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Re-Defining Sten CellCardiomyocyte Interactions: Focusing on the
Paracrine Effector Approach

Mahapatra S Martin D!, Gallicano Gl

Stem cell research for treating or curing ischemic heart diseaseilhaigté, culminated in three basic approaches: the use of ihd
pluripotent stem cell (iPSC) technolggseprogramming cardiac fibroblastand cardiovascular progenitor cell regeneration. As e
approach has been shown to have its advantages and disadvantages, exploiting the advantages while minimizinqthgetidsab/heen
challenge. Using human germline pluripotent stem cells (hgPSCs) along with a modified version of a relatively rexjghiesibn culture
methodology to induce quick, indefinite expansion of normally slow growing hgPSCs, it was ptssihphasize the advantages of
three approaches. We consistently found that unipotent germline stem cells, when removed from their niche and cultueddnt t
medium, expressed endogenously, pluripotency genes, which induced them to become Tig@&C=ells are then capable of producing ¢
types from all three germ layers. Upon differentiation into cardiac lineages, our data consistently showed that thegxpresesgd cardiac
genes, but also expressed carghammoting paracrine factoraking these data a step further, we found that hg&S®ed cardiac cells
could integrate into cardiac tissue vivo. Note, while the work presented here was based on #@ste®d hgPSCs, data from othe
laboratories have shown that ovaries contairy wmilar types of stem cells that can give rise to hgPSCs. As a result, hgPSCs shc
considered a viable option for eventual use in patients, male or female, with ischemic heart disease
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Introduction

After a half century of focused research, heart disease rema
leading cause of deathin developed nations. Althougt
advancements in research aded to numerous breakthrougt
and progress for treating cardiovascular disease, in
respects, we are still only scratching the surface of innova
ideas for reducing cardiaelated deaths. A significant probler
remaining to be solved is identifgnthe parameters and/c
inductive signals that are necessary for repairing heart mu
damaged by ischemia. To solve this problem, decades
research have led to three primary areas of investigation:
potential use of induced pluripotent stem cell S@3)

technology, direct reprogramming of surviving cardi
fibroblasts, and regeneration of endogenous cardiovasc
progenitor cell& 2. The first approach using iPSCs has sho'
promisein vitro; however, prolems remain for their uda vivo

such as teratoma formation, genetic instabilitand

accumulation of mitochondrial DNA mutations in iPSCs fro
elderly patients, which would most likely be the large
demographic needing iPSfBerapy? 4. In contrast, the latter
two regenerative approaches have recently gained interesi
to their paracrinénducing abilities for restoring cardiac
functiort™ 9, however, the methodadtes and protocols for
inducing cardiac regeneration continue to vary widely.

Clinical trials that test the efficacy of transplanted adult st
cells (ASCs) within ischemic heart tissue have been comtr
practice for nearly a decade; however, outcomese haot
provided definitive clinical applications for patients. Ot
explanation for the investigative ambiguity stems from f{
many different types of ASCs that have been pursuedfor

transplantation. For example, adult epidermal stem cells
different than adulinesenchymal bone marrow stem cells wi
respect to gee expressionphysiology, and origin. As a result
when introduced into the cardiac niche, the different types
ASCs present unanticipated variations. Consequently, findir
stem cell population that is the most suitable for treating car
ischemiaremains an important endeavor.

Some of the more successful stem cell trials have been those¢
utilize both direct and indirect mechanisms to help induce car
repaif> 19, Stem cells that are differentéal into cardiomyocytes
in vitro (or in vivo) can integrate and adhere upon transplanta
with endogenous cardiac cell& gap junctions (e.g., connexin 4
gap junction proteins). Cellular adhesion can then exert di
physiological interaction/repaiSome stem cells can also secre
paracrine factors that indirectly affect surrounding tissue
6regenerated d%° 3 IDebhté has arigen
though, concerning which of these approache®s for clinical

use. For example, direct physiological interaction whsem

cellderi ved cardiomyocytes ph
positive or negative outcomes for patients. If stem-detived

cardiomyocytes are electrically connected to thertheauscle,

ventricular force can be significantly restdiéd®. However, if

that electrical connection is not complete, transplan
cardiomyocytes that beat can cause detrimental arrhythmias
decreased verigular force. Alternatively, stem cells that do n
beat but do secrete paracrine factors that can effect surroun
healthy cardiac tissyehave become a strong investigati
mechanism for repairing ischemic tissue.

Previously we, and otheras well, presented evidence the
germlinestem cells when removed from their niche acquire the
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ability to differentiate into celltypes from all three germ layers
(ectoderm, mesoderm, and endodéfd}. Others have since
confirmed this work; however, testing their application within
cardiac setting has not been thoroughly analyzed.

Our hypothesis is straightforwardVe postulate that germline ster
cells when removed from their niche begin to express fac
redefining their stemness from unipotent (able to make sperm or ¢
to pluripotent. These redefined cells, known as germline plenipo
stem cells (hgPSCs), can then be induced to form paracrine effe
yielding cardiac cells. At first, our data provided constant, cl
evidence that hgPSCs could be induced to form cardiomyocy
however, we encountered a consistent obstacle with ioitial
approach; hgPSCs grew very slowly. Expansion of cells from dis
dish took months and it was concluded that their growth curve ci
significantly impede their usa vivo. Thus, to solve this problem, w
modified a novel technological cell ture advancement that ha
been shown to promote certain cell types to acquire or mair
6stemnessd while simultaneols
This approach had not been reported in the litegator expanding
hgPSCs. Our initial observations after subjecting hgPSCs to
novel culturing technology resulted in data leading us to genere
secondary hypothesis; that hg
expanded to enrich their populatjdiollowed by their differentiation
into cardiomyocytes. After testing our hypotheses, the data reve
that cardiomyocytes generated from hgPSCs acquired the abili
positively influence cardiac tissue.

