To identify the chromosomal transgene integration sites, fluor-
escence in situ hybridization (FISH) was performed. Consistent with
the Southern blotting analysis, the FISH results showed several integ-
ration sites in the chromosomes of peripheral blood mononuclear
cells (MNCs), and further showed that each infant had different trans-
gene integration patterns with patterns the sometimes varied among
different MNCs (Supplementary Fig. I and Supplementary Data 3).In
584, four transgene integration sites were seen, on chromosomes 2, 7
and 13; in 587, two distinct signals were recognized in the peripheral
blood lymphocyte DNA, on chromosomes 3 and 12. No signal was
detected in the peripheral blood lymphocyte samples from 588, and
several transgene integration patterns were seen in 594 and 666. Infant
594 had at least three different transgene integration patterns, and
more than six patterns may have occurred. Infant 666 showed the
largest number of integration patterns, up to 13. Moreover, although
this animal was male, of the 13 investigated karyograms, eight samples
were of the female karyotype, owing to haematopoietic chimaerism
caused by blood exchange with his twin, 594.

Expression of the EGFP transgene

EGEP messenger RNA was detected in the hair roots of all the infants
except 588 and in the peripheral blood cells of 584 and 587, by RT-
PCR. Transcription of the EGFP gene was indicated in all of the
placental samples, 584, 588 and 594/666 (Fig. 3a—).

To assess EGFP expression in tissues, EGFP fluorescence was
examined directly by fluorescence microscopy, and immunohisto-
chemical analysis of the hair roots, frozen sections of a small piece of
ear tissue, and placenta samples was performed (Fig. 3d-g). EGFP
was strongly expressed in the epidermal cells of the ear tissue and
stromal cells of the placenta. In all of the animals except 588, EGFP
expression was observed in the hair roots and skin. Placental samples
from 584 and 588 also showed high levels of EGFP, but it was unde-
tectable in 594/666 (Supplementary Figs 2—4).
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Figure 3 | Transgene transcription and expression inseveral infant tissues.
a—c, RT-PCR results from hair roots (a), peripheral blood (b) and placenta
(c). Each lane indicates the animal number. d-g, Immunohistochemical
(d, f) and epifluorescence (e, g) analyses using an anti-EGFP antibody, of

Peripheral blood samples were subjected to flow cytometric analysis
using a FACScant. FACS analysis showed EGFP-positive peripheral
blood MNCs in 584 and 587. The proportion of EGFP-positive cells
was 15.7 and 19.1%, respectively (Fig. 3h). The flow cytometry results
corresponded well with those from RT-PCR. Among the peripheral
blood cells, the EGFP-positive percentage of granulocytes, lympho-
cytes and monocytes was 34.5, 3.3 and 18.0% in 584, and 47.7, 4.6 and
20.0% in 587, respectively (Supplementary Fig. 5).

Germline transmission of the transgene

At the moment when two of the animals (666 and 584) became
sexually mature, the transgene expression in their gametes was ana-
lysed. Semen samples were collected from 666, and live spermatozoa
were obtained by the swim-up method in TYH medium. RT-PCR
analysis demonstrated the presence and expression of the transgene in
the germ cells of 666 (Fig. 4a). IVFEs were then performed using semen
collected from 666 and wild-type oocytes to analyse the fertility of the
germ cells carrying the transgene. Fluorescence microscopy showed
that 20-25% of the IVF embryos strongly expressed EGFP, as shown in
Fig. 4b. Furthermore, three pre-implantation live natural embryos
were collected from female animal 584, and one of these embryos
strongly expressed EGEP. The IVF embryos from 666 and two of the
natural blastocyst embryos from 584 were shown to express the EGFP
transgene by RT-PCR (Fig. 4a). Three EGFP-positive IVF embryos
from the male animal (666) were then transferred into a surrogate
mother. One neonate (687) was delivered at full term by caesarean
section, and this neonate carried the EGFP gene and expressed the
transgene in skin (Fig. 4c— ), but not in the placenta and hair.

Discussion

To our knowledge, this is the first report of transgenic non-human
primates showing not only the transgene expression in somatic tissues,
but also germline transmission of the transgene with the full, normal

Negatii/e control

100um § 588

frozen ear tissues (f, g) and placentae (d, e). Scale bars, 100 um. h, Results of
FACS analysis using whole peripheral blood cells. The percentage of EGFP-
positive cells is shown in the top right of each panel.

525

©2009 Macmillan Publishers Limited. All rights reserved



a Sperm Embryo

100 pm

Skin

e 687

Figure 4 | Germline transmission of the transgene. a, RT-PCR analysis of
spermatozoa and IVF embryos from 666, and natural embryos from 584.
RT— denotes the absence of reverse transcriptase as a control, b, Bright-field
and dark-field of epifluorescence images of IVF embryos. EGFP-positive IVF
embryos produced with 666 spermatozoa are indicated by white arrows.

¢, PCR (top panel) and RT-PCR (bottom panel) analysis of the tissues from
the F, neonate. d, Photograph of the F, offspring (687) from 666.

e, Haematoxylin and eosin (H&E) staining and epifluorescence imaging of
frozen skin tissue from the neonate. WT, wild-type control.

development of the embryo. We obtained five transgenic marmosets,
four of which expressed the transgene in several somatic cell lineages,
such as hair root, skin fibroblast and peripheral blood cells. The
remaining animal expressed the transgene only in the placenta. Two
of these animals reached sexual maturity and showed the transgene
insertion and expression in germ cells. Epifluorescence microscopic
observation and RT-PCR analysis of embryos generated by transgene-
bearing gametes strongly indicated that the transgenic germ cells from
animals 666 and 584 were fertile, and this was proved for the male
(666) who fathered one healthy, transgenic infant (687) with the
transgene expression in the somatic cells. These findings suggest
that it should be possible to establish transgenic non-human primate
colonies, opening the door to their use in biomedical research.

Because the manipulation of embryos for viral injection and their
subsequent culture may affect embryonic development, the birth rate
after embryo transfer (6.25%) was lower than that for normal
embryos (30.7%, data not shown). The miscarriage rates were not
significantly different between embryonic transfers performed using
normal embryos (28.6%) and transgenic embryos (42.6%). Despite
considerable effort, transgenic marmosets have not been produced by
DNA pronuclear microinjection. The production rate that we
obtained using lentivirus (5.26-6.25%) suggests that our technique
is sufficiently effective for the production and use of genetically
modified marmosets as human disease models.

The 100% birth rate of transgenic marmosets achieved in the present
study could be due to several technical advantages. First, we used EGFP
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as the transgene, enabling us to monitor the presence and expression of
the transgene at each experimental step in live embryos and the trans-
genic animals. Accordingly, we were able to select unambiguously
EGFP-expressing embryos for transfer into surrogate mothers. This
selection was effective, not only for increasing the birth rate of trans-
genic animals, but also for reducing the number of surrogate mother
animals needed.

Second, we used pre-implantation embryos obtained by natural
intercourse, high-titre lentiviral vectors, and 0.25 M sucrose solution
as a medium for injection. Even though the birth rates (birth per
embryonic transfer) were no different between IVF and natural
embryos, the fertilization rate of the germinal vesicle-stage oocytes
was quite low. Because it is difficult to collect large quantities of
oocytes, it was advantageous to use marmoset natural embryos. To
inject as much lentiviral vector as possible into the perivitelline space,
the embryos were placed in 0.25M sucrose medium at the time of
lentiviral vector injection, which expanded the volume of the perivi-
telline space 1.2-7.5-fold. For example, the estimated volume of the
perivitelline space of one marmoset pronuclear stage embryo was
approximately 31.5 pl, but when placed in 0.25 M sucrose medium,
it expanded to about 231pl. A high titre of the lentiviral vector
solution was used so that many lentiviral vector particles were
injected into the expanded perivitelline space; approximately
1.3X10°~1.3 X 10° transducing units of lentiviral vector were
injected in this study. Each of these steps probably contributed to
the successful production of transgenic marmosets.

