged. In contrast, fibroblast-specific genes (Postn, Twist2,
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Thyl) were increasingly downregulated with passaging.
Furthermore, CM differentiation markers (Actcl, Myh6,
Myl2, Myl7) were not expressed in iCPCs. Interestingly,
genes associated with smooth muscle (SM) (Cnnl, Myhl11)
and endothelial cells (EC) (Pecam1) were upregulated in one
early passage replicate. However, these genes were down-
regulated in late passage iCPCs. Primitive streak genes (Gsc,
Mixl1, T) were not detected. Likewise, progenitor genes for
endoderm, ectoderm and non-cardiac mesoderm were not
expressed. Additionally, Bone Morphogenetic Protein
(BMP) (4/6/7) genes that induce cardiac differentiation were
also downregulated. Importantly, iCPCs did not express
markers of pluripotent stem cells (Pou5fl, Esrrb, Dppa2/3,
Lin28a, Sox2); however, we did observe upregulation of
Nanog. These data demonstrate that iCPCs are cardiac
mesoderm-restricted precursors. Gene Ontology (GO) terms
associated with upregulated genes in iCPCs include catego-
ries such as “positive regulation of cell proliferation,” “nega-
tive regulation of cell differentiation,” and “cardiovascular
system development,” whereas terms associated with the
downregulated genes include categories such as “cell adhe-
sion,” “cell differentiation,” and “apoptosis” (FIG. 4).

iCPCs Differentiate into Cardiomyocytes, Smooth
Muscle Cells, and Endothelial Cells

To determine whether iCPCs were capable of differentia-
tion into cardiovascular lineages, iCPCs were aggregated in
cardiac differentiation medium. iCPCs maintained EYFP
expression in aggregates. However, 20 days after plating,
cells lost EYFP expression, suggesting that the iCPCs exited
the progenitor state and differentiated (FIGS. 6 A-B). Immu-
nocytochemistry revealed differentiated cells expressing
CM (cardiac actin, ai-actinin, ML.C-2a, ML.C-2v, o/f MHC),
SM (SM-MHC) or EC (CD31) markers (FIG. 6C). These
results suggest that iCPCs were multipotent, capable of
differentiating into three types of cardiovascular lineage
cells. We evaluated the differentiation potential of passage 5
and 30 iCPCs and observed that multipotency was main-
tained across passages (data not shown). Among iCPC-
differentiated cells, a majority stained positive for CM-
markers (80-90%) and only a fraction stained for SM
(5-10%) and EC markers (1-5%). Most MLC-2v positive
CMs also labeled for MLC-2a, indicating that they were
relatively immature.

Even after attaining highly organized sarcomeres follow-
ing extended culture periods under low serum conditions,
the iCPC-derived CMs did not exhibit spontaneous contrac-
tions. We reasoned that co-culturing iCPC-CMs with mESC-
derived CMs may provide additional mechanical, electrical
and paracrine stimulation to induce further maturation and
contraction. Co-culturing with rat CMs has been previously
shown to induce contraction in iCMs (Wada et al., 2013).
Hence, we infected iCPC-CMs with a constitutive GFP
expressing lentivirus to identify reprogrammed cells and
co-cultured them with mESC-derived CMs expressing td-
tomato. We did not detect cells that coexpressed both GFP
and td-tomato (FI1G. 6D), suggesting that cell fusion between
iCPC-CMs and mESC-CMs was unlikely. We immunos-
tained the co-cultured cells for CM markers as well as GFP
and noticed that GFP* iCPC-CMs and GFP-mESC-CMs
both stained positive for CM markers and grew side by side
as monolayers (data not shown). Moreover, immunostaining
for Cx43 revealed that iCPC-CMs developed abundant gap
junctions with both mESC-CMs as well as other iCPC-CMs
(FIG. 6E). After 10-14 days of co-culturing, 5-10% of
iCPC-CMs started synchronously contracting with mESC-
CMs. The contracting iCPC-CMs also showed spontaneous
calcium transients that were similar to those in mESC-CMs
in frequency and amplitude (FIGS. 6F-G).
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iCPCs Differentiate into Cardiomyocytes when Injected
into the Cardiac Crescent of Mouse Embryos

After demonstrating the cardiovascular potency of iCPCs
in vitro, we wanted to assess their potency in vivo. Hence,
we injected iCPCs into the cardiac crescent of mouse
conceptuses (headfold 4-6 somite pairs stage). The rich
cardiogenic signaling environment present in the crescent
promotes differentiation of embryonic CPCs (Abu-Issa and
Kirby, Annu Rev Cell Dev Biol 23:45-68 (2007)). iCPCs
were first infected with a constitutive GFP expressing len-
tivirus to track their progeny post-injection. We injected
200-500 iCPCs each in a total of 20 embryos in two separate
experiments and cultured whole operated and unoperated
control conceptuses for 24 or 48 hrs. During this culture
period, the cardiac mesoderm undergoes a morphogenic
shift to develop into a beating heart tube. We performed live
imaging on injected embryos to determine the location of the
GFP* cells. In 3/20 embryos no GFP* cells were detected,
possibly due to leakage of cells out of the injection site
during the injection. In 15/17 of the remaining embryos
(88%), GFP™* cells localized exclusively to the developing
heart and appeared to beat along with the endogenous CMs
(FIGS. 7A-B). The presence of GFP™ cells in the heart tube
suggests that iCPCs were able to respond to cardiac-mor-
phogenetic signaling in the developing embryo and localize/
differentiate along with host CPCs to the beating heart tube.
To assess whether the iCPC-derived cells could integrate
with host cells, some of the injected embryos were sectioned
and immunostained with a GFP antibody. We observed that
iCPC-derived cells (brown color) integrated with host cells
within the heart tube (FIG. 7C).

To determine if injected iCPCs differentiated into CMs in
vivo, whole mount embryos were co-immunostained for
GFP and CM markers. Specimens were imaged as optical
sections (1 um) using multi-photon excitation microscopy,
and 3D reconstructions of the z-stack images were per-
formed. In the 24-hr cultured embryos, we detected several
GFP~ cells in the heart tube that co-stained for CM markers
such as MLLC-2v and cardiac actin. In 24-hr cultured embryo
samples the iCPC-derived CMs had an elongated appear-
ance and looked morphologically distinct from the native
CMs (FIG. 7D). However, iCPC-derived CMs in the 48-hr
cultured embryos had a rounder morphology and appeared
similar in shape and size to the native CMs (FIG. 7E). The
morphological change (from elongated to round) suggests
that the iCPC-CMs continue to mature in vivo during the
extended culture. iCPC-CMs were observed in developing
atria, ventricles as well as outflow track, showing no spatial
preference within the heart tube.

Although we observed endothelial differentiation from
iCPCs in vitro, we were unable to convincingly detect
iCPC-derived CD31 cells in vivo. Due to the limited
endothelial potency of iCPCs (only 1-5% detected during in
vitro differentiation), we may have missed rare CD31" cells
within embryos. A limitation of the whole embryo culture
technique used here is that it was specifically designed for
early gastrulaec (Lawson et al., Development 113:891-911
(1991)), that culture from ~E7.75 to E10.5. The culture
period cannot be extended beyond E10.5 as the embryo
becomes increasingly dependent upon formation of a chorio-
allantoic placenta, and interaction with its mother (Cockroft,
Postimplantation Mammalian Embryos: A Practical
Approach (Eds. A. J. Copp and D. L. Cockroft). IRL Press:
Oxford. Pp. 15-40 (1990)). Hence, we were unable to assay
embryos for smooth muscle as the onset of smooth muscle
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differentiation is after E10.5 (Madsen et al., Circ. Res.
82:908-917 (1998); Miano et al., Circ. Res. 75:803-12
(1994)), which exceeded our whole embryo culture duration
(E7.75-E9.75).