Methods and Materials
Gene names and abbrevaats

Table 1 provides reference list of abbreviations for the genes ¢
proteins that were analyzed.

Isolation and culture of SSCs from human testes

Testes were acquired from the Washington Regional Transg
Community (WRTC) with permission from theext of kin. The
tunica albicawas removed and the seminiferous tubules were cut
1g tissue samples and either stored in liquid nitrogen or usett¥esl

Frozen tissue samples were transferred to a 120ml container
40ml icecold DMEM/F12 (Life Technologies Cat #11320082) -
Antibiotic- Antimycotic (Life Technologies Cat #15240062), ar
washed twice. After washing in the medium3ml of the medium
was left in the 120ml container (on ice) where the sample tisst
sliced by sterile scisser The tissue was transferred into a 50ml tL
with an additional 40ml iceold DMEM/F12 + Antibiotic
Antimycotic. The tissue was allowed to sediment fé& inutes and
supernatant i s removed. A 10
Balanced Salt Solution B5S) (Life Technologies Cat #1402507¢
was prepared with 2.5 mg/ml Collagenase Type IV (L
Technologies Cat #17104019), 2%. mg/ml Dispase (Life
Technol ogi es Cat #17105041) ,
syringe filter (MidSci Cat #TP99722). The solution is added to
tissuesediment.The enzyme solution along with the tissue sedim
was incubated 30mins in a &wate bath with 100rpm shaking.
Afterwards, the enzyme was removed anesuspended in 10ml
human embryonic stem cell (hESC) medium (500mlI DMEM/F:
20% knockout serum replacement (Life Technologies |
#A3181502), 0.1mM betemercaptoethanol (Life Technologig3at
#21985023), 5ml Nomssential amino acids (100X) (Life
Technologies Cat #11140050), -dlutamine (100X) (Life
Technologies Cat #25030081), and Antibietiatimycotic. A 4 0 :
mesh filter (Sigmaldrich Cat #22363547) was placed atop of a 50
tube and the supernatant and sample were slowly filtered through
extract spermatogonial cells.

P11

Thefiltered tissue sample was then centrifuged (1000rpm/5min).
supernatant was removed, andstspended in fresh 6ml hESt
medium. The medium and sample wererthseeded into a-\Gell
tissue culture plate along with . 15&£10ng/ml Recombinant humai
GDNF (Life Technologies Cat #PHC7045) and the plate was ple
into a 34C and 5% CO2 incubator and cultured for 4 days.

Originally, we coated plates with gelati(Sigma Aldrich Cat
#270791Q; however, we later found that hgPSCs could gr
virtually the same in uncoated TPP tissue culture plates (Sigma
#92006).

Production of hESLCs from SSCs

After isolation, SSCs were cultured in hESC medium along v
3 . |0EGDNF for 4 days to stimulate growth and colony formatic
They were incubated at 37and 5% C@ Media was changeevery

other day. After the % day of incubation, the hES@edium plus
GDNF was replaced with hESC medium supplemented with
ng/ml fibroblast growth factor (bFGF) (Peprotech Cat #18C

10UG). Colonies must be cultured for at least 10 days to fi
hgPSCH?l,

hgPSC culture in modified GEédium

hgPSCs were expanded in germline expansion medium (G
Complete DMEM high glucge (500ml) supplemented with 10¢
human serum (Sigma Aldrich Cat #H4522) and 100X Pen/Strep (
Technol ogies Cat #11995040),
(Life Technologies Cat #1165054), Ouiml Hydrocortisone
(Sigma Aldrich Cat #H08880G), EGF Life Technologies Cat
#PHGO0313), 5mg/ml Insulin (Sigma Aldrich Cat #9107IG),
11.7uM Cholera Toxin (Sigma Aldrich Cat #C805MG), 10mg/ml
Gentamicin (Life Technologies Cat #15710072)) containing 5r
ROCK inhibitor (Y-27632) (Axxora Inc Cat #ALX270-333-M005)
for 7-10 day&3. Note: We did not use the J2 cell component fount
the protocol by Suprynowiczt af??d. We also replaced fetal bovin
serum with human seruro temove all animal products. The ROC
inhibitor assists in the increased proliferation of hgPSCs to enha
colony population for later differentiation into cardiomyocii8s

Reestablishing hgPSCs from expgansn GEM

After expansion, GEM was replaced with hESC medium contair
bFGF. This medium was replaced every other day. Colol
spontaneously and consistently formed withihGbdays.

Differentiation of hgPSCs into cardiac lineages

Un-expanded opreviously expanded hgPSCs were cultured in hE
medi um and 0. 2-8dHnroddlarided (Bigng éldrich
Cat #C48666MG) for 10 days. After differentiation, the media we
replaced intocomplete DMEM medium supplemented with 209
human serum. This mediumas considered postifferentiation
medium where the cardiac clusters could be cultured for up tc
days.