The high number of injected lentiviral vector particles resulted in
several transgene integrations, as observed by Southern blot analysis
and FISH. The embryos injected with the transgene before the four-
cell stage (584 and 587) showed fewer than four copies of the trans-
gene per genome by Southern blotting and FISH. The three other
embryos (588, 594 and 666), which received the injection at the
morula stage, exhibited several integrations of the transgene by
Southern blotting and FISH. As the FISH analysis was performed
using only peripheral blood MNCs, other patterns of transgene integ-
ration cells may have existed in other tissues. The FISH results for 666
were consistent with this hypothesis, as the integration sites in the
chimaeric blood MNCs from his twin, 594, were different from those
in the blood MNCs of 594.

The lentiviral vector used in the present study can be used to
transmit only relatively small transgenes, 8.5kilobases of DNA or
less. Therefore, further study will be necessary to enable the intro-
duction of larger transgenes into marmoset embryos. Furthermore,
to study human diseases involving the malfunctions of specific genes,
targeted gene-knockdown marmosets could be developed using RNA
interference (RNAI) lentiviruses.

The results of the present study indicate that transgenic marmosets
may be used as experimental animals for biomedical research.
Recently, somatic cell nuclear-transferred embryonic stem cells from
the rhesus macaque and induced pluripotent stem cells from adult
human fibroblasts were reportedly established'*~**. Those studies indi-
cated that the obstacle caused by immunogenetic incompatibility has
at least theoretically been resolved, and that a new era of regenerative
medicine using somatic cell nuclear-transferred embryonic stem cells
in primates' or human induced pluripotent stem cells'>'>'* has
become possible. However, before such stem cells can be used in
clinical applications, preclinical assessments of their safety and efficacy
are essential. We previously reported that marmosets with injured
spinal cords can recover motor function after the transplantation of
human neural stem/progenitor cells'®, highlighting the usefulness of
the marmoset for assessing the safety and efficacy of, not only these
cells, but also of other stem cells, such as human embryonic stem cells'”
or induced pluripotent stem cells. Human disease models in non-
human primates have so far been limited to mechanical injury models
(for example, spinal cord injury'®) and drug administration models
(for example, MPTP-induced Parkinson’s'**®). The only transgene-
induced primate disease model is of Huntington’s disease’, in rhesus

©2009 Macmillan Publishers Limited. All rights reserved



monkeys expressing a mutant human huntingtin gene. In that report,
although the transgene was inserted into the genome of founder
infants and its expression was detected in post-mortem animals, the
germline transmission of the transgene has not yet been confirmed”.
Thus, at this point, it is not certain how reproducible the effects of
various therapeutic interventions would be using a large number of
animals.

The technique by which we achieved transgene expression in several
tissues, along with germline transmission, may provide the means to
obtain genetically modified non-human primate models for trans-
lational research, investigations of regenerative medicine and gene
therapy, and clarification of the scientific gaps among transgenic mice,
human disease models, and real human diseases.

METHODS SUMMARY

All animal experiments were approved by the institutional animal care and use
committee, and were performed in accordance with Central Institution for
Experimental Animal (CIEA) guidelines.

To obtain oocytes, recombinant human follicle stimulating hormone (r-
hFSH; 50 international units (IU); Fertinome, Serono) was administered daily
by intramuscular injection for 11 days. Human chorionic gonadotropin (hCG;
751U; Gonatropin, Teikoku-zouki) was administered by intramuscular injec-
tion at 17:30 on day 12. On day 13, the animals were anaesthetized and follicular
aspiration was performed surgically, Oocytes were incubated for 24h at 38°C,
5% CO, in air, for in vitro maturation. After incubation, only matured oocytes
(metaphase IT) were collected and used for IVE.

Ejaculated semen was collected in TYH medium (Mitsubishi Kagaku Iatron),
using a Ferti Care personal vibrator. Hyaluronidase-treated oocytes were placed
in 70-p1 drops of TYH, and an aliquot of sperm (4 X 10°) was added to each
oocyte incubation drop. After 26-30h of insemination, the fertilized oocytes
were placed into ISM1 (Medicult) medium, and lentiviral vector injection was
performed in 0.25 M sucrose.

Natural embryo collection was performed as previously described®'. Embryos at
the pronuclear-to-morula stage were placed in 0.25 M sucrose supplemented PB1
medium (Mitsubishi Chemical Medience Corporation) and injected with lenti-
viral vector. Blastocysts were not treated with sucrose. Lentiviral vector injection
was performed using an Eppendorf Femto]et express and a Narishige microma-
nipulator. The embryos were cultured until GEP expression was confirmed.

The ovulation cycles of donor and recipient animals were synchronized, and
EGFP-expressing embryos were transferred as previously described””. After
embryo transfer, the recipients were tested for pregnancy by plasma progesterone
once a week, The resulting infants were analysed for transgene integration, tran-
scription and expression, by real-time PCR, Southern blot analysis, RT-PCR,
immunohistochemical analysis, FACS and FISH.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Animals. Adult common marmosets more than 2 years old were obtained froma
marmoset breeding colony for experimental animals. Female marmosets with
normal ovarian cycles were paired with intact males for natural embryo collec-
tion. Recipient females were paired with vasectomised males or intact females.
This study was approved by the Institutional Animal Care and Use Committee of
CIEA, and was performed in accordance with CIEA guidelines.

In vitro fertilization. Semen was collected as previously described for common
marmosets™. Ejaculated semen was collected in TYH medium (Mitsubishi
Kagaku latron) and washed twice with TYH, The semen was placed in a CO,
incubator for 10 min in a test tube inclined at a 30° angle to allow the sperm to
swim up. Hyaluronidase-treated metaphase-Il-arrested oocytes were insemi-
nated with a final concentration of 5 X 10° sperm m!l™' for 26-30h, Fertilized
embryos were cultured in ISM medium (Medicult, Nosan Corp.).

Embryo collection and transfer. Embryo collection and transfer were performed
as previously described®. After embryo transfer, the recipients were monitored
for pregnancy by measuring their plasma progesterone once a week until the
pregnancies could be monitored by transabdominal palpation of the uterus.
Lentiviral vector preparation and transduction. The lentiviral vectors were
produced as previously described®. The medium containing viral particles was
spun at 4 °C, 50,000g for 4 h, and the viral pellet was then resuspended in ISM2
medium, in 1/1,000 of the volume of the original lentiviral vector supernatant.
To measure the lentivirus titre, serially diluted (1072 to 107?) lentiviral vector
was used to infect 10° 293T cells. The number of EGFP-positive cells was counted
by FACS to quantify the titre.

Pronuclear-to-morula stage embryos were placed in 0.25 M sucrose supple-
mented PB1 medium (Mitsubishi Chemical Medience Corporation), and the
virus was injected into the perivitelline space. For blastocyst embryos, the viral
vector was injected into the blastocoel. All viral injections were performed using
an Eppendorf FemtoJet Express and a Narishige micromanipulator.

Southern blot analysis. Five micrograms of genomic DNA was digested with
BamHI for animals that had been injected with CAG-EGFP, and with EcoRI for
those that had been injected with CMV-EGFP. The digested genomic DNA was
separated on a 0.8% agarose gel and transferred to a Hybond-N+ nylon mem-
brane (GE Healthcare Biosciences). Southern blot analysis was performed using
the DIG system (Roche Diagnostics K.K.), according to the manufacturer’s
protocol. CMV-EGFP was digested with EcoRI and then labelled with DIG using
the PCR DIG probe synthesis kit, according to the manufacturer’s instructions
(Roche Diagnostics K.K.).