Five Factors Sufficient to Reprogram Adult Cardiac
Fibroblasts to iCPCs

We wanted to determine whether iCPCs could be obtained
from adult cardiac fibroblasts using a subset of the 11
factors. Initially, we infected AC Fibs with a combination of
three cardiac factors, Gatad (G), Mespl (M), and Tbx5 (T),
and cultured them in iCPC induction medium, but we did not
observe emergence of any EYFP+ colonies for up to 4
weeks. Therefore, we tested whether addition of Nkx2.5 to
Gatad (G), Mespl (M), and Tbx5 (T) (MTGN) could induce
formation of EYFP+ colonies. The four factors (MTGN)
followed by culture in iCPC induction medium, produced
EYFP+ colonies after 3 weeks. Although these EYFP+ cells
proliferated for the first two passages, their proliferative
ability as well as EYFP expression progressively declined
with subsequent passaging (FIG. 8A). This indicated that
MTGN induced partial reprogramming and was insufficient
to epigenetically stabilize cells in the iCPC state. Hence, we
tested if the addition of Baf60c, (a chromatin remodeling
agent) to MTGN (MTGNB) could facilitate stable repro-
gramming to iCPCs. Indeed, infection with 5 factors
(MTGNB) reproducibly gave rise to EYFP+ colonies (~7
colonies/50,000 cells), which could be stably expanded in
iCPC maintenance medium (without dox) for at least 20
passages (FIGS. 8A-C). A majority of S-factor repro-
grammed iCPCs showed nuclear localization of CPC TFs
Irx4 (78%), Gatad (84%) and Nkx2.5 (85%) as well as
expressed CPC associated cell surface markers (Cxcr4, Flk1,
Pdgfr-a and cKit) (FIGS. 8D-F). Also, upon re-aggregation
in cardiac differentiation medium followed by low serum
culture, 5-factor iCPCs differentiated into CMs (cardiac
actin, a-actinin, MLC-2a, ML.C-2v, o/ MHC), SMs (SM-
MHC) and ECs (CD31) indicating their multipotency (FIG.
8G). S5-factor iCPCs were comparable to 11-factors iCPCs in
morphology, EYFP expression, proliferative ability, staining
for CPC markers, as well as cardiac lineage potency.

11/5-Factors Stably Reprogram Adult Lung and Tail-Tip
Fibroblasts to iCPCs

To determine whether iCPCs could be reprogrammed
from non-cardiac sources of fibroblasts, we isolated adult
lung fibroblasts (AL Fibs) and adult tail-tip fibroblasts (AT
Fibs) from Nkx2.5-EYFP/rtTA transgenic mice. Both AL
Fibs and AT Fibs stained negative for CPC TFs as well as
cardiac lineage differentiation markers and had no EYFP
expression. We infected AL Fibs and AT Fibs with either 11
or 5 factors and cultured them in iCPC induction medium.
AL Fibs infected with 11 factors or 5 factors produced 9
EYFP* colonies (per 50,000 cells) (FIG. 9A). AT Fibs
infected with 11 factors or 5 factors produced 5 or 4 EYFP*
colonies (per 50,000 cells), respectively (FIG. 10A). EYFP+
cells reprogrammed from both lung and tail-tip fibroblasts
were stably expanded in iCPC maintenance medium for at
least 10- and 7-passages, respectively, stained positive for
CPC markers, and differentiated into CMs, SMs and ECs
(FIGS. 9B-G and FIGS. 10-B-G) indicating that adult fibro-
blasts from diverse tissues of origin can be stably repro-
grammed into proliferative and multipotent iCPCs.
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11-Factor Set Reprograms Genetically Unmodified
Human Fibroblasts into Morphologically Distinct and
Highly Proliferative iCPCs

We wanted to determine whether iCPC reprogramming
could be recapitulated using human cells. For the initial
experiments we chose human fetal lung fibroblasts cells
(IMR 90). IMR 90 fibroblasts were one of the first human
cells that were reprogrammed to iPSC state, and their ability
to undergo reprogramming is documented. Also, transition-
ing direct reprogramming technologies, which were first
optimized using mouse cells, to human cells has been
challenging. Hence, we reasoned that fetal fibroblasts, which
are more amenable to transdifferentiation than adult cells,
may be suitable for an initial demonstration.

IMR 90 fibroblasts were cultured in fibroblast medium
(described earlier) and showed spindle-like, elongated mor-
phology (FIG. 11A). First, they were infected with a rtTA
lentivirus to allow for doxycycline inducible transgene
expression (IMR-rtTA). As a control to test dox inducible
gene expression, IMR-rtTA cells were infected with a GFP
lentivirus and induced with dox. Twenty-four hours after
dox induction, 80-90% of the infected cells showed bright
GFP expression (FIG. 11B). These cells were cultured in dox
containing medium for 2-3 weeks. Even though the cells
continued to express GFP, the morphology of the cells
remained unchanged following infection with GFP lentivi-
rus and extended culture (FIG. 11C). Next we infected
IMR-rtTA cells with 11 cardiac factors and induced with
dox. We noticed proliferative and morphologically distinct
cells 2 weeks after dox induction. By day 24, these cells
developed into colonies of highly proliferative cells (FIG.
11D). Unlike mouse fibroblasts, which had an Nkx 2.5-
EYFP cardiac reporter, the IMR 90 cells were not geneti-
cally engineered. Hence, we relied on the dramatic morpho-
logical change that fibroblasts undergo during iCPC
reprogramming as a marker to identify cells undergoing
transdifferentiation. Based on the appearance of morpho-
logically distinct, proliferative colonies iCPC reprogram-
ming efficiency was calculated to be 0.02%.

Human iCPCs Express CPC TFs and Differentiate into
Cardiomyocytes, Smooth Muscle Cells and Endothelial
Cells

iCPCs maintained proliferative ability and were expanded
for 2-3 passages under dox induction. Next, we performed
immunostaining for CPC TFs such as Irx4, Mesp1, Nkx 2.5,
and Tbx5 (dox was withdrawn for 1 week prior to immu-
nostaining) A majority of cells exhibited nuclear localization
of'these TFs (FIG. 12A) indicating that the morphologically
distinct, proliferative cells were indeed iCPCs.

To determine whether iCPCs were capable of differentia-
tion into cardiovascular lineages, iCPCs were aggregated in
cardiac differentiation medium and differentiated as previ-
ously described. Immunocytochemistry revealed differenti-
ated cells expressing CM (cardiac actin, a-actinin, ML.C-2a,
MLC-2v, o/ff MHC), SM (SM-MHC) or EC (CD31) mark-
ers (FIG. 12B). These results suggest that human iCPCs
were multipotent, capable of differentiating into three types
of cardiovascular lineage cells. These data also demonstrate
that our iCPC- and cardiomyocyte-differentiation method-
ologies are successfully recapitulated in human cell types
and should be useful for a variety of mammalian species and
various somatic cell types.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 22

<210> SEQ ID NO 1
<211> LENGTH: 1842

<212> TYPE:

DNA

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 1

atggcggaga
tetgtggagg
ctggecacgyg
gegggggagt
ggggcggegt
ggagceggegy
ggaggctece
gegecgeagg
ataggcaccyg
aagatctceg
gacaacaaga
gattcccegyg
tggatgagac
caaggccata
aaagattgcg
gcattctect
actcgectta
agaatgggtt
ctcacctttyg
ctccaaggca
tgctectete
gctgactatt
gcagagacct
ccttectacy
ggggacacct
caacttcagt
cagagttett
tccacatcce
ttggggtect
gtgcacctge

ttaactctge

agceggagggg

cactgatcgg

aagaggegge

acggctgete

cegggecage

gcagctgtga

cgaaagggtce

cccecgagagt

agatgatcat

gattagacce

gatacaggta

tgccacccag

aagtcatcag

tcattcttca

gagatgatct

ttccagaaac

agatagacag

tggaagctct

aagatatccc

ctgggaatge

ctgectteca

cggectgtge

acagcaggct

tgagtgtgag

tcagctgece

acatcatgcc

acaacacctt

ccaaactgge

caccaagtygg

tcagcagtygg

catcttctca

<210> SEQ ID NO 2
<211> LENGTH: 957

<212> TYPE:

DNA

ctcacegtge

cgccgagaag

gggggcggty

ggaggccgac

geggagetge

ggatggcette

tccegtacct

agatctgcaa

caccaaagcc

tcaccagcaa

tgtttaccat

agtatacatt

cttecgacaag

ttctatgecac

gtcecccate

cgtcetteaca

gaatccattt

ggtggagtca

tggaatccca

tgtccetget

tCtggggCCg

cegttecagge

taccaaccag

cagcaacccg

acagaccagc

atcgcegtec

ccgattgeac

tgccagtect

gaccatgact

gggccagcag

agtgtctgeca

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 2

agcatgctaa

cagcaacagc

gaagacgcag

gaagaagcgyg

gcggacgcegy

ctgcagggcg

ggcttggcac

dgagcggage

ggcaggcgca

tattacattg

agctctaagt

catccagact

ctgaaactta

aaataccaac

aagcctgtte

actgtcactg

gccaaaggtt

tacgcattct

aagcaaggca

acacatcctce

aacaccagcc

cttgcectea

agcagtgaga

tctgtgaaca

ctgtccatge

ggcaatgect

agtccetgtyg

gagaaaattg

gatcgtcaga

agtttetttyg

catatggtct

gectcaagge

ttcaaaagaa

getgcagecg

ctgeceegee

agcggagcetg

cctececegtt

gaccggggac

tctggaageyg

tgtttccage

ccatggatat

ggatggtggce

caccggecte

ccaacaatga

cacgtgtgca

catcaggaga

cctatcagaa

tccgagacte

ggaggccate

acacaagttc

acctgttgte

agctgtgtag

atcgatacag

cectttgecce

tgtccatggy

agatttcagg

ttgctgctaa

ccttgtatgy

tttcttecca

tgttgeccece

actccaggac

ga

gcacgectte

dcggagaaag

tagcggagge

gecggeagece

tggctecege

ggcatcceeg

ccegetgece

ctttcacgaa

aatgcgggtg

tgtgeeggtyg

aggaaatgct

tggggagact

getggatgac

tgtcatcegt

gggagtgaag

tcagcagatt

tgggaggaac

actacggact

ttcagctetyg

tggatcctet

tctggeteca

cacatccttyg

acctaggact

cggcactgat

aatgtccect

ccagacccac

atataacttce

aggaagtttce

tgtggaagga

cctaggaagt

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1842
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-continued
atgttcccca gccctgeget cacacccacg cetttcetecag tcaaagacat cctgaacctg 60
gagcagcage agcgtagect ggegtcetggg gacctgtetg cgegectega ggecaccctyg 120
geeectgect cctgcatget ggcegectte aagccegagg cctactetgg ceccgaggey 180
gecagcgteeyg gectggcaga gcetgegegeg gagatgggece cegegectte gecccccaag 240
tgctectectyg cttteccage cgcccccaca ttttaccegyg gagectacgyg tgaccctgac 300
ccageccaaag acccteggge ggataaaaaa gagetgtgeg cgetgcagaa ggcagtggag 360
ctggacaaag ccgagacgga tggcgecgag agaccacgeg cacggceggeyg acggaagcca 420
cgegtgetet tetegecagge gcaggtctac gagetggage ggcegettcaa gcaacagcegg 480
tacctgtcegg cgccagagceg cgaccagetg gecagegtge tgaagctcac gtccacgcag 540
gtcaagatct ggttccagaa ccgtcgctac aagtgcaage gacagceggca ggaccagact 600
ctggagette tggggecgece gecgecgece gegegcagga tegeggtgece cgtgetggtyg 660
cgcgacggga agccectgect gggggacccece geggectacyg cteccgecta cggegtgggt 720
ctcaatgcct atggctacaa cgcctaccece taccccaget acggeggege ggcectgcagt 780
cceggetaca getgegecge ctacceeget gegeccceeg cegegcagece cccecgecgee 840
tcegecaaca gcaacttegt gaactttgge gteggggact tgaacaccgt gcagagtcce 900
gggatgcege agggcaattce gggegtcectcece acgctgcacyg geatccgage ctggtag 957
<210> SEQ ID NO 3
<211> LENGTH: 1311
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 3
atgagctcge cgggcacaga gagcgcaggg aagagcctge agtaccgagt ggaccacctg 60
ctcagegeceyg tggagagcga getgcaggeg ggcagcgaga agggagaccce caccgaacgce 120
gaactgcgayg tgggcctgga ggagagcgag ctgtggetge gettcaagga gctaactaac 180
gagatgattyg tgaccaagaa cggcaggagg atgttcccgg tgctgaaggt aaatgtgtca 240
ggectggace ccaatgccat gtactcettte ttgctggact tegtgacgge tgacaaccac 300
cgctggaaat atgtgaacgg ggagtgggta cctgggggca aaccagagece tcaggegcecce 360
agctgegtet acatccaccce agactcegecce aattttgggg cccactggat gaaggegect 420
gtgtctttca gcaaagtcaa actcaccaac aagctcaatg gagggggaca gatcatgtta 480
aactccttge ataagtatga acctcggatt cacatcgtga gagttggggyg cccgcaacgce 540
atgatcacca gccactgett tcccgagacce cagttcatag ctgtgactge ctaccagaat 600
gaggagatta cagcccttaa aattaaatac aacccatttg ctaaagcectt ccttgatgec 660
aaagaaagaa acgaccacaa agatgtaatg gaggaaccgg gggactgcca gcagecgggyg 720
tattcccaat gggggtgget tgttcectggt getggcacce tetgeccgece tgccagetcee 780
caccctcagt ttggaggctce getctetete cectcecacac acggctgtga gaggtaccca 840
gctectaagga accaccggte atcgecctac cccageccct atgctcateg gaacagetcet 900
ccaacctatg cggacaattc atctgettgt ctgtccatge tgcagtccca tgataactgg 960
tctagecteg gagtgcctgg ccacaccagce atgcectgectg tgagtcataa cgccagccca 1020
cctactggcet ctagccagta tcecccagtcte tggtctgtga gcaatggtac catcacccca 1080
ggctcecccaga cagcectggggt gtccaacggg ctgggagcte agttcectttcecg aggctccect 1140
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gcacattaca caccactgac gcacacggtce tcagctgeca cgtectegte ttetggttet

ccgatgtatg aaggggetge tacagtcaca gacatttetg acagccagta tgacacggec

caaagcctee tcatagecte gtggacacct gtgtcaccee catctatgtg a

<210> SEQ ID NO 4
<211> LENGTH: 807

<212> TYPE:

DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

atggcccage

ccaactegge

gactcatggg

ctecegggace

agcgggcaga

geecctgcacy

accaagatcg

ggcctcageyg

cggggctgcc

daggggceagy

tggggatcce

gegetgtteg

cegetectte

gagtggctge

cectgtgece

ggcegecgee

gcagcaccce

cecegegeced

ggcagagcgc

agctgegecg

agacgetgeg

aggagagtct

cgetgtgece

dgcaggggcy

cgectgecty

c¢cgaggegge

cgggcgacgt

ctgaggagec

<210> SEQ ID NO 5
<211> LENGTH: 1113

<212> TYPE:

DNA

geegetetee

ctcecgacaag

agccgacage

ctcegtaggt

cagtgagcgg

ctttctaceyg

cctggetate

ccagcgeagyg

cgacgactge

cgggetggge

cceceggagec

gtgccctgaa

getggetety

caagtga

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 5

atggcccagt

ggetgggget

ggttecctgee

acgcgcacta

cggcagagcyg

gaactgcgee

gagacgctge

gaggacagte

ccteaatgec

tcagccatga

tcacctgaaa

tgtccccaaa

tgggcaccac

ggacactgga

gtgtctccag

cgectectee

gggctcagcea

cttgctacge

cccaggegac

ccagcgageg

gettectgee

gectggecat

tgcggegeag

CCgangtgg

gtagtggggt

accttgggaa

tacagtcacc

ctcaagcatg

cacaatccac

aaccctgect

tcagagecte

atcggactce

caccegtegy

ggcgecccga

cgagaagetyg

gCCgthgtg

ccgcetacate

gcgecgacgyg

cagccectea

gtecctggggy

caggatctce

cttacaccag

tcctggeatyg

tgaacctgca

gtcectggga

gagtcctgga

gactgeggece

ccegtggega

aggcgceggey

gagaaactgce

cegteegtygyg

cgctatateg

tgcecggcage

ccegegcaga

ctggtatceg

cgagctgeac

dggcaggcga

ttggagacct

cagggtcteg

acgtcteegyg

cecctegeage

cgaacgcgec

cgcatgegea

gcacctgcag

ggccacctgt

agtgcggacg

caggctcaga

tgccegecty

aacgtggatc

tccctagaaa

cagatgtcce

gagctgacta

agcccactte

tgctctetge

getecctegt

geceegegeg

cgcgcageag

gecatgegcac

cgcccgcggyg

gecacctgte

geggtgacge

tgcagacacg

cegteegege

ccgagecgeg

tggagccaag

ggatgccect

accactgggt

cctegtecte

cegecggece

cagcgeccge

cactcgeeceyg

gccagagect

cagcecetget

cggegttete

tgcttggtee

cttgtectygy

cctgggtgac

gagccgetga

cagagcctag

aagtgtatca

tcctgeceey

ggectgggge
ctcgtecceca
gccaggcace
cegectggge
getggecege
ccagagectyg
ggcegtgeta
ggggtccect
gacgcaggcet
cggggegtec
cgaccegect
cccacegtec

ctcgectety

ctteteccag

agattecgtce

ggccegtage

aggcggacag

cgcgetgeaa

gaccaagatc

gggectcage

tcaccgatge

tagcctggga

acctctgatce

acctccttat

ctecctetece

gaacaagact

gagtctttet

cccatcatge

1200

1260

1311

60

120

180

240

300

360

420

480

540

600

660

720

780

807

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900
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cagagactac

gaggtgctet

agccccaccce

ctggaaggac

agccteagec

ccacctetga

ccagctcagyg

ccccactgaa

<210> SEQ ID NO 6
<211> LENGTH: 1557

<212> TYPE:

DNA

tcagccteag

ggatcagggt

cctgcagete

tattttctac

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 6

atggccgata

gacaggtett

tcececegeagy

cgtgaactgt

aggagaatgt

attcttctca

tggtccgtaa

tccccageaa

accaacaacc

ccecegattac

ttttgcacce

aagatcacac

gacctggagt

agcacagtga

ctctecacct

tcccaggace

taccactgta

cegtacatgg

cagcagggec

gccagetecyg

tggcccagea

cttcectace

ggcatggcca

gtggcccate

ggcctecage

cagtatcact

cagatgaggg
gegattcgaa
ctgectteac
ggctgaagtt
ttcctagtta
tggatattgt
ctggcaaage
ccggagecca
acctggacce
acatcgtgaa
acgtcttece
agctgaaaat
tacacaggat
ggcacaaagt
catccaattt
ttctgececee
ccaagaggaa
agacatccce
tgagtaccte
ctceecccag
tgcecctecta
agcacttecte
accatggtte
agcctgtggt
ccccagagtt

cggtacacgg

<210> SEQ ID NO 7
<211> LENGTH: 1050

<212> TYPE:

DNA

ctttggectyg

acctgagagt

ccagcaggge

ccacgaagtyg

caaagtgaag

tccegecagac

agagccetgec

ctggatgega

gtttggacac

agcagacgaa

ggagacagct

tgagaacaac

gtcteggatyg

cacctccaac

agggtcccag

acctaaccca

agatgaggaa

cagcgaggaa

ttacaggaca

cgagceegty

tagcagctgt

cgcteattte

tcceccagete

caggcagtge

tctctacact

cgteggeatyg

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 7

cctecagtggyg getgetgggyg ccacgatgea

tccagecctyg cectecaget tectgtggec

agtggctgte ctgaactttg gcaggaagac

taa

gegegeacge

gectcetggggy

atggaaggaa

ggcacagaga

gtgactggce

gaccacagat

atgccggggc

caacttgtct

attatcctga

aataatgggt

tttatcgety

ceccttegeca

caaagtaaag

cacagccect

taccagtgtyg

tacccactgg

tgttccagea

gacaccttet

gagtcggece

cctagectygyg

accgtcacca

acctegggge

dgcgaaggga

gggectcaga

cacggegtge

gtgccagagt

ctctggagece

ctcecageaa

tcaaggtgtt

tgatcatcac

ttaatcccaa

ataaatttge

gectttacgt

ccttecagaa

actccatgeca

tcggttcaaa

tgacttcgta

aaggcttteg

agtatcctgt

tcagcagcga

agaatggtgt

cccaggagea

cggagcacce

atcgcteggy

agceggcagge

aggacatcag

cegtgeagec

cecctggtece

tgtttcagca

ctggecttea

ccaggaccect

ggagtgagaa

tgattccaaa

gtctccatca

tcttcatgaa

caaggcaggg

aacgaagtat

tgataacaaa

gcacceggac

gctcaaacte

caaataccag

gaacactgcg

ccagaatcac

gggcagtgat

ggttceccagg

gacccgaget

ctectggecce

cagccaaatt

ctataagaag

ctacccccag

ctgcatgtat

ctgtaacaca

catggaccgt

teggttgget

ccagacctca

gtcteeggge

gtceccccat

tagctaa

atgggagaca tgggcgatcce accaaaaaaa aaacgtctga tttecetgtg tgttggttge

960

1020

1080

1113

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1557

60
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-continued
ggcaatcaaa ttcacgacca gtatattctg agggtttcte cggatttgga gtggcatgea 120
gcatgtttga aatgtgcgga gtgtaatcag tatttggacg aaagctgtac gtgetttgtt 180
agggatggga aaacctactg taaaagagat tatatcaggt tgtacgggat caaatgcgcce 240
aagtgcagca taggcttcag caagaacgac ttegtgatge gtgeccgete taaggtgtac 300
cacatcgagt gtttecegetg tgtagectge agecgacage tcatcccggyg agacgaatte 360
geectgegygy aggatggget tttetgeegt gecagaccacyg atgtggtgga gagagccage 420
ctgggagetyg gagaccctcet cagtcecttg catccagege ggectctgea aatggcagece 480
gaacccatct cggctaggca gccagetetg cggcecgeacg tcecacaagca gecggagaag 540
accacccgag tgcggactgt gectcaacgag aagcagcetge acaccttgeg gacctgetat 600
geegecaace cteggecaga tgcgetcatg aaggagcaac tagtggagat gacgggecte 660
agtcccagag tcatccgagt gtggtttcaa aacaagceggt gcaaggacaa gaaacgcagce 720
atcatgatga agcagctcca gcagcagcaa cccaacgaca aaactaatat ccaggggatg 780
acaggaactc ccatggtggce tgctagtcceg gagagacatyg atggtggttt acaggctaac 840
ccagtagagg tgcaaagtta ccagccgecce tggaaagtac tgagtgactt cgccttgcaa 900
agcgacatag atcagectge ttttcagcaa ctggtcaatt tttcagaagg aggaccaggce 960
tctaattcta ctggcagtga agtagcatcg atgtcctege agctcccaga tacacccaac 1020
agcatggtag ccagtcctat tgaggcatga 1050
<210> SEQ ID NO 8
<211> LENGTH: 1326
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 8
atgtaccaaa gcctggecat ggccgcecaac cacggceccece cgeccggege ctacgaagca 60
ggtggccectyg gegecttcat gcacagegeg ggcegecgegt cctegecegt ctacgtgecce 120
actcegeggg tgcegtecte tgtgetggge ctgtectace tgcagggegyg tggcagtgece 180
gectgcagetyg gaaccaccte gggtggcage tceeggggecyg geccegteggg tgcagggect 240
gggacccage agggtagcce tggetggage caagcetggag ccgagggagce cgectacacce 300
cegeegeceg tgteccegeg cttetettte ceggggacta ctgggtcecect ggeggecget 360
geegecgetyg cegeagcecceg ggaagetgca gectacggea gtggeggegyg ggeggcggge 420
getggtetygyg ctggecgaga gcagtacggg cgtcecggget tegecggetce ctactccage 480
ccctacccag cctacatgge cgacgtggga geatcctggyg cegecagecge tgccgectcet 540
geeggececet tegacagece agtcectgcac agectgectg gacgggecaa cectggaaga 600
cacceccaate tcgatatgtt tgatgactte tcagaaggca gagagtgtgt caattgtggg 660
gecatgteca cecccactcetyg gaggcgagat gggacgggac actacctgtg caatgcctgt 720
ggectctate acaagatgaa cggcatcaac cggccectca ttaagectca gegecgectg 780
tcegettece gecegggtagg cctcetectgt gecaactgece agactaccac caccacgcetg 840
tggcgtegta atgecgaggg tgagectgta tgtaatgect geggectcta catgaagete 900
catggggtte ccaggectcet tgcaatgegg aaggagggga ttcaaaccag aaaacggaag 960
cccaagaacc tgaataaatc taagacgcca gcaggtcectg ctggtgagac cctcecctece 1020
tccagtggtyg cctecagegg taactccage aatgccacta gcagcagcag cagcagtgaa 1080
gagatgcgee ccatcaagac agagceccggg ctgtcatcte actatgggca cagcagctece 1140
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atgtcccaga cattcagtac tgtgtecgge cacgggecct ccatccatce agtgetgtet

getcetgaage tgtccccaca aggctatgcea tctectgtcea ctcagacatce geaggecage

tccaagcagg actcttggaa cagectggte ctggetgaca gtcatgggga cataatcacce

gegtaa

<210> SEQ ID NO 9
<211> LENGTH: 1770

<212> TYPE:

DNA

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 9

atggccttga

geeggegact

tettegtect

aggacgccge

agccectacyg

ggccccggga

gecgegaccyg

gccgagcage

gettacgacy

geggcageca

ctgeectace

cacccaggcet

dgcggeggcy

tttcectact

gtggetgegg

atgggtggcc

taccaccacc

cectgectgge

ggagctccac

agccgegagt

ggtcattace

ctcatcaage

tgtcacacca

gCtthgggC

ggaattcaaa

aacagcagtyg

accaaaaata

tctgcagtygyg

ggcctetaca

gattettggt

ctgacggcgg

cegggecctt

cctectgete

agctcgacge

cctegeatee

gegecetgte

ccagcaagcet

cggaggaaat

gegegeeegy

geteceeggt

ttcaaggggce

ggtecccagge

cggecggace

cgcecagecc

dcggceacggy

gggagcacca

accatcacca

cagcaggacc

tceceggtgec

gegtgaactyg

tgtgcaatge

cacagaagcg

caaccactac

tctatatgaa

ccaggaaacyg

getetgtece

cttectectte

gagaaaacgc

taggtgtcag

gtgctetgge

<210> SEQ ID NO 10

ctggtgectyg

tccagegegy

c¢cggyggegay

cgaggcggtyg

cttegeeget

gacttgggag

gttgtggtce

gtaccagacc

cggettegtyg

ctacgtgece

dggcageggy

ctecegecgac

tggaggtgcg

geccatggece

cgcaggcagt

gtacagctcg

tcaccecgace

cttcgaaacy

acggggeccc

cggcetecate

atgcggtete

cgtgecttea

cttatggegt

actccatggg

aaaacctaaa

tatgactcct

tacacaagcg

caacceccgag

tctgtectee

cctggectga

ccaaagcgtt

gagccctect

gatecgeggte

gegggaccete

geccacggag

gacctgttge

agecggggey

ctegeegece

cactcecgeag

accacgcgeg

cccagcaatce

agccceccegt

ggatcggceta

aacggcgecg

gtgagtggag

ctgtcegeag

tactcgeect

ceggtgetee

agcacagacc

cagacgccac

tacagcaaga

tcacggcegge

agaaatgctg

gtgcctegac

aatataaata

acttcctcett

accacctcag

aacagtgacc

cctgecgaag

teggggetge
cgecegettte
cctgeggege
cgggeegete
cegeggegece
tcttcactga
ccaaactgag
tgtccageca
cggeggegge
tgggctecat
acgegggegy
atggceggggy
cggeccacge
cgcgagacce
gtggcggcag
cteggecget
acatggcege
acagcttaca
tgttggagga
tgtggagacyg
tgaatggect
ttggactgte
agggtgagcce
cacttgctat
agtcaaaagc

cttctaatte

gggtaggggce

tcaagtattce

tcacatccte

tgctgeggac

ccccateteg

cagcaactge

getettgete

cggggtcgca

cctegatceag

ccecttegey

ggggcccgcec

cgectgecgee

getgtecgge

agcgggtgcc

tggcgcagece

ctctgeacge

cgggggctac

cctggeggece

gaacggaacg

accgctgact

dggcecgegeg

cctgteggag

agacggcace

cagcaggecc

ctgtgecaac

tgtgtgcaat

gaaaaaagaa

ttgcteeggt

agatgactgce

atcagtgatg

aggtcaagac

cgtgcgacag

1200

1260

1320

1326

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1770
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<211> LENGTH: 1560
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 10
atgtcctace cgcagtttgg ataccectac tecteggete cccagttett gatggecace 60
aactccctga gcacgtgetg cgagtcecgga ggccgcacge tggeggacte cgggeccgece 120
gecteggeee aggegecggt ctactgecceg gtctacgaga gecggetget ggecaccgeg 180
cgccacgage tcaactcgge cgcggegetg ggegtcetatg ggggtceccta tggeggatcg 240
cagggctatg gcaactacgt gacctacgge teggaggegt cegectteta ctcegetgaac 300
agctttgatt ccaaggatgg ttcgggatct gegecatgggyg gectggcace agcecactgece 360
gectactace cttacgagece agctctggge cagtacccect atgacaggta tggaaccatg 420
gacagcggca cgcggcgcaa gaacgccacg cgcgagacca ccagcacgcet caaggcctgg 480
ctgcaggagce accgcaagaa cccctaccece accaagggeg agaagatcat getggecate 540
atcaccaaga tgaccctcac acaggtctece acctggtteg ccaacgcegeyg ccggegecte 600
aagaaggaga acaagatgac gtggccgecg cggaacaagt gcegcagacga gaagcggcecce 660
tacgeggagg gcgaggagga ggaggggyggc gdaggaggagg cgcgggagga gcccctcaag 720
agctccaaga acgcagagcce cgtgggcaaa gaggagaagg agctggaget tagtgacttg 780
gacgactteyg acccgetgga agcagagecg ccggegtgeg agctgaagec geccttcecac 840
tcectggacyg geggtetgga gegegteccee gecgegeceyg acggeccggt caaggaggece 900
tcaggegege tccggatgte tcectggecgeg ggtggceggag ctgctcetgga cgaggacctg 960
gagagggcee ggagetgtet ccgecagegeg geggeeggge cggagcecact gecgggcegea 1020
gagggeggee ctcaggtcetyg cgaggccaag ctggggtttyg tgcceggeggg ggegtceggea 1080
ggectggagyg ctaagccgeg catctggtcece ctggceccaca cagccaccge cgecgecgec 1140
gccgecacct ccctgageca gactgagttt ccgtegtgca tgctcaagceg ccaaggtecce 1200
gcggecceetyg cggetgtgte ctecgegece gecacgtceee cgtetgtgge cctteccecac 1260
tctggegece tggacaggca ccaggactce ceggtaacca gtctcagaaa ctgggtggac 1320
ggggtcttee acgaccccat cctcaggcac agcactttga accaggectg ggecaccgec 1380
aagggcgece tcctggacce cgggectetg ggacgctege tgggggceggy cgcgaacgtyg 1440
ctgactgcac ccctggeccg cgecttteeg cetgeegtge cecaggacge cccagetgca 1500
ggegecgeca gggagetget cgcectgece aaggccggeg gcaaaccctt ctgegectga 1560
<210> SEQ ID NO 11
<211> LENGTH: 1338
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 11
atggagttca cggegtegece caagccccag ctetectete gagecaatge cttctcecate 60
geegegetta tgtccagegg cggecccaag gagaaggagg cagcagagaa caccatcaaa 120
ccectggaac aatttgtgga gaaatcatca tgtgcccage cactgggtga gctgacgagt 180
ctggatgcete acgeggagtt tggcggeggg ggcggcagece catcctcate ctcetetgtge 240
acagagccac tgatacccac cacccccatce atccccageg aagagatgge taaaatcgece 300
tgcagectgg aaacgaagga gctctgggac aaattccatg aactgggcac ggagatgata 360
atcaccaagt ctggcaggag gatgttccce accatccgeg tgtcatttte tggagtggat 420
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cctgagtceca agtatatagt cctgatggac atecgtcecegyg tggacaacaa gagataccge 480
tatgecctace accggtcatc ctggetggtg getggcaaag ctgatccceee getgecagece 540
aggctctacg tgcacccaga ctcccecttt actggcgage agctcectcaa acagatggtg 600
tcttttgaaa aggtgaagct caccaacaat gaactggatc aacacggcca tataattttg 660
aattcaatgc ataagtacca gccacgggtg cacatcataa agaagaaaga ccacacggcce 720
tcettgeteca atctgaagtc agaagaattc aggacgttca tcetttccaga gacagtttte 780
acagcagtca cagcctacca gaaccaactg ataaccaagce tgaaaataga cagcaatccg 840
tttgccaaag gattccggga ctectecagg ctcactgaca ttgagaggga gagtgtggag 900
agcctgatcee agaagcattc ctatgeccgg tcacccatee gcacctatgg ggaagaggat 960
gttcectggggyg aggagagtca gacaactcag agtcgaggat cagcctttac aacatctgac 1020
aatttgtctc tcagttcctg ggtatcatca tcttceccagtt ttcecctggatt tcagcatcca 1080
cagcccectga ctgctcecttgg taccagtaca gcatccatag cgacaccgat tectcaccct 1140
atacagggtt ctctgccacc atatagccgce ctgggaatge ctctgaccce atctgcaata 1200
gccagcteca tgcagggaag tggtcccacg ttccecttcat tcecacatgec tagataccat 1260
cactacttcc agcaggggcc ctacgctgce atccaaggac ttcgccacte ctececgetgtg 1320
atgacaccat ttgtatga 1338
<210> SEQ ID NO 12
<211> LENGTH: 651
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 12
atgaaccteg tgggcagcta cgcacatcat caccatcatce accactcaca cccgacgcac 60
cccatgetee acgaacccett cectgtttgge ceggectege gttgccacca ggageggect 120
tacttccaga gctggetgcet gagccegget gatgetgece cagatttece tgceggeggyg 180
ccaccaccta ccaccgcagt agcagegget gectatggte cegatgcecag gccgagtcag 240
agcccaggte ggctggagge tcttggaage cgectgccca aacgaaaagyg ctcaggacce 300
aagaaggaga ggagacgcac agagagcatt aacagcgegt tegeggaget gegtgagtge 360
atcceccaatg tgccegecga caccaagetce tcecaagatca agactctgeg cctggetace 420
agttacatcg cctacttgat ggacgtgetg gecaaggatyg cacaagcagyg tgaccccgag 480
gecttcaagyg ctgaactcaa aaagacggat ggcggtegeg aaagcaagceg gaaaagggag 540
ttgcctcage agcccgaaag cttccctect gectegggge ceggcgagaa gaggattaaa 600
gggegcaceyg gctggectca gcaagtetgg gegcetggage taaaccagtg a 651
<210> SEQ ID NO 13
<211> LENGTH: 651
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 13
atgaaccteg tgggcagcta cgcacatcat caccatcatce accactcaca cccgacgcac 60
cccatgetee acgaacccett cectgtttgge ceggectege gttgccacca ggageggect 120
tacttccaga gctggetgcet gagccegget gatgetgece cagatttece tgceggeggyg 180
ccaccaccta ccaccgcagt agcagegget gectatggte cegatgcecag gccgagtcag 240
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agcccaggte
aagaaggaga
atccccaatg
agttacatcg
gecttcaagyg