Confocal analysis

Colonies were isolated using Dumont #5 forceps and fixed in
paraformaldehyde for 1 hour, followed by permeabilization with :
Triton-X-100 for 30 minutes After two washes in PBS, areas we
blocked with 2% BSA in PBS and 1% Tween E®imary (1:100)
and secondary (1:800) antibodies were diluted in blocking sojut
and colonies were incubated with each antibody for 1 houv & 3
or overnight at 2C. In the final step, colonies were moved direc
from secondary antibody into

were then mounted onto slides with anti-fade and sealedwith
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Table 1. Gene rames and functions

SSC GENE CANDIDATES Abbreviation BP Size Published function Refs

G protein coupled receptor 125 | GPR125 136BPS Canidate marker for human and mouse SSCs. Multiple (32, 61]
functions in different tissues.

GDNF family receptor 1 alpha GFR1J 163BPS Canidate marker for human and mouse SSCs. (32, 61]

. : Expressed in specific cells of the seminiferous basal [47, 48, 51]

Stagespecific antibodyt SSEA4 359nps membrane. Canidate marker for human and mouse SSCs.

hESC GENES Abbreviation BP Size Published function Refs

SRY (Sex Determining Region Y) SOX2 153bps Tra_nsc_npnongl regulator of somatic cell reprogramming; hel [21, 6264]

Box 2 maintain pluripotency.

OctamerBinding Transcription OCT3/4 117bps Plays the central role in pluripotency. [21, €5, 66]

Factor 3/4

LIN28 Homolog A LIN 28A 128bps Regulates stemness and self realecapacity in human and [21, 67, 68]
mouse pluripotent stem cells.

Eg'r:loegobox Transcription Factor |\ AnoG 200bps Required for final states of pluripotency. (69, 70]

Kruppellike factor 4 KLF-4 143 bps Essential for ESC maintenance and-setfewal capacity. (21,71, 72]

Cluster of differentiation 73 CD73 219bps Essential stemness marker for human somatic cells. (34]

EARLY CARDIAC GENES Abbreviation BP Size Published function Refs

Activated Leukocyte Cell : 73]

Adhesion Molecule ALCAM 388bps Surface marker for early cardiomyocytes

Cardiac Hellcgise Activated CHAMP 200bps Cardiac transprlptlo(actor expressed specifically in postnata (4]

MEF2C protein and embryonic cardiomyocytes.

T-Box Transcription Factor 18 TBX18 112bps It is critical for early sino atrial node (SAN) specification [74]
(pacemaker cells).

gESESRENTIATED CARDIAC Abbreviation BP Size Published function Refs

Atrial Natriuretic Peptide ANP 204bps Cardiac hormone that regulates blood pressure, vasodilatio| (75
natriuresis, and diuresis.

NK2 homeobox 5 NKX2.5 215bps Cardiac transcription factor responsible for heart formation q [7¢)

development.

Key regulatory protein associated with the thin filament,
Cardiac Troponid CTNI 335bps inhibits actomyosin interactions at diastolic levels of (771
intracellular Ca2+.
Fixation of troponin complex on the actin filament and also | [7g

Cardiac Troponift CTNT 217bps participitates in muscle contraction
; ) Molecular motor of the dart that generates motion by couplin |26, 79]
Myosin heavy chain MHC 542bps its ATPase activity to its cyclic interaction with actin.
Myosin light chain 2A MLC2A 270bps Atrial marker expressed during deviopment and adulthood. | [go, 81]
4 9 P Also regulateseart contraction along with MLC 2V.
Myosin light chain 2V MLC2V 380bps ZSEHL‘;UJZT marker during human heart development and in [ [go, g1
a LIM homeodomain transcription factor expressed in majo
} of cells in both right ventricle and atria of the heart. ISL1 is | [g2.g4]
Myocyte Enhager Factor 2C ISL-1 127bps also responsible for survival, proliferation, and migration of
cardiac progenitor cells.
PARACRINE FACTORS Abbreviation BP Size Published function Refs
vascular Endothelial growth Promotes vasculand angiogenesis in myocardium and
faCtOPA 9 VEGFA 280bps cardiomyocyte proliferation. Also helps regenerates [1, 11, 39, 85, 86]
mycoardium.
Switch macrophages from pioflammatory to anti
Insulin-like growth factor IGF-1 372bps inflammatory phenotype both in vitro and vivo. Also promotg [1. 11, 39, 85, 86]
resident stem mobilization amdrdiac lineage commitment.
Promotes repair and regeneration by recruiting circulating
Stromal derived factet SDR1 250bps progenitor cells to the injured site. Also secreted by cardiac| [1: 11, 39, 85, 86]
stemcells.
Connective tiddue growth factor | CTGF 237bps Acts as a cofactor for other growth factor that promotes fibrd 11 11, 39, 85, 86]
and wound healing by enhancing ECM protein synthesis.
Vasoactive peptide secreted by the endothelium required fo|
Endothelinl END-1 270bps cardiomyocyte survival. It decreases susceptibility to TNF | 1 11, 39, 85, 86]

mediated apoptosis; secreted from cardiomyocytes under
mechanical stigs.
Associated with angiogenesis, endothelial tube formation, al

Angio-associated migratory AAMP 283bps migration of endothelial cells. It may also regulate smooth | [, 11, 39, 85, 86]
protein O
muscle cell migratio via the RhoA pathway.
. Activates ErbB2 receptor present on differentiated [1, 11, 39, 85, 86]
Neuregulinl NRG-1 203bps cardiomyocytes and promotes cardiomyocyte proliferation.
. . Inhibits T-cell and NK cell proliferation, cytotoxicity, cytokine| (1, 11, 39, 85, 86]
Indoleamine 2 dlioxygenase IDO 222 bps production; also mediatescEll apoptosis.
TERATOMA GENES Abbreviation BP Size Published Function Refs
Dead end gene DND1 271bps It is an RNAbinding protein that suppresses teratoma growt| [38]
P18 Cyclin dependent kinase It is responsible for growth of EBs and is known as a
Inhibitgr p p18 INK4C CDKI 270 bps suppressor of teratoma formation. Also a negative regulator| [37:38]
cell cycle.