RT-PCR. To detect EGFP gene expression, EGFP5-5 (5'-GCACAAGCTGGAGT
ACAACTACAACAGC-3') and EGFP3-1 (5'-TCACGAACTCCAGCAGGACC
AT-3') primers were used. To detect B-actin expression, B-actin 001 (5'-TCCTG
ACCCTGAAGTACCCC-3’) and B-actin 002 (5'-GTGGTGGTGAAGCTGTA
GCC-3') primers were used. PCR was performed for 35 cycles of denaturation
at 94 °C for 30 5, annealing for 30's at 58 °C for EGFP primers or 62 °C for B-actin
primers, and elongation at 72 °C for 30s.

To detect EGFP gene expression in germ cells and neonatal tissues, PCR was
performed using the EGFP5-4 (5'-CAAGGACGACGGCAACTACAAGACC-3')

and EGFP3-3es (5'- GCTCGTCCATGCCGAGAGTGA-3') primers. Then, 1l
of the PCR products was re-amplified with the EGFP5-6 (5'-TCGAGCTGA
AGGGCATCGAC-3') and EGFP3-1 (5'-TCACGAACTCCAGCAGGACCAT-
3') primers. To detect B-actin expression, the PCR primers B-actin 003
(5'-TGGACTTCGAGCAGGAGAT-3') and B-actin 006R (5'-CCTGCTTGCTG
ATCCACATG-3") were used. Then, 0.5 pl of the PCR products was re-amplified
with the 004 (5'-TCCCTGGAGAAGAGCTATG-3') and 005R (5'-GAGC
CACCAATCCACACTGA-3") primers. PCR was performed for 30cycles of
denaturation at 98 °C for 10 s, annealing at 60 °C for 105, and elongation at
72°C for 30s.

Immunohistochemical analysis, Tissues were embedded in OCT compound,
frozen in liquid nitrogen, and sliced into 5-pim sections, which were fixed in 4%
paraformaldehyde for 30min at 4°C. Endogenous peroxidase activity was
quenched using 0.03% hydrogen peroxidase for 30 min at room temperature.
The slides were blocked with 10% goat serum (Nichirei) for 10 min at room
temperature and then reacted with the rabbit anti-GFP polyclonal antibody
(A.v. peptide antibody, BD Bioscience) overnight at 4 °C. The slides were incu-
bated with the biotinylated secondary antibody Simple Stain Mouse MAX PO
(Nichirei) for 30 min at room temperature. The bound antibodies were detected
with DAB (3,3-diaminobenzidine tetrahydrochloride) horseradish peroxidase
complex. The samples were then stained with H&E and examined by microscopy.
FACS analysis. Whole blood cells were washed with PBS and suspended in
0.13 M NH,CI. The pellet was incubated with the mouse IgG1 anti-marmoset
CD45, 6C9 antibody for 30 min on ice?’, then mixed with an allophycocyanin
(APC)-labelled anti-mouse IgG antibody, and incubated for 30 min on ice. The
sample was washed with PBS and resuspended in 200 pl of propidium iodide
solution, FACScant analysis was then performed.

Fluorescent in situ hybridization. Peripheral blood samples were cultured in
RPMI 1640 containing phytohaemagglutinin, concanavalin A, lipopolysacchar-
ide, and 2-mercaptoethanol for 2-3 days. After 2-3 h of incubation with BrdU
(final concentration 30 ugml™"), colcemid (final concentration 0.02 pgml™})
was added to the medium, and the samples were incubated for another 2h.
After lymphocyte fixation, the cells were spread on slides and air-dried overnight,
then stained with Hoechst 33258 and treated with ultraviolet light. CAG-EGFP
was labelled with digoxigenin-11-dUTP as a probe, and hybridized at 37 °C over-
night, After stringent washes, the bound label was detected using anti-Dig-Cy3.
For karyotyping, Leica CW4000 FISH and Leica CW4000 Karyo were used.
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CD73, a Novel Cell Surface Antigen That Characterizes
Retinal Photoreceptor Precursor Cells

Hideto Koso, Chibaru Minami,'* Yoko Tabata,' Mariko Inoue," Erika Sasaki,”

Shinya Satoh,* and Sumiko Watanabe'

Purrose. The authors sought to identify cell surface markers of
photoreceptor and its precursor cells.

MerHops. The expression of surface CD antigens that label
both temporally and spatially distinct populations of mouse
retinal cells were examined. Of the antibodies that showed
positive signals in retinal cells, CD73 was focused on for more
detailed analyses.

Resurts. Mouse retinal subpopulations that expressed CD73
first appeared around birth and subsequently increased dramat-
ically in number, eventually representing more than 90% of the
retinal cells in the adult. CD73" cells were postmitotic and
mostly rhodopsin-negative at postnatal day 1. However, in the
adult retina, most of these cells expressed rhodopsin but not
s-opsin. In reaggregation cultures, CD73™ cells differentiated
into rhodopsin-positive cells more rapidly than CD73™ cells,
which supports the idea that CD73 is an early photoreceptor
lineage marker. The effects of ectopic expression in retinal
cells of Nrl and Crx, both of which are transcription factors
known to be expressed in photoreceptor lineage, suggest that
CD75 is genetically downstream of Crx in the rod cell differ-
entiation lineage. Adult retina of the common marmoset mon-
key also showed correlation of the expression pattern of rho-
dopsin and CD73.

ConcrLusions. CD73 is a cell surface marker of cone/rod com-
mon precursors and mature rod cells in mice and is genetically
localized between Nil and Crx. The expression of CD73 was
conserved in primate rod cells, and CD73 provides an useful
tool to purify photoreceptor cells for transplantation aimed at
the regeneration of photoreceptors. (Invest Opbthalmol Vis
Sci. 2009;50:5411-5418) DOI:10.1167/i0vs.08-3246

he vertebrate neural retina consists of six types of neurons

and one type of glial cells, which are organized into a
laminar structure. The outer nuclear layer (ONL) consists of
photoreceptors, and specific loss of these cells causes several
severe retinal diseases, among them retinitis pigmentosa.’?
Regeneration of photoreceptor cells is an important step in the
regeneration of vision, and considerable effort is being in-
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vested in understanding these processes. The isolation of reti-
nal progenitor cells or precursors of the photoreceptors lin-
eage is one of the strategies used to achieve neural retina
regeneration by transplantation.> However, these cell popula-
tions have not yet been adequately characterized, in part be-
cause of a lack of markers that can be used to identify the
distinct stages and lineages of retinal cells. Although the pat-
terns of expression of transcriptional factors reported to be
involved in retinal development may reflect the developmental
stage, these molecules are intracellular, which limits their use-
fulness for cell enrichment. Therefore, it is important to define
surface markers that can be used to label specific retinal cell
subpopulations. Surface antigens permit the isolation of a spe-
cific subset of cells from a cell mixture without damaging the
cells, which facilitates the characterization of cell lineages and
the identification of factors that regulate cell proliferation and
differentiation. We evaluated candidate markers using flow
cytometry and cell sorting in combination with retinal in vitro
cultures. We screened the mouse retina at various developmen-
tal stages for reactivities with a panel of antibodies directed
against cell-surface antigens and obtained unique expression
patterns for more than 30 antigens. Among these, SSEA-1
(CD15) and ckit (CD117) have been shown previously to
represent the early and late immature stages of retinal progen-
itor cells, respectively.®>

In the present study, we focused on the CD73 antigen, the
expression of which was seen to increase concomitantly with
retinal development. CD73, which is also known as ecto-5'-
nucleotidase, is a 70-kDa glycosylphosphatidylinositol (GPD-
anchored cell surface molecule that catalyzes the extracellular
conversion of 5'-adenosine monophosphate to adenosine.>’
We identified CD73 as a marker of the early stages of the
photoreceptor lineage. CD73 is assumed to be localized genet-
ically downstream of Crx. This is the first report describing a
cell surface marker of immature photoreceptor cells.

