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Introduction

Stem cells are capable of renewing themselves ghraell division for unlimited times,
while under certain physiological or experimentahditions, they can be induced to become
tissue-specific cells with special functions thrbudifferentiation. Human embryonic stem cells
(hESCs) are derived from human blastocyst-stagey@aland can provide an unlimited source
for differentiated cells through their unlimitedifseenewal ability as well as the capacity to
generate all cell types of the body (pluripotency).

However, directed differentiation protocols areded to allow the enrichment of the cell
type of particular interest, enabling the use oSGEderivatives in large-scale applications such
as drug screening or therapeutic approaches. Agiplity of hESC-derivatives depends not
only on the large number of cells needed to be ywed, but also on the purity of the cell
population obtained at the end of differentiatidrnerefore, the development of methods,
allowing distinction between different types of Iseis at least as relevant as the directed
differentiation protocols.

Isolation of living cells can be based on the uksgemetically engineered reporter systems
or cell surface markers. Genetically modified éeas are specially required when markers of
the cell type of interest are not located on th# serface (e.g. transcription factors or
sarcomeric proteins) and therefore selection waoldbe possible without disruption of the cell
membrane. This was the case for cardiomyocytes jGbtsa long time, previously to the
identification of surface markers (SIRPA, VCAM1 aAdCAM) co-expressing with cardiac-
specific transcription factorsIg1, TBX5, NKX2.5 and GATA4) and sarcomeric proteins
(troponin I and T).

Increased yield of CMs as well as purification eballso be achieved by isolation of
progenitors (e.g. mesodermal, cardiac mesodernaatiavascular or cardiac progenitors),
since progenitors possess high proliferation capaand restricted differentiation potential
allowing first the expansion of these cells by pdavg stage-specific renewal signals and then
CM differentiation by cardio-inductive signals.

Our research group joined the field of stem cebldgy with the aim to address the
generation of large amounts of pure cardiomyocgtes progenitors through identifying and

isolating cell types at different stages of cardiammitment.



Aims

The goal of the research presented in the disemrtatas to establish a novial vitro
method for the purification of human embryonic stesil-derived cardiomyocytes and
cardiac progenitors. In order to achieve this dbjecthe aims of the present study were:

1. To demonstrate that the CAG promoter provideg tbpportunity to identify
cardiomyocytes in spontaneous differentiation e¢ekuof human embryonic stem cells.

2. To induce cardiac differentiation of human enalmig stem cells in order to enrich the
differentiation cultures for cardiac progenitors.

3. To demonstrate that the CAG promoter provides ghssibility to identify and isolate
cardiac progenitors during directed differentiatadrhuman embryonic stem cells.

4. To find optimal culture conditions for isolateadrdiac progenitors to maintain cardiac
commitment during further differentiation.

5. To demonstrate that the isolated human embrystein cell-derived cardiac progenitors
can be differentiated into relatively pure popuatof cardiomyocytes.

6. To optimize reaggregation and survival propsraéisolated human embryonic stem cell-

derived cardiac progenitors to enhance cardiomyogiaid.

Methods

Human ESC culture and differentiation

The original HUES9 human embryonic cell line wasdky provided by Dr. Douglas
Melton from the Harvard University, while BG0O1V wpsrchased from ATCC. The Sleeping
Beauty (SB) transposon based gene delivery methasl applied to genetically modify
HUES9 and BG01V hESCs with a plasmid containingdbB&A of the fluorescent protein
EGFP, under the control of a specific variant oé t6AG promoter (SB-CAG-EGFP
construct). This specific variant contains a CM\hamcer region, two sequences from the
chickenp-actin promoter and one short part of the rapliglobin promoter.

HUES9-CAG-EGFP and BGO1V-CAG-EGFP hESC colonies eweultured on
mitomycin-C treated mouse embryonic fibroblast (MEEeder cells. For spontaneous
differentiation the embryoid body (EB) formation tined was used: differentiation was
initiated via EB formation under suspension culteanditions in the presence of foetal
bovine serum (FBS), and 6 days later EBs were se¢nlean adherent surface. During

2



directed differentiation instead of FBS a mix ofided growth factors was used to provide

the necessary differentiation signals.

Flow cytometry

Undifferentiated HUES9-CAG-EGFP colonies were hargeé from mouse feeder
cells by enzymatic digestion with 0.05% trypsin-ERRTHUES9-CAG-EGFP EBs were
dissociated with 0.25% trypsin-EDTA. Single cellspansion was washed with PBS
containing 0.5% bovine serum albumin and incub&eB0 min at 37 °C with the directly
labelled monoclonal antibodies. For intracellulaiairing the cells were fixed and
permeabilized with 4% paraformaldehyde (PFA) in PB&bsequently the indirect staining
was performed in PBS with 2% BSA and 0.75% Sapd@Bigma). Control staining with
appropriate isotype-matched antibodies or backgtolevels of fluorescence of the
fluorochrome-conjugated secondary antibody wasugexdl. Dead cells were gated out based
on 7AAD (Sigma) staining. Samples were analyzedab¥ACSCalibur flow cytometer
(Beckton-Dickinson, San Jose, CA) with BD CellQuastuisition software (BDIS) or by
FACSAria High Speed Cell Sorter (Beckton-Dickins@an Jose, CA) with BD FACSDiva

software.