P19 Cyclin dependent kinase
Inhibitor

Negative regulator of cell cycle and a suppressor of teratom

P19 CDKI 441 bps formation [37,38]

P12
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coverslips. Confocal images of colonies were taken on an Olyn
Fluoview 500 Laser Scanning Microscope (Olympus America li
Melville, NY) using the accompanyingldoview image acquisition
and analysis software (version 4.3). Cells within areas were im:
using a 1.3 numerical aperture, 40X Olympus objecti
Primary Antibodies: Sox2 [488nm] (Goat; Santacruz SC #173:
Nanog [594nm] (Mouse; Abcam ab 62734), Od647nm] (Mouse;
Santacruz SC 5279) and Lin28 [647nm] (Rabbit; Cell Signaling A:
Cat #3978S). Secondary Antibodies: Dordesygi-mouse Alexa fluor
647 nm (Abcam Cat # ab150107), Donkayti-rabbit Alexa fluor 594
nm (Abcam Cat #ab150076) and Dorndamtigoat Alexa fluor 488
nm (Abcam Cat #abh150129)

Embryo and heart tube procurement and cell fusion

Female FVB mice were gonadotropin primed. E9.5 Embryos w
collected from the uterine horns using Dumont #5 forceps to t
away fetal membranes; a moddieversion of previously describe:
protocol&4 251 Embryos were transferred to organ culture disl
(No. 3037, Falcon Inc., Lincoln Park, NJ). Beating hearts w
isolated using two Dumont #5 forceps, one toead the head away
from the tail of the embryo, the oth&arceps was used to snip th
heart from the body at the most caudal and rostral ends of the t
Fetal hearts were then placed into a well of a 96 well plate
incubated at 3T .and 5% CO2. Hearts could beat for-9® hrs
without distortion of morphlogy.

Mature Cardiomyocyte colonies were transiently transfected \
uncut 5ul of cMHGGFP DNA for 24 hours in -6vell dishes using
Lipofectamine transfection kit (Life Technologies Cat #L300000
CMHC-GFP (akind gift from Dr. Eugene Koloss&§l) transfected
colonies were picked using a {lOpipette tip and placed into ¢
holding well containing differentiation medium (above). They we
then seeded into crevasses of fetal hearts using-drameh glass
needle atiched to a mouth pipette. Excess GfeRitive colonies
were laid on top of beating fetal hearts. The 96 well plate was :
incubated aB7 C and5% CO; for 48hrs.

Fetal hearts and colonies were analyzed first using a L
stereoscope equipped with ddrescent light source to globall
identify areas of GFP within heart tissue. Those that appe
positive were fixed in 4% paraformaldehy@&lectron Microscopy
Sciences Cat# 15749) for 2 hrs and then quenched in 1
glycine/PBS for 30min. Fetal heasgre then permeabilized with 19
Triton-X-100 for 2hrs. After three 30min washes in PBS, hearts v
blocked with 2% BSA in PBS and 1% Tween 20. Primary CNX
antibody(Rabbit Cell Signaling Cat #3512hd secondary antibodie
(Peroxidase Affinipure DonkeyAnti-Rabbit Cat #711035152,

Jackson Immunoresearch Labsgre diluted in blocking solution
1:100 and 1:800 respectivelgnd hearts were incubated with ea
antibody overnight 4e C. I'n t

from secondary antibodgnd incubated in a DAP(Cat #D1306,
ThermoFisher Scientifics ol ut i on at 2egg/ mlL
mounted onto slides with arfade and sealed with coverslip:
Confocal images of colonies were taken on an Olympus Fluoview
Laser Scanning Microscop8¢e above).

Western Blot analysis

Isolated undifferentiated or differentiated colonies (each comprise
~1 x 1C cells) were immediately placed into sample buffer (62.5 n
Tris-HCI, pH 6.8, 2% SDS w/v, 1mMb-mercaptoethanol, 10%
glycerol}?’l. Samples were pladdnto a 95degreesdheat block for 5
min and then loaded onto-20% gradientpolyacrylamide gels
(BioRad Inc.Cat #4561094ith molecularweight markers(Biorad
Inc Cat #1610374pnd separated by SEFAGE. Proteins were
transferred to PVDRnembraneand blocked with blocking reagent
(5% dry milk[Bio Rad Cat #17®404] in PBS, pH 7.4, with 0.1%

P13

Tween 20) at room temperature. The blots were challenged w
primary antibody at dilutions of 1/56001000 in block overnight at
4 C,4ollowed bywashing 3 times with PBST (1x PBS + 0.1% Twe:
20) at room temperature and challenge with appropriate secor
antibody (1/5,00€1/10,000) conjugated to horseradish peroxid:
(Jackson Laboratories) for 2 hours followed by washing 3 times \
1X PBST atroom temperature. The blot was then visualized un
chemiluminescence in an ECL Imager (Thermo Scientific) us
Clarity Western ECL Substrate (Bio Rad Cat #13061).Primary

Antibody- Desmin (Rabbit) (Cat #5332P, Cell Signaling). Second
Antibody- Peoxidase Affinipure Donkey AmtRabbit (Cat #7141

035152, Jackson Immunoresearch Labs)

RT-PCR analyses

For each stage of stem cell development, colonies were pickec
MRNA was extractedsingthe miRNeasy Mini Kit (QIAGEN®cat.