MATERIALS AND METHODS

Mice, Common Marmoset, and Cultures

EGFP transgenic mice, which were kindly provided by Masaru Okabe
(Osaka University, Japan),®® were maintained in a C57BL/6J back-
ground. ICR mice were obtained from Japan SLC. Common marmoset
was maintained in the Central Institute for Experimental Animals
(CIEA) in accordance with CIEA guidelines. Retinal explant cultures
and reaggregation cultures were prepared as described previously*'°
and were infected with retroviruses as described previously.'®!! All
animal experiments were approved by the Animal Care Committee of
the Institute of Medical Science, University of Tokyo and adhered to
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Fluorescence-Activated Cell Sorting

Neural retinas were isolated and dispersed to single cells using trypsin
and were stained with antibodies, as described previously.? The fol-
lowing antibodies were used: anti-CD73 (BD Bioscience, Franklin
Lakes, NJ), anti-Ki67 (BD Biosciences), anti-Rho4D2 (kind gift from
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Robert Molday, University of British Columbia, Canada), anti-Nestin
(BD Biosciences), anti-PNR (Perseus Proteomics, Tokyo, Japan), and
anti-protein kinase C (anti-PKC; Oncogene Research Products, San
Diego, CA). Nonlabeled antibodies were visualized with the appropri-
ate secondary antibody conjugated with Alexa488 (Molecular Probes,
Eugene, OR). At least 10,000 events for healthy cells were analyzed
(FACSCalibur; BD Biosciences). Cell sorting was carried out (FACSVan-
tage or FACSAria; BD Biosciences), as described previously,“ and re-
sults (FACSAria; BD Biosciences) were replotted (FlowJo software;
Tree Star, Ashland, OR)

Construction and Immunostaining

The full-length ¢DNAs of the mouse Crx, Nrl, and CD73 genes were
cloned by polymerase chain reaction (PCR) according to the sequences
in the database using mouse retinal cDNA. The PCR products were
cloned into a vector (pGEM-T-Easy; Promega, Madison, WI), and the
inserts were subcloned into the pMX-IRES-EGFP retrovirus vector.'”
Immunostaining for sectioned or dissociated retinas was performed as
described previously.*!° The primary antibodies used were anti-CD73,
anti-rhodopsin (Rho4D2), anti-s-opsin (Chemicon, Temecula, CA), anti-
glutamine synthetase (Chemicon), and anti-m-opsin (Chemicon). The
primary antibodies were visualized using the appropriate secondary
antibodies conjugated to Alexa-488 or Alexa-546 (Molecular Probes).
DAPI was used for nuclear staining. Samples were mounted (Vecta-
Shield; Vector Laboratories, Burlingame, CA) and analyzed under a
microscope (Axioplan; Zeiss, Thornwood, NY).

RT-PCR

Total RNA was purified from CD73% and CD73™ retinal cells using the
reagent (TRIZOL; Gibco BRL, Grand Island, NY), and cDNA was syn-
thesized by reverse transcriptase (Superscript II; Gibco BRL). All the
primer sets were tested for different numbers of cycles (25-35 cycles)
using rTaq (Takara, Shiga, Japan), and the semiquantitative cycle num-
ber was determined for each primer set. DNA bands were visualized
with ethidium bromide.

REsuULTS

Characterization of CD73" Cells in the
Developing Retina

By screening the expression patterns of various CD antigens in
the mouse retina at various developmental stages, we noted
that the expression levels of some antigens changed as retinal
development progressed. The expression of the CD73 antigen
increased dramatically with retinal development. Initially, we
examined CD73 expression in the mouse neural retina at var-
ious developmental stages using flow cytometry (Fig. 1A).
CD73 expression was not detected in the retina at embryonic
day (E) 14 and was first observed in approximately 10% of the
cells derived from an E16 mouse (Fig. 1A). The population of
CD73-expressing cells increased along with mouse develop-
ment until postnatal day (P) 6, and 90% of the cells in the adult
mouse retina expressed CD73.

Double immunostaining of CD73 and Ki67, which is a
nuclear cell proliferation-associated antigen,'”> showed that
CD73 expression in postmitotic cells (Fig. 1B). However, be-
tween 10% and 20% of CD73" cells are Ki67/CD73 double
positive at P1 and E17 (data not shown), suggesting that retinal
progenitor cells begin to express CD73 at the end of their
proliferative stage. We also examined whether CD73™ cells
had the characteristics of differentiated lineages of the retinal
subpopulation by costaining. Nestin is expressed in neural
progenitor cells.'> None of CD73™ cells coexpressed nestin at
P9, which confirms that the CD73™ cell fraction is enriched for
differentiated cells. PKC, which is a marker of bipolar cells,
was expressed only in a negligible fraction (3%) of the CD73'°™

IOVS, November 2009, Vol. 50, No. 11

cells at P9 (Fig. 1C). Similar results were obtained by staining
adult retinal cells with antibodies against CD73 and PKC or
Islet-1, which are markers of bipolar or amacrine cells, respec-
tively (Fig. 1D). In addition to these results, our immunostain-
ing data do not support the idea that CD73 is expressed in
retinal cells other than rod photoreceptors. However, our
observation that 85% to 90% of the adult retinal cells were
CD73™" by FACS analysis is higher than the generally accepted
value for rod photoreceptors (70%). One possible explanation
for this discrepancy is the selective loss of retinal cells other
than rod photoreceptors during the preparation of single cells
by dissociation for FACS analysis.

Rod photoreceptor cells express rhodopsin and repre-
sent the largest of the retinal cell subpopulations; these cells
differentiate during the last stage of retinal development.'*
More than 80% of the retinal cells were rhodopsin positive
at P9, and the most of these cells were double positive for
rhodopsin and CD73 (Fig. 1F), which suggests that CD73 is
a marker of rhodopsin-positive cells. Previous reports dem-
onstrated the expression of 5'-nucleotidase enzyme activi-
ties in photoreceptor cells of the rat retina,'” which is
consistent with our present results. Therefore, we examined
in more detail the coexpression of CD73 and rhodopsin
during retinal development. Retinal cells from mice at P1,
PG, and P9 were dissociated and immunostained with the
anti-CD73 and anti-rhodopsin antibodies. Some of the cells
were replated and used for immunohistochemistry with the
same set of antibodies (Fig. 1E). Less than 30% of the CcD73*
cells expressed rhodopsin in P1 mouse retinas, and more
than 50% of the CD73" cells expressed rhodopsin in PG
mouse retinas. Interestingly, although a significant number
of CD73% cells were observed at PG, not all cells were
rhodopsin-positive cells at this stage (Fig. 1F). At the more
advanced stage of P9, most of the cells were double-positive
for CD73 and rhodopsin (Figs. 1E, 1F), and less than 10% of
the cells in the P9 and adult samples were rhodopsin-posi-
tive/CD73-negative. We attempted to characterize these
cells; however, we have no explanation for our observation.
Taken together, these results suggest that retinal cells that
commit to the rod photoreceptor cell lineage initially ex-
press CD73 and subsequently become double-positive for
CD73 and rhodopsin. To examine this hypothesis at the
transcriptional level, we examined the temporal transitions
of mRNA expression of CD73 and rhodopsin by semiquan-
titative RT-PCR (see Fig. 4C). Weak expression of CD73
mRNA was observed in the retina at E16, and the strength
was increased until P5, which is consistent with the transi-
tion of CD73 protein expression revealed by FACS analysis.
This suggests that the expression of CD73 is regulated
mainly at the transcriptional level. The onset of CD73 ex-
pression occurred earlier than that of rhodopsin, which
supports the idea that CD73 is an earlier marker than rho-
dopsin of the photoreceptor lineage.