ttgcctcage

gggcgcaccg

ggctggagge
ggagacgcac
tgccegecga
cctacttgat
ctgaactcaa
agcccgaaag

getggectcea

<210> SEQ ID NO 14
<211> LENGTH: 1422

<212> TYPE:

DNA

tcttggaage
agagagcatt
caccaagcete
ggacgtgetg
aaagacggat

cttecectect

gcaagtctgg

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 14

atggggagaa

tttacaaaga

tgtgagattg

gacatggaca

aactcagaca

ccegatgegy

aacgaagata

ttcgagatge

gtcagctcac

agtatgtcte

ggtggagacc

aactcaccag

ccteccceccaa

ccaggcagcea

aggataaata

cctactttac

accgagtact

getetteace

tctgeectea

tcecetgectt

cgtaccacca

gttgacagct

aacgaattcc

tcagtcaage

aaaagattca

ggaaatttgg

cgctgatcat

aagtgettcet

tcgtggagac

acgattcegt

ttgatctaat

cagtctecat

tgggaaaccc

ctggtgtaac

tcacgtctygyg

gtctgetggt

tgaatttagg

agaatacgat

actcccagte

caggacaagg

ctctgagtag

ttggttcagt

gtcagttggg

ctactcaaag

ccecttegag

tgagcagetyg

actccccecat

gecatgcgact

<210> SEQ ID NO 15
<211> LENGTH: 1413

<212> TYPE:

DNA

gattacgagg

gttgatgaag

cttcaacage

caagtacacg

gttgagaaag

aggtcacage

gatcagcagg

cccagtgtec

caacctattg

acatcgacct

tgcaggcacc

ctcacctggt

aatgaataac

gccatcagty

ggctcagtca

aatgggagga

tgcagacctyg

aactggctygg

agcttgeact

cctcaacatce

atacccacaa

tagcagtteg

tggactcacc

ttctgaagga

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 15

cgectgecca

aacagcgegt

tccaagatca

gccaaggatyg

ggeggtegeg

gCCthgggC

gegetggage

attatggatg

aaggcttatg

accaacaagc

gagtacaacg

aagggcectta

cctgagtetyg

caaagattgt

agccacaaca

ccactggete

ccaagtgcag

agtgcaggga

aacttgaaca

cgtaaaccag

tctgaggatg

ttggctacce

tatccatcag

tcatctetgt

caacagcaac

agcactcatt

aagtcagaac

cacacgcgec

tacgacggga

agaccttege

tgggcaacat

aacgaaaagg ctcaggaccc
tcgeggaget gegtgagtge
agactctgeg cctggetace
cacaagcagg tgaccccgag
aaagcaagcg gaaaagggag
ccggcegagaa gaggattaaa