No. 217004). cDNA wasgenerated via the iScript cDNA synthes
kit (BioRad Cat #1708890) si ng a 20¢l mi xtt

5x i Script reverse {fmramrs ovaitpet
RNA t empl at-PCR(adaysisIwps perf@rined by using
22¢l mi xt usupermk VBT &4 | NE PCR

Forward (2¢l ¥l angr Rme e s dree(w@tér|
(4ul) cDNA template). These experiments were conducted ¢
melting temperature of 56 and for 40 PCR cycles. No RT contrc
was performed using Maxima H Minus First Strand cDNA Synthe
Kit (Thermo Fisher Scientit Cat #K1651). Primer pairs for eac
gene are listed in Table 2.

Detection of secreted proteins

Paracrine factors secreted into the medium were detected by
methods. First, ~150 cardiac differentiated colonies were grow
1ml of differentiation mdium (containing serum replacement inste
of human serum). Media was then isolated at 12hrs, 24hrs, and -
and frozen. Antibodies to specific paracrine factors were then ac
to the thawed medium along with 10ml of protease inhibitor cock
(SigmaAldrich Cat #P834PDovernighta e C wi t h r o
day, magnetic beads (1) coated with gprotein Life Technologies
Cat #10003D were added directly to the medium containing t
pri mary antibodies. The slur

magnet, the beads were washed 5x with PBS. Sample buffer
added to the beads, which were then heated°& &5 5 min. 15l

of each timepoint sample was added to a lane of 20%

polyacrylamide gel and the subjected to SBYSGE. The resultant
gel was 8Bver-stained Bio Rad Cat #16104490 observe the bands.

The second method, ethanol precipitation of prote
[modified frond?82%), was used to analyze proteins that were eitl
too dose to the molecular weight of the antibody heavy chain or
not compatible withimmunoprecipitation(l.P). In this case, 1ml
samples of media taken at 12, 24, and 48hrs were subjected tc
volumes of 100% ethanol and precipitated overnigh8&tC. The

next day the samples were centrifuged at 14,000rpm for 5 min
the supernatant was discarded. The remaining pellet was allow
dry for 30minlhr after which sample buffer was added and heate
95°C for 5 min. 15l of each timepoint sample waadded to a lane
of a 420% polyacrylamide gel and the subjected to SIX&E. The

gel was then used for Western Blot analysis to detect the para
factors.

ELISA

TGFB secreted into the medium was detected by Human TGF b
Platinum ELISA kit (Cat #BMS2494, Life Technologies, Inc).
Medium cultured in differentiated cardiomyocytes at Oh, 12h, :
and 48h were tested along with TGFB standards (31pg.
2000pg/ml) at 450nmA standardcurve for TGF betawas plotted

Copyright © Journal of Stem Cells and Regenerative Medicine. All rights reserved
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Table 2: Primer Sequences

CARDIOMYOCYTE PRIMER SEQUENCES (5' -3")