Cdll sorting

After HUES9-CAG-EGFP EBs were enzymatically disedg¢tsingle cell suspension
was sorted into artificial fractions (low, mid amigh) based on EGFP fluorescent signal
intensity. Precision of the sorting procedure wamiored by EGFP expression profiling of
the sorted fractions with flow cytometry, immedigtafter sorting. Cells obtained from the
different fractions were either recultured as reaggted EBs (rEBs) or monolayers; or

propagated to further gene expression analysis.

Fluorescence plate reader measurements

Fluorescence plate reader measurements was cautié&dand 20 days after sorting by
using the VICTORX3 2030 Multilabel Reader (PerkitmEr). For detection of EGFP
fluorescence excitation wavelength was 490 nm, arkb35 emission filter was used. For
propidium iodide (PI) staining the rEBs were fixetth methanol on ice. After incubation
with PI for 15 minutes the rEBs were transferret iinesh PBS in a 96 well plate. Excitation

wavelength was 540 nm, and a F660 emission filtes wsed for detection of Pl fluorescence.

[mmuncytochemistry



For immunostaining EBs and rEBs were fixed with gésaformaldehyde for 15 min
at room temperature. After washing steps with DPB&jspecific antibody binding was
blocked for 1 h at room temperature in DPBS commagi2mg/ml bovine serum albumin, 1%
fish gelatin, 5% goat serum and 0.1% Triton-X 10Be samples were incubated for 1 h at
room temperature with both the primary and the seany antibodies. DAPI (Invitrogen,
Madison, WI) was used for nuclear staining. Samplese either examined by an Olympus
FV500-1X confocal laser scanning microscope orlbgrescence microscopy.

Real -time quantitative PCR analysis

Total RNA was isolated from cells using TRIzol™ Beat (Invitrogen) following the
manufacturer’s instructions. cDNA samples were greg from 0.2ug total RNA using the
Promega Reverse Transcription System Kit as spélchy the manufacturer. For real-time
quantitative PCR (QPCR) Pre-Developed TagMan® assagre purchased from Applied
Biosystems. QPCR analyses were carried out usim@tapOne™ Real-Time PCR System
(Applied Biosystems). The fold change of mRNA inpexmental and control cells was
determined using the RACt method. Relative mRNA levels were presented eamvalues

+ S.E.M.of 3 independent experiments.

Results
1. The CAG promoter allows the identification of cardiomyocytes in spontaneous
differentiation cultures of human embryonic stem cells

EGFP expressing HUES9 and BG01V hESCs were gedebgteansfection with the
SB-CAG-EGFP construct (see Methods). TransgenicChkises (HUES9-CAG-EGFP and
BGO01V-CAG-EGFP) were established through the emmmit of EGFP expressing hESCs by
sorting or cloning. The transgenic hESC lines naamgd pluripotency during long-term
culture and during spontaneous differentiation lafgsluripotency and differentiation into the
three germ layers could be confirmed by QPCR anmdunostaining studies. The presence of
cardiomyocytes was indicated by the emergence aftapeously contracting areas after 14
days of differentiation. At the same time an exeyally high EGFP signal was observed
onsite of the contracting areas, while in othesues the EGFP expression remained low. This
cardiomyocyte reporter feature proved to be a fipgmioperty of the CAG promoter that was
used (a specific variant of the original artific@AG promoter) and provided a method for
recognition and separation of CMs. The CAG promdaizsed system was designated as a

“double feature” system, since it allows the deteciand isolation of transgene expressing



hESCs and their cardiomyocyte progeny based on GA& promoter driven EGFP

expression.

2. Directed cardiac mesoderm differentiation of CAG-EGFP expressing human embryonic
stem cells

To facilitate the examination of the ability of ti@AG promoter to identify cardiac
progenitors, spontaneous differentiation was neeedbe replaced by a differentiation
protocol which is able to enrich the output of ti&erentiation for cells with mesoderm
origin. A protocol obtained from the literature wastimized for transgenic hESCs, resulting
in more synchronized and hastened differentiatidn irmividual cells. Compared to
spontaneously differentiating cells, cardiac dedctdifferentiation resulted in increased
mesoderm differentiation, as confirmed by flow cywiry analysis. Efficient cardiac
differentiation was confirmed by the higher numbmr contracting areas (and higher
percentage of troponin | positive cells) generatedng directed differentiation compared to

spontaneous differentiation.

3. The CAG promoter allows identification and isolation of human embryonic stem cell-
derived cardiac progenitors

In order to assess whether the CAG-EGFP signahsitie allows the identification
and isolation of cardiac progenitors, cell sortwas performed from the trypsinized cultures
of differentiating HUES9-CAG-EGFP cells and tramgttonal profile of the isolated samples
were compared by QPCR. It was revealed that thelpbpn with exceptionally high EGFP
signal (CAG-EGFﬁgh) expressed significantly higher levels of the @rdpecific genes than
the population with low EGFP signal (CAG-EGH, while early ecto- and endodermal
marker genes were significantly higher express¢ddrCAG-EGFB" samples. An exception
was the early cardiac-specific transcription fadibtx2.5, with significantly lower mRNA
levels in CAG-EGFPY" samples compared to CAG-EG¥tsamples.