taaaccagtg a

aacgtaacag acaggtgaca

agctgagegt getgtgtgac

tgttccagta tgccagcace

agccgcatga gagccggaca

atggctgtga cagcccagac

aggacaagta caggaaaatt

gtgetgttee acctcccaac

gtttggtgta cagcaaccct

acccttetet gcagaggaat

gtaacacagg tggtctgatg

acgggtatgg caatccccga

agaatatgca agcaaaatct

atctccgagt tcttattceca

tcgacctget tttgaatcaa

cagtggtttce cgtagcaact

ccatttcaac aacatatggt

ctgggtttaa caccgccage

acctacataa catgccacca

tatctcagag ttcaaatctce

ctgtttectee tecctagagac

acgaggcggg gagatctcect

gegaccgaga ggatcaccgg

cggacgaaag ggaaagtccc

ga

atgactccag gtcttecagea cccacccace gtggtacage gececgggat geegtetgga

300

360

420

480

540

600

651

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1422

60
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geeeggatge cccaccaggg ggcgeccatg ggccceccegg getcccegta catgggcage 120
ccegecgtge gacceggect ggccceegeg ggcatggage cegeccgcaa gcgagcagceg 180
ccecegeceg ggcagageca ggcacagage cagggcecage cggtgcccac cgccccecgeg 240
cggagecgcea gtgccaagag gaggaagatg gctgacaaaa tcectecctca aaggattcegg 300
gagetggtee ccgagtccca ggcttacatg gacctettgg catttgagag gaaactggat 360
caaaccatca tgcggaagcg ggtggacatce caggaggcte tgaagaggcece catgaagcaa 420
aagcggaagce tgcgactcta tatctccaac acttttaacce ctgcgaagece tgatgetgag 480
gattccgacyg gcagcattge ctcectgggag ctacgggtgg aggggaaget cctggatgat 540
cccagcaaac agaagcggaa gttctettet ttettcaaga gtttggtcat cgagetggac 600
aaagatcttt atggccctga caaccaccte gttgagtgge atcggacacce cacgacccag 660
gagacggacyg gcttceccaggt gaaacggect ggggacctga gtgtgegetg cacgetgete 720
ctcatgetgg actaccagcc tccccagttce aaactggate cceegectage cceggetgetg 780
gggctgcaca cacagagccg ctcagecatt gtccaggece tgtggcagta tgtgaagacce 840
aacaggctge aggactccca tgacaaggaa tacatcaatg gggacaagta tttccagcag 900
atttttgatt gtcccecgget gaagttttcet gagattcceee agegectcac agceectgcta 960
ttgccecectg acccaattgt catcaaccat gtcatcageg tggaccctte agaccagaag 1020
aagacggcgt gctatgacat tgacgtggag gtggaggagce cattaaaggg gcagatgagc 1080
agcttectee tatccacgge caaccagcag gagatcagtg ctctggacag taagatccat 1140
gagacgattg agtccataaa ccagctcaag atccagaggg acttcatgct aagcttctcece 1200
agagacccca aaggctatgt ccaagacctg ctecgctecee agagccggga cctcaaggtyg 1260
atgacagatg tagccggcaa ccctgaagag gagegcecggyg ctgagttceta ccaccagcece 1320
tggtcccagg aggccgtcag tegctactte tactgcaaga tccagcageg caggcaggag 1380
ctggagcagt cgctggttgt gcgcaacacc tag 1413
<210> SEQ ID NO 16
<211> LENGTH: 1020
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 16
atgaagcgee cttgtgagga aacgacctcc gaaagcgacce tggacgagac catcgacgtg 60
gggagcgaga acaattaccce tgggcacgct acaagctcag tgatgaggtc caattcaccg 120
acaactacct ctcagattat ggcaagaaag aaaaggagag ggatcataga aaaaaggcgt 180
cgggatcgaa taaataacag tttatctgaa ttgagaagac tagtgccaac agcttttgaa 240
aaacaaggat ctgccaagtt agaaaaggct gaaatattge aaatgacagt ggatcatttg 300
aagatgctcee aggctacagg gggtaaaggce tactttgatg cccatgetet tgccacagac 360
ttcatgagca ttggattccg agagtgettg acagaagtgg ctaggtacct aagctcagtg 420
gaaggccttyg accecgtcegga cccactacge gtgcegecttg tetctcatet cagcacctgt 480
gecteccage gggaggcage agtgatgaca tcectcecatgg cecaccacca tcaccccttg 540
caccctcace actgggcage tgctttecac catctcecceca cagecctget ccageccaat 600
ggactccaca catcagagtc aaccccatgt cgectatcca catcttcaga agtgecttet 660
gctecatgget ctgetetect cacagcaacg tttgcecatg cagattcectge tetteggatg 720
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ccatcagggg gcaccgttge accctgegtyg ccacctetet ccacctetet tetgtetett 780
teggecactyg tgcatgecge agectgcagca gecactgcag ctgcacacag cttecectetg 840
tcettegeag gggettttee catgcteceg tecaatgcag cggcagcage cgcetgttget 900
gctgcaacayg caatcagcce acccttgteg gtatcegcag cctcecagtec tcagcagaca 960
agcactggga caaacaataa accttaccaa ccctggggga cagaagttgg agccttttaa 1020
<210> SEQ ID NO 17
<211> LENGTH: 1527
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 17
atgttaccga cccaagetgg ggccgeggeg getetgggece ggggetegge cctgggggge 60
agcctgaace ggacccecgac ggggcggecg ggcggceggeyg gcegggacacyg cggggctaac 120
gggggcecggg tccecgggaa tggegegggg ctcegggeccg gecgectgga gcgggagget 180
geggcagegyg cggcaaccac cccggegece accgeggggg cectctacag cggcagcegag 240
ggcgactegg agtegggcega ggaggaggag ctgggcegecg ageggcegegg cctgaagegg 300
agcctgageg agatggagat cggtatggtg gteggtggge ccegaggegte ggcageggece 360
accggggget acgggecggt gagceggegeg gtgagegggyg ccaagcecggyg taagaagace 420
cggggecgeyg tgaagatcaa gatggagttce atcgacaaca agcetgceggeyg ctacacgace 480
ttcagcaaga ggaagacggg catcatgaag aaggcctatyg agctgtccac gctgacaggg 540
acacaggtgce tgttgetggt ggccagtgag acaggccatyg tgtatacctt tgccacccga 600
aaactgcagce ccatgatcac cagtgagacc ggcaaggcac tgattcagac ctgcctcaac 660
tcgecagact ctccacccceg ttcagaccee acaacagacce agagaatgag tgccactgge 720
tttgaagaga cagatctcac ctaccaggtg tcggagtctyg acagcagtgyg ggagaccaag 780
gacacactga agccggcegtt cacagtcacc aacctgecgg gtacaacctce caccatccaa 840
acagcaccta gcacctctac caccatgcaa gtcagcageg gcecectectt tcccatcace 900
aactacctgg caccagtgtc tgctagtgte agecccagtyg ctgtcagcag tgccaatggg 960
actgtgctga agagtacagg cagcggccct gtcectectetg ggggecttat gcagetgect 1020
accagcttca ccctcatgec tggtggggca gtggcccagce aggtcccagt gcaggccatt 1080
caagtgcacce aggccccaca gcaagegtet cectccegtyg acagcagcac agacctcacg 1140
cagacctect ccagegggac agtgacgetg cecgecacca tcatgacgte atcegtgece 1200
acaactgtgg gtggccacat gatgtaccct agcccgcatg cggtgatgta tgcccccacce 1260
tcgggectgg gtgatggcag cctcaccgtg ctgaatgect tcectcccaggce accatccacce 1320
atgcaggtgt cacacagcca ggtccaggag ccaggtggceg tcccccaggt gttectgaca 1380
gcatcatctyg ggacagtgca gatccctgtt tcagcagttc agctccacca gatggctgtg 1440
atagggcagce aggccgggag cagcagcaac ctcaccgage tacaggtggt gaacctggac 1500
accgcceccaca gcaccaagag tgaatga 1527
<210> SEQ ID NO 18
<211> LENGTH: 1542
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 18
atggcggagg tgggggagat aatcgagggce tgccgectge cegtgetgeyg gcegcaaccag 60
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-continued
gacaacgaag atgagtggce cctggetgag atcctgageg tgaaggacat cagtggcecga 120
aagcttttet atgtccatta cattgacttce aacaaacgte tggatgaatg ggtgactcac 180
gagcggcetygyg acttaaagaa gatccaattt cccaagaaag aggccaagac acctaccaag 240
aacggacttce ctgggtecccg cccceggetet cecgaaagag aggtgccgge ctecegeccag 300
gccageggga agaccttgece aatcccggtce cagatcacac tcecgcttcaa cctgcccaag 360
gagcgggagyg ccatcccagg tggcgagect gaccagecge tcetcectecag ctectgectg 420
caacccaacce accgctcaac gaaacggaag gtggaggtgg tttcaccage aaccccagtg 480
cccagegaga cagccccage cteggtttte cetcagaatg ggtcagecceyg tagggcagtyg 540
gcagcccage ctggacggaa gcggaaatct aattgettgg gcactgatga ggattctceag 600
gacagctcayg atggaatacc gtcagcacca cgaatgactg gcagtctggt gtctgacegg 660
agccacgacg acattgtcac ccggatgaag aacattgagt gtattgaget tggecggcac 720
cgectcaage cgtggtactt ctcccegtac ccacaagage ttaccacget accegtecte 780
tacctgtgeg aattttgcct caaatatgge cgtagcecteca agtgtctgea acgccacttg 840
accaaatgtg atcttecggca ccctccagge aatgaaattt accgcaaggyg caccatctcee 900
ttttttgaga ttgatggacg gaaaaacaag agttactcac aaaacctgtyg tcttctggee 960
aagtgtttcc tggaccacaa aacactgtac tatgacactg accccttcecect cttctacgta 1020
atgacggagt atgactgcaa aggtttccac atcgtgggct acttctccaa ggaaaaggaa 1080
tccacagaag attacaatgt ggcctgcatce ttgactctge ctccectacca gegecggggce 1140
tatggcaagc tgcttattga gttcagctat gaactctcga aagtagaagg gaagaccgga 1200
actcctgaga aacccecctgte agatcttgge ctectatect accgaagtta ctggtceccaa 1260
accatcttgg agatcctgat ggggctgaag tceggagageg gggagaggece acagatcace 1320
atcaatgaga tcagtgaaat cactagtatc aagaaagaag atgtcatctc cacactgcag 1380
tatctcaacc tcatcaatta ctacaagggc cagtatatcc taactctgtce agaagacatc 1440
gtggatgggc atgagcgggc tatgctcaag cggctecctte ggattgactc caagtgtcetg 1500
cacttcactc ccaaagactg gagcaagaga ggaaagtggt ga 1542
<210> SEQ ID NO 19
<211> LENGTH: 1059
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 19
atggctggac acctggettce agacttegece ttetcaccee caccaggtgyg gggtgatggg 60
tcagcaggge tggagecggg ctgggtggat cctegaacct ggctaagett ccaagggect 120
ccaggtggge ctggaatcgg accaggcetca gaggtattgg ggatctccee atgtecgece 180
gcatacgagt tctgcggagg gatggcatac tgtggaccte aggttggact gggectagte 240
ccccaagttyg gegtggagac tttgcagect gagggccagyg caggagcacyg agtggaaagce 300
aactcagagg gaacctcctce tgagcectgt gecgaccgece ccaatgceegt gaagttggag 360
aaggtggaac caactcccga ggagtcccag gacatgaaag ccectgcagaa ggagctagaa 420
cagtttgcca agctgctgaa gcagaagagg atcaccttgg ggtacaccca ggccgacgtg 480
gggctcacee tgggegttet ctttggaaag gtgttcagece agaccaccat ctgtegette 540
gaggcecttge agctcagect taagaacatg tgtaagetge ggeccctget ggagaagtgg 600