SSC GENE CANDIDATES

Abbreviation

F- AAAGCTTGGCGCAGATGTGA

R- TTGCCACGGCATTGGTAGA GPR125
F- TTTACCAACTGCCAGCCAGA orRD
R- TGTTGCTGCAGTCACACCAT

F- GAGAAGCTGTTCCAGATAGTGC R

R- CTCAGGGTACATGAAATGGTGG

hESC GENES

Abbreviation

F- ATGTACAACATGATGGAGACGG
R- CCACACCATGAAGGCATTCA

SOX2

F- TTTGCCAAGCTCCTGAAGCA

R- AAAGCGGCAGATGGTCGTTT OCT3/4
F- GAGCATGCAGAAGCGCAGATCAAA LIN 28A
R- TATGGCTGATGCTCTGGCAGAAG

F- TCAGAGACAGAAATACCTCAGC NANOG
R- AGGAAGAGTAAAGGCTGGGG

F- TTCAACCTGGCGGACATCAA KLE-4
R- TTCAGCACGAACTTGCCCAT

F- GTATTGCCCTTTGGAGGCAC cD73

R-AGGGTCATAACTGGGCACTC

EARLY CARDIAC GENES

Abbreviation

F- TTCCAGAACACGATGAGGCA

R- ACCTGTGACAGCTTGGAGA ALCAM
F- AAGGTGTCTAGTAAGACAGCAG CHAMP
R- ATCATTTTGCCTAGCCCACC

F- ATGCATTCTGGCGACCATCA a1

R- ACGCCATTCCCAGTACCTTG

DIFFERENTIATED CARDIAC GENES

Abbreviation

F- AGTGGATTGCTCCTTGACGA
R- GGGCACGACCTCATCTTCTA

ANP

F- ACCCTAGAGCCGAAAAGAAAG

R- GCCGCACAGTAATGGTAAGG NKX2.5
F- AAGATCTCCGCCTCGAGAAA ol
R- GCAGAGATCCTCACTCTCCG

F- CTTTGATGAGAGACGTCGGG J-
R-CTTCCCACTTTTCCGCTCTG

F- GGGGACAGTGGTAAAAGCAA e
R- TCCCTGCGTTCCACTATCTT

F- GAGTTCAAAGAAGCCTTCAGC LC2A
R- ATCCTTGTTCACCACCCCTT

F- GGTGCTGAAGGCTGATTACG eV
R- TTGGAACATGGCCTCTGGAT

F CTGTGGGCTGTTCACCAACT L1

R- GCCGCAACCAACACATAGG

PARACRINE FACTORS

Abbreviation

F- GGGCAGAATCATCACGAAGT

R- TGTTGTGCTGTAGGAAGCTC VEGFA
F- GAGCCTGCGCAATGGAATAA o
R- ATACCCTGTGGGCTTGTTGA

F- TCAACACTCCAAACTGTGCC DEL
R- AGCAAGTGAACTGTGGTCCAT

F- CGACTGGAAGACACGTTTGG -
R- TTTGGGAGTACGGATGCACT

F- CACAACAGAGCCAACAGAGTC ENDA
R- TCCAGGTGGCAGAAGTAGAC

F- AGAGTGAGTCCAACTCGGTG AP
R- AGGGCAAAGTCCAGGATCTC

F- GGAGCATATGTGTCTTCAGCTAC NRGA

R- AAGCTGGCCATTACGTAGTTTTG

TERATOMA GENES Abbreviation
F- AAGCGGGATTGTGAGCTGTG OND 1
R- TGAAGGTCATCATCAGGCGG
F- AAAATGGGGGCGGGTTTTTC P18 CDKI
R-CGCTCCCAGTGACAGTTTCT
F- CGGCGAGGAGGAGGGAG 519 CDKI
R- GTCCCTGCGATGGAGATCAG
GENES EXPRESSED  BY ALL| , ..
EMBRYONIC GE RM LAYERS
F- TGCCCAGTTTGTTC AFP
R- ACATCTCCTCTGCAACAGTGCTCA
F- AGCCATTCCGTAGTGCCATC EMPa
R- CAGAAGTGTCGCCTCGAAGT
F- CAGGAGAAACAGGGCCTACAG NES
R- GCACAGGTGTCTCAAGGGTA

using OD values from standards. Concentration of circulating TGFB
ead time point was calculated from the standard curve and th
multiplied by a dilution factor of 30 (samples were diluted 1:30 prior 1
experiment). The negative controls in this experiment were ES me
cultured at Oh. Concentration of TGFB was normalize@h ES media.
Final concentrations in media cultured in cardiomyocytes at the differt
time points were plotted against normalized values to Oh ES using a
graph.

Statistical analyses.

Standard error of the means were calculated from N >hBhwmvere
then analyzed by student t tests. A p < 0.05 or better was conside
significant.

Results
Identifying the source cell from testis

Recent investigations have demonstrated that when isolated and cult
in the proper medium, germline stemlsetan be induced to form
cellitissue from all three germ layers (i.e., ectoderm, mesoderm,
endoderni}-20. 31

Identifying the stem cells within the human &ssthat give rise to
hgPSCs has been somewhats&e. To begin identifying this stem cell
population we first generated single cell suspensions assaying them
clonal expansion, which is accepted as a primary characteristic of s
cells. We used this approach first because, particularly in msinza
molecular or cellular target for identifying the actual stem ce
population within the testes remains a debated topic in the literatt
Consequently, we initially used cell size as a marker for isolating a
identifying this population of stem csll Figure 1 shows typical
examples of isolated single cells, while Figue ¢hows the milieu of
different sizes of cells enzymatically isolated from human test
tissué'®l. Using a handirawn glass pipette connected to a plasti
filtered mouth sudbning tip, small (<57um), medium (~8.2um), and
large (>1220um) cells were placed one by one into wells of a 96 we
plate (Figure 1). As a reference, a typical, single mouse ESC (
expanded into a colony very quickly after plating (Figure 1A). ddéht
cells isolated from the human testis (Figure 1B) did not all exjrand
vitro. After 10-14 days of culture, only mediusized cells grew into
colonies capable of being differentiated and expressing markers fr
the three embryonic germ layers (FiguréC-F). Although the table in
figure 1G reports that only 32% of meditsized cells actually grew
into distinctive colonies identical to that seen in Figure 1E, w
concluded that this methodology was useful for confirming that
specific subpopulation ofcells within the SSE&enriched fraction could
grow clonally and generate cells from all three germ layers.
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Figure 1: Identifying the stem cell within testes that gives rise to clonal hgPBLActing as a positive control, a single mouse E14 strain embryonic stem cell gives rise to a (
within 7 days of cultureB) After enzymatic digestion andtrfdtion of human testes tissue, distinctive size differences among cells were clearly evident. Sipai)(sBedium (~8
12um), and large (>1220um) cells were isolated using a mouth pipette and placed into a well of a 96 well plate. After 14ideyisatibn wells were assessed for clonal growth. Or
medium size cells produced coloni€si-) Removing bFGF from the hESC medium to induce differentiation by 10 and 14 days, respectively. Arrowheads in C aralibdpadhtat
cells within a colony, whdl the white circle in D outlines one cell within the colony. By ~21 days of differentiatifPCRBhowed expression of genes from all three germ layers; Al
fetal protein (AFPEndoderm), Bone morphogenic protein 4 (Bampdsoderm), and Nestin (neuroai#om). However, hgPSCs did not express any of the genes from all three
layers. GAPDH was our RIPCR control geneE) A central mass of differentiated cells (Arrow) are surrounded by fibroblasts, which do not show expression of theseificeEes
(arrowheads irE and fibroblasts irF). G) Table quantifies colony formation from the three sizes of ¢ellsd insets irB) Using antibodies directed against previously explored S
markers, SSEA4 but not Gpr125 or Gliitlentified the cells that pauced colonies of hgPSCs. SSEA4 positive cells-42u in diameter, while Gfillare much smaller. The large

cells were mostly vimentin positive most likely representing Sertoli cells.