To identify the maturity status of CAG-EGE® progenitors, we compared the CAG-
EGFP system to recently discovered cardiomyocyted eardiac precursor cell surface
markers such as SIRPA, VCAM1 and ALCAM. Based onfindings, CAG-EGFP" cells
emerge earlier than SIRPA positive cells, but dyriarther differentiation CAG-EGPE"

progenitor cells upregulate these cardiomyocytekerar



4. Examining different culture conditions for isolated CAG-EGFP"" cardiac progenitors

To further investigate CAG-EGE®' cells, culture conditions needed to be tested
allowing re-culture and further differentiation thfe isolated cells. Two different monolayers
and a 3D suspension culture were tested in combmatith two different culture media to
compare theirability for supporting cardiac differentiation GFAG-EGFP'" cells. QPCR
analysis revealed that the cardiac differentiapotential can be best supported wi@hG-

EGFP"" cells are cultured as 3D aggregates in conventitiffarentiation medium.

5. CAG-EGFP"" cardiac progenitors give rise to a relative pure population of
cardiomyocytes

In order to further examine the potential of the GEGFP'Y" cells, isolated CAG-
EGFP'9" and CAG-EGFB" cells were plated in suspension cultures eithedan10 or day
12 of the differentiation, and maintained as rERs everal weeks in conventional
differentiation medium. Spontaneous contractilevéagtwas first detected at 25 days after the
formation of CAG-EGFP" rEBs (approx. 30% of CAG-EGE®' rEBs contracted), while
CAG-EGFP" rEBs did not show any contractile activity. MoreovCAG-EGFP" (EBs
expressed significantly higher levels of cardiaecific genes than CAG-EGEP rEBs, and
these transcriptional levels were several fold éigihan those of the initially isolated CAG-
EGFP"" cells, implying maturation of the CAG-EGE® cardiac progenitors into CMs.

6. Enhanced culture conditions for supporting the growth of CAG-EGFP"" rEBs without
losing cardiac commitment

Reaggregation properties of isolated cells weratixadly poor, since one day after the
sorting procedure a large amount of single cells detectable, floating around the forming
CAG-EGFP" rEBs. Reaggregation and survival properties of €CBGFP"" progenitors
could be enhanced by treatment with ThiazovivilR@CK inhibitor or by the use of a
medium conditioned by END-2. END-2 is a mouse vigcendoderm cell line, known for
secreting cardioinductive molecules and directdtierentiation of hESCs into the cardiac
lineage. However, in our hands the cardioinductffect of END-2 was not detectable and
long-term treatment with Isoproterenol, a beta-adrg agonist was needed to support the
cardiogenic potential of CAG-EGER progenitors when cultured in END-2 conditioned

medium as 3D aggregates.



Conclusions

1. The CAG promoter-driven EGFP reporter systemblesa the selection of
transgene-expressing hESCs. Moreover, cardiomyscgtferentiated from CAG-EGFP
expressing hESCs can be easily identified baseth@n extremely high EGFP expression
due to the cardiac tissue-specific transcriptiamadegulation of the CAG promoter. These
two features of this CAG promoter variant led te ttesignation as a “double feature
promoter”.

2. Directed differentiation of human embryonic steslls results in enrichment of
CAG-EGFP" progenitors.

3. The CAG-EGFP system offers the advantage toatisdNKX2.5°" cardiac
progenitor cells. During differentiation CAG-EGHEP cardiac progenitor cells upregulate
cardiomyocyte markers, such as SIRPA, VCAM1 and AMC

4. Isolated CAG-EGFP" cardiac progenitors are able to maintain theirdiear
commitment during differentiationwhen cultured as 3D aggregates in conventional
differentiation medium.

5. CAG-EGFPY" progenitor cells can generate spontaneously ocitigp 3D
aggregates. These rEBs contain more than 90% afreneérdiomyocytes and show enhanced
NKX2.5 andMYL7 transcription. CAG-EGFP" cells possess a more restricted differentiation
potential than previously described cardiovascydesgenitor cells, since CAG-EGRE®
cardiac progenitor cells give rise to smooth musmE#és and atrial myocytes, but fail to
differentiate into endothelial cells under 3D cud#twonditions.

6. Reaggregation and survival properties of CAG-BE progenitors can be
enhanced by Thiazovivin or by the use of an ENDditioned medium, resulting rEBs with
larger size than under control conditions. In oands the cardioinductive effect of END-2
was not detectable and Isoproterenol, a beta-adyemgonist was needed to support the
cardiogenic potential of CAG-EGER' progenitors when cultured in END-2 conditioned
medium as 3D aggregates.

The application of this “double-feature” promotprovides a unique opportunity to
examine the selective markers, including cell sigfaroteins of the cardiac lineage from

early cardiac progenitors to late CMs and allowsfigation and enrichment of cardiac cells.
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