We also examined the spatial localization of CD73™ cells in
the developing retina by immunohistochemistry and compared
this expression pattern with that of rhodopsin (Fig. 1G). In P1
retinas, CD73 was observed in the outer half of the neuroblas-
tic layer, which corresponds to the area in which the photo-
receptors start to differentiate. At P5, the ONL became visible,
and CD73 expression was evident throughout the ONL. When
we examined adult mouse-derived retinas, CD73 expression
was strong and widespread in the ONL nucleus and in the
outer region of the nucleus, and rhodopsin expression was
strong in the outer region of the ONL, which corresponds to
the outer segment of the photoreceptor. Although a previous
study reported the expression of CD73 in Miiller glial cells,'®
we did not observe the expression of CD73 in the inner
nuclear layer (INL), in which the Miiller glial cell body is
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Ficure 1. Characterization of CD73
expression. (A) Flow cytometric
analysis of the expression of CD73 at
varjous developmental stages of the
mouse retina. The dot plot patterns
of side scatter (§8C) versus CD73 are
shown. (B-D) Contour plot patterns
of double staining of the mouse ret-
ina at P1 with anti- CD73 versus anti-
Ki67 (B), and of the mouse retina at
the P9 stage with antibodies against
nestin, protein kinase C (PKC) (O),
and at the adult stage with antibodies
against PKC and islet-1 (D). () Co-
expression of CD73 (red) and rho-
dopsin (green) in dissociated retinal
cells was examined. Retinal cells at
the indicated stages were dissociated
on the plate and immunostained
with anti-CD73 and anti-rhodopsin
antibodies. DAPI was used to stain
the nuclei. Left: views under the mi-
croscope of samples derived from P9
mice. Right: the percentages of rho-
dopsin/CD73  double-positive  sub-
population of CD73™ cells are
shown. (F) Contour plot pattern of
double-staining for CD73 and rho-
dopsin of a retina at P6, P9, and
adult. (G) Immunostaining for CD73
and rhodopsin of frozen-sectioned
retina derived from mice at P1, P5,
and aduithood. GCL, ganglion cell
layer; NBL, neuroblastic layer; INL,
inner nuclear layer; ONL, outer nu-
clear layer. (H) Double-staining of
mouse retinal cells at the P2 stage
with anti-CD73 (red) and anti-s-opsin
(green) antibodies.
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focalized, at any of the stages examined (Fig. 1G and data not
shown). This notion was confirmed by the lack of expression
of mRNA of glutamine synthetase (GS), which is a marker of
Miiller glial cells, in the purified CD73™ cell population (see
Fig. 4A). Because GS antibody cannot be used for FACS analysis
(data not shown), we examined its expression in dissociated
CD73" retinal cells derived from P15 mice and found that only
a negligible number (1/150 CD73" cells) of GS/CD73 double-
positive cells was observed, further supporting this notion. In
the ONL, in addition to the rod cells, cone cells were detected.
We examined whether CD73 was expressed in cone cells by
double immunostaining the adult mouse retina with the cone
marker s-opsin and CD73. We found that CD73" cells never
expressed sopsin (Fig. 1H). However, when we used semi-
quantitative RT-PCR to examine the expression of s-opsin
mRNA in CD73" and CD73 ™ cells from the retinas of develop-
ing mice, s-opsin expression was observed in both cell frac-
tions (see Fig. 4B).
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In Vitro Differentiation and Proliferation of
CD73* Cells

We next examined the differentiation and proliferation activi-
ties of isolated CD73™ cells using an in vitro culture system.
We used reaggregation cultures, which have been shown to be
an excellent model system for examining the intrinsic prolif-
eration and differentiation of retinal progenitors in vitro.*® In
this system, the cells proliferate and differentiate into rod
photoreceptor cells in a manner similar to that seen in vivo.'?
By culturing labeled donor cells with an excess number of
unlabeled host retinal cells, we could evaluate the intrinsic
proliferation and differentiation of the donor cells in a defined
environment.'® To distinguish transplanted cells from host
cells, we used neural retinas derived from EGFP transgenic (Tg)
mice®® as donor cells.** CD73* and CD73 ™ cells of EGFP Tg
mice at P1 were purified in a cell sorter (Fig. 2A) and mixed
with an excess number of dissociated unfractionated host
retinal cells from normal mice at P1 to prepare reaggregation
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Ficure 2. Differentiation of CD73™ and CD73™ cells in reaggregation
cultures. (A) Dot plot pattern of EGFP (Fl-1) versus anti-CD73 antibody
staining (PE [FI-2]) of E17 neural retina derived from EGFP Tg mice.
Whole cells displaying the pattern shown on the Jeft were fractionated
according to CD73 expression in the cell sorter, as shown in the
middle (CD73™) and right (CD73 ™) panels. The purities of the fraction
were approximately 90% and >95%, respectively. (B) Reaggregation
cultures that consisted of a mixture of donor cells and host cells were
prepared to analyze the differentiation of CD73% and CD737 cells.
CD73% or CD73™ retinal cells derived from the EGFP Tg mice at P1
were mixed with a large excess of retinal cells from normal mice of the
same age. The rhodopsin-expressing cells (%) in the EGFP-positive cell
population are shown. Reaggregation cultures were harvested at the
indicated days of culture, and the cells were replated on a chamber
glass slide and immunostained with antibodies against GFP and rho-
dopsin. The experiments were performed at least twice, with essen-
tially the same results.

cultures. When we examined the expression of rhodopsin
before starting the culture, less than 5% of CD73" cells were
rhodopsin positive, but no expression of rhodopsin was ob-
served in CD737 cells (Fig. 2B). After 3 days of culture, the
number of rhodopsin-positive cells increased, but these cells
were still only observed in the CD73™ cell reaggregates. On
day 7 of culture, nearly 60% of the CD73™ cells were rhodopsin
positive, whereas only a low percentage of the CD73™ cells
were rhodopsin positive. In this culture system, the efficiency
of cell differentiation was lower than in the in vivo situation
(using unfractionated retinal cells, the maximum percentage
we observed as rhodopsin-positive cells was 60%; data not
shown). On day 10 of culture, although the proportion of
rhodopsin-positive cells in the CD73” cell population had
increased significantly, it was far lower than the proportion of
rhodopsin-positive cells in the CD73* population. This indi-
cates that CD73™ cells are in a more advanced stage of the rod
photoreceptor cell lineage than CD73™ cells.