To apply a more rigorous approach for identifying which cell ty
could grow clonally into colonies of hgPSCs, vedied on data from
many independent laboratories that had previously analyzed canc
markers for SSCs (publications found®*#). Different laboratories
had previously analyzed candidate genes as markers for the test
stem cells pinpointing SSEAGFR1IUand GPR125 as putative SS
markers [publications found[@]. To confirm or refute clonal growtt
of cells expressing each marker, we isolated immunofluoresce
tagged cells from a testicular istdausing the same mouth pipet
procedure as above, again placing each cell into its own well in

well plate. Cells were labeled with primaagptibodies directed agains
SSEA4, GFRI, GPR125, or vimenti#, followed by fluorescently
labeled secondary antibodies. The insets in Figuskdw examples of
fluorescent single cells within each well. Interestingly, SSEA4+ ¢
not only formed colonies, they were the same aizthe medium cells
previously see to form colonies. Conversely, G+ cells were

much smaller and did not form colonies while the larger cells w
only able to divide a few times in culture and resembled fibrobls
Most of the larger cells were vimentin positive suggesting they w
Sertoli cells or cells from the lana propria. As a result, these da
confirmed that SSEA4+ cells are most liketlile hgPSCs thaacquire

the ability to not only grow clonally when isolated from the testes ¢
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grown in a specifie¢thESCmedium but also form cells/tissueom
all three germ layers.

hgPSC colomgerived cardiadineage cells express cardio
protective paracrine factors

One approach that is gaining momentum for improving carc
function after ischemic injury is the delivery of paracrine factors t
can repogram or induce repair of existing cardiac tissue. To iden
if hgPSCs could be induced to form cardiac cells that secrete ca
protective paracrine factors, we subjected them to a protocol use
human ESCs documented [$Y followed by assaying by gen
expression analysis using FPICR.

The procedure begins with 1g pieces of human testes tis
Individual tissue samples are thawed and the-8&@hed fraction
is isolated using the protocol fréf. Each sample yields500
hgPSC coloniesSSCs undergo ddifferentiation to form hgPSCs
when cultured in hESC medium for 10 days. Distinct hg&Gnies
begin to form after B days and each Yamanaka factor (Sox2, O
Lin28, KIf4) as well as other stemness factors, nam@y@D73, are
expressed (Figure 2B)CD73 represents a marker for new
described endogenous plastic somatic cells (eP8T&gure 2B).
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Figure 2. Cardiac lineages can be produced from hgPSCs. A). Cells of the®®@ed fraction are cultured in medium containing GDNF for four days. The fraction is fu
cells positive for various SSC markers including SSEAAfB) four days, the mediuis switched to a basic hRESC medium containing bFGF and serum replacement. Cel
incubated for at least 10 days, after whickP@R shows evidence of all four Yamanaka factors plus nanog and. Cp®&vitching hESC medium for cardiac differentiatic
medum results in growth and morphologically darker looking coloniesPRR shows expression of 9 out of 10 cardiac genes within 10 days of differentiatjg@ofifocal
analyses show protein expression of specific cardiac genes including nuclear stdiiNkg2db (F arrows). Arrows in D and E point to areas positivecndiac troponin
(cTNT) while arrowheads point to nuclear Nkx2.5 staining. Dapi staining in E identifies the nuclei. Arrows in G and H pditih¢o flaments of cardiac actin. Thel©®
image in H reveals the actin fibers within healthy celi4)JTransfection of colonies with a cMHGFP further confirms cardiac gene expression. Arrow in J points to a G
positive colony. Arrowheads point to untransfected colonies. These untransfelteids serve as an internal control ruling out autofluorescence. L) Arrows point to
within the colony expressing cMHGFP. K and M) Phase contrast views show healthy colonies.
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All are detected in colonies after-1@ days in culture. It is importan
to note that unlike iPSCs, which need exogenous expressio
Yamanaka facta, these same factors are endogenously expressec
regulated in hgPSCsUpon differentiation of hgPSC colonies
expression of cardiac genes is usually detected ~10 days of ct
(Figure 2C). Confocal microscopy verified distinct cardiac prot
expres®n (Figure 2DI), while transient transfection with a cardie
MHC-promoter reporter construct confirmed induction of the carc
lineage (Figure 21).

To test the ability of hgPS@erived cardiac cells to express cardi
protective paracrine factors, wailized the cMHGGFP construct to
pick cardiaelineage colonies from the surrounding fibroblkise

cells. We then assayed for carglimtective paracrine factol
expressiolt €. Strong gene expression of egewracrine factor was
detected (Figure 3A), while protein expression for two paraci
proteins in particular, IGR and NRG1, was also very strong (Figu
3B-D). Expression of IGR and NRGL1 has recently been shown to k
important for inducing surroundingealthy cardiac tissue to botl
proliferate and differentiate into the ischemégiort: &. NRG-1 is of

special interest because of its potential for translation into the clinic
treating infarctdl. These data reveal that expression of paraci
factors is relatively robust within hgPStrived cardiac lineage cell:
after 21 days of differentiation. To our knowledgethis is the first
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evidence that hgPSiduced cardiac lineage cells express the
factors.