47

US 11,377,639 B2

48

-continued
gtggaggaag ccgacaacaa tgagaacctt caggagatat gcaaatcgga gaccctggtg 660
caggcccgga agagaaagcg aactagcatt gagaaccgtyg tgaggtggag tctggagace 720
atgtttctga agtgcccgaa gecctceecta cagcagatca ctcacatcege caatcagett 780
gggctagaga aggatgtggt tcgagtatgg ttctgtaacce ggcgccagaa gggcaaaaga 840
tcaagtattg agtattccca acgagaagag tatgaggcta cagggacacc tttcccaggg 900
ggggctgtat cctttectet gececcaggt cceccactttyg geaccecagg ctatggaage 960
cceccacttca ccacactcecta ctcagteccect tttectgagg gecgaggcectt tecctetgtt 1020
ccegtecactg ctectgggete teccatgcat tcaaactga 1059
<210> SEQ ID NO 20
<211> LENGTH: 1425
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 20
atggctgtca gcgacgetcet getccegtece ttetccacgt tegegtceegyg cccggeggga 60
agggagaaga cactgcgtcce agcaggtgece cegactaacce gttggcegtga ggaactctcet 120
cacatgaagc gacttcccce acttceegge cgeccctacyg acctggegge gacggtggece 180
acagacctgg agagtggcgg agctggtgca gettgcagea gtaacaaccce ggccctecta 240
geeeggagygyg agaccgagga gttcaacgac ctectggacce tagactttat cctttccaac 300
tcgctaacce accaggaatc ggtggecgece accgtgacca ccteggegte agettcatce 360
tegtettece cagegagcag cggccctgee agegegecect ccacctgcag cttcagetat 420
ccgateeggg ccogggggtga cccgggegtyg getgecagea acacaggtgyg agggetecte 480
tacagccgag aatctgcgcec acctcccacg geccecttea acctggegga catcaatgac 540
gtgagccect cgggeggett cgtggetgag ctectgegge cggagttgga cccagtatac 600
attcecgccac agcagectca gecgecaggt ggcgggcetga tgggcaagtt tgtgetgaag 660
gegtetetga ccaccectgg cagcgagtac agcagecctt cggtcatcag tgttagcaaa 720
ggaagcccayg acggcagcca cccegtggta gtggegecct acageggtgg cecgecgege 780
atgtgcccca agattaagca agaggcggte cegtectgea cggtcagecyg gtccectagag 840
geecatttga gegetggace ccagetcage aacggcecacce ggcccaacac acacgactte 900
ccectgggge ggcagetcce caccaggact acccectacac tgagtcccga ggaactgcetg 960
aacagcaggg actgtcaccc tggcctgect ctteccecag gattceccatce ccatceccecgggg 1020
cccaactacce ctcectttect gecagaccag atgcagtcac aagtccccte tetccattat 1080
caagagctca tgccaccggg ttecctgectg ccagaggage ccaagccaaa gaggggaaga 1140
aggtegtgge cccggaaaag aacagccacce cacacttgtg actatgcagyg ctgtggcaaa 1200
acctatacca agagttctca tctcaaggca cacctgcgaa ctcacacagg cgagaaacct 1260
taccactgtg actgggacgg ctgtgggtgg aaattcgccce gectcggatga actgaccagg 1320
cactaccgca aacacacagg gcaccggecce tttcagtgec agaagtgcga cagggecttt 1380
tccaggtegg accaccttge cttacacatg aagaggcact tttaa 1425

<210> SEQ ID NO 21
<211> LENGTH: 1107

<212> TYPE:

DNA

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 21
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atggacttceg actcgtatca gcactattte tacgactatg actgcggaga ggatttctac 60
cgctecacgg cgcccagega ggacatctgg aagaaatteg agetggtgece gtcegecccce 120
acgtegecege cctggggete cggtceegge gecgtggace cagectcetgyg gattaatcce 180
ggggagcegt ggectggagg gggtgecggg gacgaggegg aatctegggg ccattcgaaa 240
gectggggea ggaattatge ttccatcatt cgccegtgact geatgtggag cggettctec 300
geecgagaac ggctggagag agtggtgage gacaggetgg ceccaggege geccceggggyg 360
aacccgecca aagcgeccge tacccceggac ggcactcecta gtetggaage cagtaacccg 420
gegeccgeca cccaatgtca getgggcgag cccaagacte aggectgetce cgggtcecgag 480
agccecageg attctgaagg tgaagagatt gacgtggtga cegtggagaa gaggcegatct 540
ctggacatce gaaagccagt caccatcacg gtgcgagcag accccctgga cccctgeatg 600
aagcacttcce atatctctat ccaccaacag cagcataact atgctgcceg ttttectceca 660
gaaagttgct ctcaagaggg ggatcctgag ccaggtccce aggaagaggce tccggagata 720
gaagctcceca aggagaaaga ggaggaggaa gaggaagagg aggaagaaga gattgtgagce 780
cceccacctyg tceggaagtga ggctccecag tectgccace ccaaacctgt cagttctgac 840
actgaggacg tgaccaagag gaagaaccat aacttcttgg aacgaaaaag gaggaatgac 900
cteegetece ggttectage cctgcgggac caggttcececa cectggecag ctgctctaag 960
gcceccaaag tcegtgatcecct cagcaaggceg ttagaatact tgcaggcecttt ggtggggget 1020
gaaaagaaaa tggctacaga gaaaaggcag ctcceggtgte ggcaacagca actgcaaaag 1080
agaatcgcgt acctcagtgg ctactaa 1107
<210> SEQ ID NO 22
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Mus musculus
<400> SEQUENCE: 22
atgtataaca tgatggagac ggagctgaag ccgccgggece cgcagcaage ttcegggggge 60
ggcggceggayg gaggcaacge cacggeggceg gcgaccggeg gcaaccagaa gaacagcccg 120
gaccgcegtea agaggcccat gaacgecttce atggtatggt ceecgggggca geggegtaag 180
atggcccagg agaaccccaa gatgcacaac tcggagatca gcaagcgect gggegeggag 240
tggaaacttt tgtccgagac cgagaagegg cegttcateg acgaggccaa gceggetgege 300
gctetgcaca tgaaggagca cccggattat aaataccgge cgcggceggaa aaccaagacg 360
ctcatgaaga aggataagta cacgcttccce ggaggcttge tggecccegyg cgggaacagce 420
atggcgageg gggttggggt gggcgecgge ctgggtgegyg gegtgaacca gcegcatggac 480
agctacgcege acatgaacgg ctggagcaac ggcagctaca gcatgatgca ggagcagcetg 540
ggctaccege agcacccggg cctcaacgcet cacggegegg cacagatgca accgatgcac 600
cgctacgacg tcagegecct gcagtacaac tcecatgacca gctcegcagac ctacatgaac 660
ggctegecca cctacagcat gtcectactceg cagcagggca cccccggtat ggegetggge 720
tccatggget ctgtggtcaa gtccgaggece agetccagece cceceegtggt tacctettee 780
tceccacteca gggegecctyg ccaggecggg gacctecggyg acatgatcag catgtaccte 840
ceceggegecg aggtgecgga geccgetgeg cecagtagac tgcacatgge ccagcactac 900
cagagcggee cggtgeccgg cacggecatt aacggcacac tgcccctgte gcacatgtga 960
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We claim:
1. An isolated induced cardiac progenitor cell (iCPC)
comprising one or more vectors encoding Mespl, Baf60c,
Nkx2.5, Gata4, Tbx5, Mesp2, Gata6, SRF, Isll, Irx4, and
Tbx20, wherein the isolated iCPC is capable of differenti-
ating into cardiomyocytes, SM-MHC" smooth muscle cells,
and CD31* endothelial cells,
wherein the iCPC is capable of proliferating and remain-
ing multipotent for at least 5 passages in a culture
medium comprising an activator of canonical Wnt
signaling and an activator of Jak/Stat signaling, and
wherein the iCPC is NKx2.5+, Gatad+, Irx4+, Cxcréd+,
Oct4-, Mlc-2a-, SM-MHC-, and CD31-.

2. An in vitro cell culture comprising:

an NKx2.5%, Gatad™, Irx4*, Cxcrd*, Oct4~, Milc-2a-,
SM-MHC™, and CD31~ induced cardiac progenitor cell
(iCPC) population capable of differentiating into car-
diomyocytes, SM-MHC™" smooth muscle cells, and
CD31* endothelial cells, wherein the iCPC population
comprises iCPCs comprising one or more vectors
encoding Mespl, Baf60c, Nkx2.5, Gatad, TbxS5,
Mesp2, Gata6, SRF, Isl1, Irx4, and Tbx20; and
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a cell culture medium comprising an activator of canoni-
cal Wnt signaling in an amount sufficient to maintain
proliferation and multipotency of the iCPCs in the
iCPC population for at least 5 passages.

3. The isolated induced cardiac progenitor cell of claim 1,
wherein the one or more vectors further encode factors T,
Hand1, Hand2, Tbx18, Tip60, SRF, Hey2, Oct4, K1f4, Sox2,
and L-myc.

4. The in vitro cell culture of claim 2, wherein the
activator of canonical Wnt signaling is BIO.

5. The in vitro cell culture of claim 2, wherein the cell
culture medium further comprises an activator of Jak/Stat
signaling.

6. The in vitro cell culture of claim 5, wherein the
activator of Jak/Stat signaling is selected from the group
consisting of Leukemia Inhibitory Factor (LIF), IL.-2, IL-6,
IL-11, leptin, and ciliary neurotrophic factor (CNTF).

7. The isolated induced cardiac progenitor cell population
of claim 1, wherein the one or more vectors are selected
from the group consisting of a viral vector, a non-viral
episomal vector, a liposome, a polymer-nucleic acid com-
plex, and a peptide-nucleic acid complex.

#* #* #* #* #*