Role of CD73 in Retinal Rod Photoreceptor
Cell Differentiation

CD73 is an enzyme with ecto-5'-nucleotidase activity, and the
enzymatic product of CD73 is adenosine.®” Of the four types
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of adenosine receptor (A1, A2a, A2b, A3),"® A2a and A2b have
previously been reported to be expressed in the neural retina
of the rat.2%*' We examined the temporal expression of the
mRNAs for these receptors by semiquantitative RT-PCR (Fig.
3A). We found that A1 was expressed in the neural retina from
an early stage (E16) of retinal development and that the Al
expression level increased as retinal development progressed
(Fig. 3A). Very weak bands were observed for A2a and A2b in
the embryonic retina; these receptors started to be expressed
in the postnatal retina, and the expression level increased
concomitantly with development. We also used semiquantita-
tive RT-PCR of RNA samples isolated from purified CD73™ and
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FiGure 3. The roles of CD73 in retinal development. Temporal ex-
pression of mRNA for adenosine receptors in the developing retina. (A)
Semiquantitative RT-PCR for adenosine receptors Al, A2a, and A2b was
carried out using total RNA samples purified from mouse retinas at
various developmental stages. (B) The expression of adenosine recep-
tors Al, A2a, and A2b in CD73" and CD73 "~ cells at the indicated stages
was examined by semiquantitative RT-PCR. (C-F) Gain- and loss-of-
function analyses of CD73. Retroviruses that encode IRES-EGFP or
CD73-IRES-EGFP (for overexpression experiments) and CMV EGFP or
shRNA against CD73-CMV EGFP (for downregulation experiments)
were transduced into retinal explants at E16, followed by FACS analysis
of the expression of CD73 (C) and rhodopsin (D) after 14 days of
culture. () Quantitative results for rhodopsin-positive cells calculated
from (D). The rhodopsin-positive cells in the EGFP-positive cell pop-
ulation (shown in D) are expressed as the relative percentage of those
in the EGFP-negative cells population in each experiment. (F) Distri-
butions of EGFP-positive cells in the ONL, INL, and GCL. Retroviruses
that encode IRES-EGFP, CD73-IRES-EGFP, CMV-EGFP, or shRNA against
CD73-CMV EGFP were transduced into retinal explants at E16. After 14
days of culture, frozen sections were produced, and the distribution of
EGFP-positive cells in each layer was examined.
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CD73 cells at various stages to examine whether these recep-
tors were expressed in CD73* cells (Fig. 3B). Interestingly, all
three adenosine receptor subtypes were predominantly ex-
pressed in CD73" cells at P1 (Fig. 3B). At P2, weak expression
of all three receptors was observed in the CD73~ cells; at PG,
significant expression of A1 and A2a was observed in both the
CD73" and CD73" cells, and A2b was detected primarily in
the CD73™ fraction.

To examine the role of CD73 in retinal development, we
performed gain- and loss-of-function analyses of CD73 using
retinal explant culture. For the gain-of-function analysis, CD73
was expressed by retrovirus-mediated gene expression in the
retinal explant. A retrovirus that encoded the wild-type CD73-
IRES-EGFP was transduced into retinal explants prepared from
an E16 mouse. After 14 days of culture, CD73 expression was
examined by FACS analysis (Fig. 3C). The control EGFP virus-
expressing population contained both CD73" and CD73™
cells. In contrast, the CD73-IRES-EGFP virus-transduced cell
population contained only CD73" cells (Fig. 3C). In addition,
the expression level of CD73 in this cell population was higher
than that of the control samples. After 14 days of retinal
explant culture, the expression of rhodopsin was examined by
FACS analysis (Figs. 3D, 3E). In the CD73-overexpressed frac-
tion, the proportion of rhodopsin-positive cells was similar to
that observed in the control EGFP virusinfected population
(Fig. 3E). The downregulation of CD73 was achieved using
shRNA, which was introduced into the retinal explant cultures
by retroviruses. The suppression of CD73 expression was con-
firmed by FACS analysis (Fig. 3C). The levels of rhodopsin
expression were similar in the EGFP-positive and EGFP-nega-
tive cells after 14 days of culture (Fig. 3D). Once again, the
levels of thodopsin expression (Fig. 3E) and distribution of
cells into subretinal layers (Fig. 3F) were similar in the EGFP-
positive, CD73-downregulated cells and the control EGFP vi-
rus-infected cells. Taken together, these results suggest that
CD73 does not mediate autonomous cellular signals to pro-
mote rhodopsin lineage differentiation. We also examined
whether the overexpression or downregulation of CD73 af-
fects other cell lineages, such as Miiller glia, ganglion, and
amacrine cells by immunostaining with specific markers such
as glutamine synthetase and HuC/D. We did not detect signif-
icant differences between the two fractions and the controls
(data not shown).

CD73 Expressed Downstream of Crx

To analyze the detailed molecular mechanisms, we examined
the gene expression patterns of CD73% and CD73~ cells by
semiquantitative RT-PCR. As expected, rhodopsin was e€x-
pressed exclusively in CD73" fractions (Fig. 4B). Crx and Nil
are transcription factors that play important roles in photore-
ceptor cell development.**?> Nrl was observed exclusively in
CD73™" cells, whereas Crx was observed in both CD73" and
negative cells, which suggests that Crx is expressed earlier
than CD73. We also examined the expression of early retinal
progenitor markers, such as Chx1 0?4 and Hes1, and found that
they were expressed exclusively in CD73™ cells, as expected
(Fig. 4A).

We examined in more detail the time course of gene ex-
pression (Fig. 4C). We first examined the temporal transitions
of mRNA expression of CD73 and rhodopsin by semiquantita-
tive RT-PCR (Fig. 4C). Weak expression of CD73 mRNA was
observed in the retina at E16, and the strength was increased
until PS, which is consistent with the transition of CD73
protein expression revealed by FACS analysis. This suggests
that the expression of CD73 is regulated mainly at the tran-
scriptional level. The onset of CD73 expression occurred car-
lier than that of rhodopsin, which supports the idea that CD73
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FIGURE 4. Mapping of CD73 in the hierarchy of genes involved in
photoreceptor cell differentiation. (A, B) Semiquantitative RT-PCR of
CD73* and CD73™ populations from the P1 (A) and P2 and PG (B)
mouse retina. The RT-PCR products were separated in a 1% agarose gel
and visualized with ethidium bromide. G3PDH was used as a control.
The experiments were performed at least twice, for all the primers,
using independently prepared samples, with essentially the same re-
sults. (C) Kinetics of gene expression in the mouse retina. Semiquan-
titative RT-PCR was performed using RNA from mouse retinas at
various developmental stages. G3PDH was used as a control. (D, B
Effects of retrovirus-mediated expression of Crx and Nrl transcription
factors on CD73 expression. Retinal explant cultures prepared from
E16 mouse retinas were infected with retroviruses that contained
EGFP, Crx-IRES-EGFP, or Nrl-IRES-EGFP, and the cells were cultured for
4 days and then dissociated. The expression of CD73 in the EGFP-
positive and EGFP-negative cells was examined by flow cytometry. The
flow cytometric patterns (D) and the calculated values for the CD73%
cells in the EGEP-positive or EGFP-negative populations are shown (B).
The experiments were performed at least three times with essentially
the same results.

is an earlier marker than rhodopsin of the photoreceptor lin-
eage. Crx was found to be expressed even at E14, and CD73
expression started around E16 to E18. A transition in Nil
expression in the developing mouse retina was previously
reported. Bibb et al.?> reported that Nrl was expressed after
birth, whereas Akimoto et al.?® reported that Nrl was first
expressed during carly embryogenesis around El12. In our
study, Nrl and rhodopsin expression began around P1. The
difference in Nil expression between these previous studies
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and our own may be attributed to a difference in primer
sensitivity. Our results confirm that the onset of CD73 expres-
sion occurs between Crx and Nrl expression. Therefore, we
examined the role of Crx in CD73 expression. To test the
effects of Crx, we used Nrl for comparison purposes and
incorrectly expressed these genes in retinal explants derived
from E16 mice by retroviral-mediated gene transfer.'* Retinal
explants were infected with retrovirus that encoded Crx- or
Nrl-IRES-EGFP; they were cultured for 4 days, harvested, and
dissociated. CD73 expression was analyzed by flow cytometry
(Pigs. 4D, 4E). In the control EGFP virus-transfected cells,
approximately 30% of the cells expressed CD73 in both the
EGFP-positive and EGFP-negative fractions. However, in the
Crx retrovirus-infected explant samples, more than 40% of the
EGFP-expressing cells also expressed CD73, which was signif-
icantly higher than that of the control cells (Fig. 4E). In the
Nrl-expressing cell population, the proportion of CD73" cells
in the EGFP-positive fraction was almost the same as in the
uninfected parental cells or control EGFP virus-infected cells
(Figs. 4D, 4E). Taken together, these results suggest that the
activation of Crx positively regulates CD73-expressing cells
and that Crx (but not Nrl) is upstream of CD73 in the photo-
receptor development hierarchy.