Differentiated hGPSCs show loss of pluripotency and teratc
formation

For qualitycontrol issues, it was important to confirm that hGPS
lost their ability to form teratomas. First, using-RTR, we verified
that virtually all of the pluripotency genes wedown regulated
(Figure 3E); however, there was weak expression of Nanog and C
in cardiomyocytes. Through literature search, we found that Ne
can be expressed in the myocardium of¥atsnd CD73 is needed fo
successful differentiain into cardiomyocytd®! (Figure 3E). Equally
as important to identifying loss of pluripotency was identifyil
molecularly, the ability (or loss of) of these cells to form teraton
The RTPCR data in Figure 3learly show expression of thre
genes, DND1 andp19 CDKI and pl18%c in hGPSCsderived
cardiomycoyteéd”l. The expression of these genes @asistent with
the loss of teratoma formation in hGPSCs and cardiooyyes®”: 38l
As a result, cardiomyocytes differentiated from hGPSCs
molecularly incapable of forming teratomas. We also performe
no- RT control on p18%4C primers because they sit on one exon &
obsered that there was no genomic DNA contamination in b
hgPSCs and cardiomyocytes (data not shown).

Lad
Nrgl
Gapdh
primer set 2

Figure 3. Differentiation d cardiac colonies beyond day10 results in colonies that expressapdiac regenerative paracrine factors. AfRER shows expression of seven-pr
cardiac regenerative paracrine factors:B Immunofluorescent and DIC analyses using antibodies diregathst IGF1 and NRGL show colonies staining positive for bot
paracrine factors. Arrowheads in B and C point to regions of variable staining within colonies. Asterisks highlight fibriflslagan emanate from colonies. They show
fluorescent stainig. E) Expression of most pluripotency genes is below the level of detection in differentiated colonies. Nanog and Cpr8saeel;eitowever, nanog¢
expression has been reported at low levels by [35] and CD73 expression has been reported as necessdigcfareeelopmelifl. F) Genes known to inhibit teratoms
formation are expressed in hgP$i€rived cardiomyocytes. They are also expressed in hGPSCs (data not shown).
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Quick, efficient expansion of hgPSCs using hgPSC expansion me
(GEM)

The datapreceding figure 4 were acquired from primary hgPSCs
cardiac cells differentiated directly from primary hg@P&olonies.
However, we found that while hgPSierived cardiac cells showe:
much promise for eventual cardiac repair, it was somewhat painste
to accumulate the amount of cells that would be needed for injec
into a patient. Months were needed to grate enough biologica
material from 1g biopsgized pieces of test. As a result, we
modified a cellular reprogramming techniqud?Byand applied it to
hgPSCs to determine if we could expand the hgPSC pomulatore
quickly (and using no animal components) when compared
conventional expansion protocols.

Figure 4 illustrates the process of gerell expansion and subseque
re-establishment of hgPSCs, followed by their differentiation ir
cardiac lineagesBy day 10 in GEM, the cells within colonies took ¢
a cobblestone appearance typical of previous reffttswhile in
GEM, these cells could be expanded indefinitely and quickly; tha
one colony placed in 86 well platewould typically be split into two

wells of a 96 well plate within 7 days. Comparing expansion rate
primay hgPSCs to expanded hgPSCs grown in GEM from 1
patients, we found that upon-establishment in hESC medium, ~4
morecolonies were obtained by the fourth passage when compar
primary hgPSCs grown in conventional culture medium. M
importantly, t took 30 days less time to expand hgPSCs in Gl
compared to primary hgPSCs grown in conventional medium (Fic
5; Table 3). We have expanded hgPSCs in GEM at least 20X.
establishing hgPSC colonies is accomplished by replacing GEM
hESC medium. Usally within ten days of culture, gene expressi
patterns match primary hgPSCs including the expression of
Yamanaka factors, nar®¥{; Figure 4F). Confocal microscopy o
colonies provided further evidence that these cells retained pluript
markers (Figure 4G).

These reestablished hgPSC colonies could then be differentie
down the cardiac pathway resulting in an expression pattern
paracrine factors similar to that observed in cardiac c¢
differentiated from primary hgPSCs (Figure 4H, 1). As a result,
conclude that restablished cardiac colonies are virtuadlgnticalto

cardiac colonies generated from fresh primary hgPSCs.

Figure 4. Culturing hgPSC colonies in GEM allows for their rapid expansion without the loss of stemness. A) hgPSC colonies gravmizdhi®$ lose their colony structure
beginning ~5days post switching to GEB). By day 10, most colonies become individual layers of ceitbiee shaped cells {®hite outline shows region of cobblestone patte
of cells), which can be expanded indefinitely. Switching GEM for hESC medium, colonies begarrowéhin 5 daygD), and by day 10 hgPSC colonies fully return (EGF
RtPCR shows that these colonies express all the same stem cell factors prior to expansion, which is confirmed by corgoopymitrolear staining of Oct4 (647 nRar
red), Nanog (594 nm/ Rhodene Red), Sox2 (488nm/FIT@Green), and Lin28 (647 nnfar red) is prevalent (G). H) 21 days post differentiation, large dark colonies fo
which are all positive for paracrine factor gene expression (I). J) WeStetranalysis of the colonieshowsthey are positive for the cardiac intermediate filament desmin sim
to the mouse heart. Undifferentiated gPSCs are negative for desmin as are mouse embryonic fibroblasts (MEFs).
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