CD73, a Marker for Rod Photoreceptor Cells in
Retina of Common Marmoset (Callithrix jacchus)

Finally, we asked whether our finding that CD73 is a marker for
rod photoreceptor is also applicable for primates. Retinas from
adult common marmoset were isolated, and we first examined
the expression of rhodopsin and M-opsin in the frozen sec-
tioned retina, including the fovea region. The fovea pit is
depicted at the central region of Figure 54, identified by its
unique bended structure of nuclear layers (Fig. 5B). As previ-
ously reported,?” M-opsin was predominantly expressed in the
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FIGURE 5. Expression of CD73 in
marmoset retina. (A, B) Expression
of M-opsin and rhodopsin in adult
common marmoset retina. Immuno-
staining was performed using frozen-
sectioned retina, and nuclei were vi-
sualized by DAPL (C) FACS pattern of
CD73 staining of whole retina of
adult common marmoset. Green
line: CD73 staining. Black line: con-
trol IgG staining. (D) Adult common
marmoset retina was mechanically
divided into fovea and other regions,
and FACS analysis of CD73 expres-
sion was performed for both frac-
tions. Violet region, green line: stain-
ing patterns of fovea and other
regions, respectively. (E) Whole ret-
ina of adult common marmoset was
dissociated and sorted to CD73™" and
CD73™ populations by cell sorter,
and the cells were replated on a
chamber glass slide and immuno-
stained with antibodies against rho-
dopsin (upper four panels) and PNR
(ower four panels). Nuclei were
stained with DAPL

& *

PNR

fovea region, and, in contrast, rhodopsin was distributed in
regions other than the fovea (Figs. 5A, 5B). Although anti-
human CD73 antibody did not give reliable signals of frozen
sectioned retina by immunohistochemistry, FACS analysis us-
ing whole retina showed strong expression of CD73 (Fig. 5C).
Therefore, under a microscope, we mechanically divided the
fovea and other regions with the use of a scalpel and used FACS
to examine the CD73 expression of these two fractions (Fig.
5D). Strong CD73 expression was observed with retina except
for fovea, and only a small population of cells at the foveal
region expressed CD73. We purified CD73™ and CD73™ cells
of the adult marmoset retina by cell sorter, and the cells were
seeded on the slide glass and immunostained of the purified
cells with anti-thodopsin and -PNR, which is rod photorecep-
tor specific marker, antibodies (Fig. SE). Almost all cells in
CD73* fractions were rhodopsin or PNR positive; in contrast,
only a few positive cells were observed in CD737 cells. Taken
together, we concluded that CD73 is a marker of rod photo-
receptor cells in the mature retina of the common marmoset.

DISCUSSION

In the present study, we show that CD73 labels precursor and
mature populations of photoreceptor cells. The present report
is the first to show specific expression of a cell surface mole-
cule in a photoreceptor cell lineage and the application of this
molecule for the enrichment of photoreceptor precursor cells.
This is important in terms of applications related to transplan-
tation for the treatment of retinal diseases. Using reaggregation
cultures of retinal cells, we show that the purification of CD73
is an efficient way to achieve photoreceptor cell generation by
transplantation. This is an in vitro model system, and we are in
the process of developing an in vivo transplantation system.



JOVS, November 2009, Vol. 50, No. 11

Recently, in vivo retinal repair by transplantation of photo-
receptor precursors has been reported.® Successful regenera-
tion of functional rod photoreceptors in the mouse is encour-
aging for researchers working on regenerative medicine of the
neural retina. However, in the previous report, the isolated
retinas were from transgenic mice that expressed EGFP under
the control of the Nrl promoter, which limits the use of this
protocol for human applications. CD73 is a cell surface mole-
cule and an anti-CD73 antibody is commercially available, al-
lowing for transplantation and regeneration using CD73-ex-
pressing cells without risk for gene transfer. Furthermore, it is
important that we found that CD73 is also a marker for the
common marmoset photoreceptor. Thus, we can apply this
knowledge easily and immediately to human systems using an
anti-human CD73 antigen antibody.

Our observation of exclusive expression of CD73 in a pho-
toreceptor lineage is supported by recent DNA microarray
analyses of knockout mice. In Nrlknockout and rhodopsin-
knockout mice, both of which lack rod photoreceptors, DNA
microarray analyses comparing the retinas of wild-type mice
and the knockout mice have revealed that the expression of
CD73 is downregulated in these knockout mice.”®*” However,
previous reports have suggested that the 5'-nucleotidase activ-
ity is localized in photoreceptor cells and in Miiller cells.>®>!
More recently, immunostaining of the 5'-nucleotidase with
polyclonal antibody in the developing retina of the mouse has
concluded that this enzyme is distributed in Miiller cells.'® In
contrast, we did not observe the expression of CD73 in the
INL, where the nuclei of Miiller glial cells are localized, and
CD73 expression never overlapped with glutamine synthetase
expression, which is a marker of Miiller glial cells, thereby
suggesting that CD73 is not expressed in Miiller glial cells.
Because the previous report did not describe double immuno-
staining for the 5’-nucleotidase and markers of retinal cells,*® it
is not possible to compare directly the previous results with
our present results. However, given that the polyclonal anti-
body used in the previous paper was raised against the soluble
form of bovine 5'-nucleotidase,'® it is possible that the anti-
body recognizes a molecule different from that recognized by
the anti-CD73 monoclonal antibody used in our present study.
This notion is supported by their observation that the expres-
sion of the antigen during embryonic development was also
associated with proliferating cellular elements,'® which con-
trasts with our finding that CD73 is expressed exclusively in
nonproliferating cells. Nevertheless, we cannot exclude the
possibility that the tertiary structure of CD73 is different in
different cell types and that the antibodies only recognize a
certain structure of CD73.

Initially, we expected that cone-specific genes would not be
expressed in CD73* cells. However, cone s-opsin mRNA was
detected in CD73 cells derived from neonatal mice. In contrast,
in mature retinas, we did not observe CD73 expression in
s-opsin-expressing cone cells. We speculate that the transition
of CD73 expression during photoreceptor cell differentiation
occurs as shown schematically in Figure 6. Thus, CD73 is
expressed in the common progenitors of cone and rod cells.
After terminal differentiation, CD73 continues to be expressed
in rod cells until adulthood, whereas it is downregulated in the
cone cell lineage.

Nrl and Crx are key transcriptional factors that control
photoreceptor differentiation.”® The homeodomain protein
Crx is required for both rod and cone differentiation and
regulates the transcription of many photoreceptor-specific
genes.>? The Maf-family bZIP transcription factor NRL is essen-
tial for rod differentiation and controls the expression of most
of the rod-specific genes.?> Based on our observations of dif-
ferential expression of Crx and Nrl in CD73" and CD73™ cells,
we hypothesize that CD73 is downstream of Crx and upstream
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Ficure 6. Schematic representation of photoreceptor cell differenti-
ation and CD73. CD 73 is first expressed after Crx in the common
precursors of the rod and cone cells and continues to be expressed in
the rod cell lineage. However, CD73 appears to be downregulated
once the cells commit to differentiation into the cone cell lineage.

or parallel to Nil in rod cell differentiation. Furthermore, de-
tailed examination of the transition of expression of the mR-
NAs for Crx, CD73, and Nirl also support the idea of ordered
expression of these genes in the developing retina. Previous
studies of the promoter for CD73 in humans have revealed the
involvement of various immune-related transcription factors
such as NFAT, hypoxia-related factor 1, and the Wnt signaling
pathway.?>3% We looked for the Crx consensusbinding se-
quence (C/T TAATCC?®®) in approximately 1 kb of the 5’
upstream region of the mouse CD73 gene and found one
matching sequence at —870 nt from the initiation codon.
However, this sequence was not found within the region
covering 1 kb of human CD73 5' upstrcam. We do not know
whether the enhancement of CD73-expressing cells by Crx is
due to the direct effects of Crx on CD73 transcription or simply
results from an expanded population of rod photoreceptors.
The most important outcome of the present study is that CD73
is a marker for cells at defined stages of the photoreceptor
lineage and can be used in the isolation and transplantation of
these cell populations.
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Nongenetic method for purifying stem cell-derived

cardiomyocytes

Fumiyuki Hattori!2, Hao Chen'3, Hiromi Yamashita!, Shugo Tohyama':?, Yu-suke Satoh!, Shinsuke Yuasal,
Weizhen Li!, Hiroyuki Yamakawa'3, Tomofumi Tanakal:2, Takeshi Onitsuka', Kenichiro Shimoji'?,

Yohei Ohno!, Toru Egashira’?, Ruri Kaneda!, Mitsushige Muratal-3, Kyoko Hidaka®, Takayuki Morisaki®,
Frika SasakiS, Takeshi Suzuki4, Motoaki Sano!, Shinji Makinol, Shinzo Oikawa? & Keiichi Fukuda!

Several applications of pluripotent stem cell (PSC)-derived
cardiomyocytes require elimination of undifferentiated cells.
A major limitation for cardiomyocyte purification is the lack
of easy and specific cell marking techniques. We found that a
fluorescent dye that labels mitochondria, tetramethylrhodamine
methyl ester perchlorate, could be used to selectively mark
embryonic and neonatal rat cardiomyocytes, as well as mouse,
marmoset and human PSC-derived cardiomyocytes, and that
the cells could subsequently be enriched (>99% purity) by
fluorescence-activated cell sorting. Purified cardiomyocytes
transplanted into testes did not induce teratoma formation.
Moreover, aggregate formation of PSC-derived cardiomyocytes
through homophilic cell-cell adhesion improved their survival
in the immunodeficient mouse heart. Our approaches will aid
in the future success of using PSC-derived cardiomyocytes for
basic and clinical applications.

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) could prove to be an unlimited source of cardio-
myocytes. Several studies have achieved directed differentiation of
mouse, monkey and human ESCs into cardiomyocytes!~3 but with
variable efficiency. Some protocols describe up to 60% differentia-
tion efficiency, but none achieve >99% of cells differentiating into
cardiomyocytes without the use of genetic selection methods*.
Transplantation of undifferentiated ESCs results in the forma-
tion of teratomas®. Thus, it is necessary to purify ESC-derived
cardiomyocytes before transplantation.

ESC lines with various combinations of cardiomyocyte-
specific reporters can be used to obtain highly pure ESC-derived
cardiomyocytes®¢-19, but this requires genetic modification of
the cells. Also, discontinuous Percoll density gradient centrifuga-
tion could be used to enrich for mouse and human ESC-derived
cardiomyocytes, but the purity of the cardiomyocytes in these prep-
arations is relatively low!!!2, Here we show that cardiomyocytes
in early mouse embryos or those differentiated from pluripotent

stem cells (PSCs) have high mitochondrial content and can
be purified without the need for genetic modification, using
fluorescent dyes that label mitochondria.

RESULTS

Characterization of mitochondrial dyes

In primary cultures of neonatal rat heart cells stained with
MitoTracker Red (Invitrogen) the fluorescence intensity of
cardiomyocytes was much higher compared to that of non-
myocytes (Fig. 1a). MitoTracker Red and tetramethylrhodamine
methyl ester perchlorate (TMRM) specifically accumulated
in both the subsarcomeric mitochondria, located around the
nucleus and in the intermyofibrillar mitochondria (Fig. 1a and
Supplementary Fig. 1). To confirm specific mitochondrial stain-
ing of MitoTracker dyes, we stained neonatal rat cardiomyocytes
with MitoTracker Red and JC-1 (a mitochondrial voltage-sensitive
dye; Supplementary Fig. 2).

Fluorescence-activated cell sorter (FACS) analysis of cells dis-
sociated from neonatal heart revealed three main populations
(Fig. 1b). We sorted the populations with the highest (designated
as fraction 1), the middle (fraction 2) and the lowest (fraction 3)
fluorescence intensity and cultured them separately. All the cells
in fraction 1 showed rhythmic beating and were immunostained
with an antibody to o-actinin (Fig. 1¢), indicating they were car-
diomyocytes. We identified very few cardiomyocytes in fraction 2
(Fig. 1c). Fraction 3 consisted of red blood cells and dead
cells. We confirmed the neonatal rat cardiomyocyte content in
fraction 1 by immunofluorescence staining for o-actinin to be
99.4 + 0.6% (Fig. 1d), and the yield was approximately 5 X 10°
cells from a single heart.

Next, we compared the efficacy of various mitochondrial dyes
for separating the neonatal rat cardiomyocyte population from
the nonmyocytes and found that TMRM was the most effective
(Fig, Le,f). We then evaluated the washout efficiencies of the dyes
and found that TMRM disappeared completely within 24 h, whereas
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Figure 1 | Mitochondrial dyes for cardiomyocyte purification. (a) Fluorescence images of neonatal rat cardiomyocytes prestained with MitoTracker Red
and immunostained for oi-actinin (top) or prestained with MitoTracker Red and immunostained for mitochondrial electron transfer chain complex II
(complex IT) and o-actinin (bottom). DAPI, nuclear stain. Scale bars, 100 um (top); 20 pum (bottom); and 10 um (bottom inset). (b) FACS analysis
of neonatal rat heart-derived cells stained with MitoTracker Red. The sorted cells were divided into fractions 1-3 (boxed). FSC, forward scatter.

() Immunofluorescence staining for a-actinin of cells from fractions 1 and 2. Blue, DAPI staining. Scale bars, 100 um. (d) Cardiomyocyte content in
fractions 1 and 2. Data are shown as mean = s.d. (n = 3). (e) Representative FACS plots of dissociated cells from neonatal rat heart stained

with mitochondrial dyes. (f) Relative fluorescence intensity of the indicated mitochondrial dyes in fractions 1 versus 2. Data are shown as

mean £ s.d. (n = 3). (g) Washout of the indicated mitochondrial dyes from neonatal rat cardiomyocytes. Data are shown as mean + s.d. (n = 3).

other dyes remained for at least 5 d (Fig. 1g and Supplementary
Fig. 3a). TMRM and JC-1 at 100 nM did not affect cell viability
using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, whereas other dyes affected viability differ-
ently (Supplementary Fig. 3b). Based on these results, we selected
TMRM for subsequent experiments.

Purification of cardiomyocytes from heart and whole embryos
To investigate the mitochondrial content of cardiomyocytes at
different developmental stages, we performed FACS analysis
of rat hearts at embryonic day 11.5 (E11.5) to postnatal day 8
(P8); the hearts had been dissociated and labeled with TMRM
(Fig. 2a). The mean ratio of TMRM fluorescence in fraction 1
to fraction 2 gradually increased with increasing embryonic
stage and rapidly after birth (Fig. 2b). FACS analysis followed
by immunofluorescence staining confirmed over 99% cardio-
myocyte purity at all stages (Fig. 2¢,d).

‘We then stained live embryos (E11.5 and E12.5) with TMRM. The
heart showed markedly stronger fluorescence compared with other
tissues (Fig. 2e and Supplementary Video 1). Intraplacental injection
of MitoTracker Red also resulted in the strongest accumulation of
fluorescence in the heart via embryonic circulation. However, other
tissues had much weaker fluorescence (Supplementary Fig. 4).

To assess why there was strong TMRM fluorescence in the
embryonic heart, we compared expression levels of complex
I-V of the 36 kDa mitochondrial outer membrane protein porin
(also known as the voltage-dependent anion channel) and of heat
shock protein 70 between cardiac and various noncardiac tissues
in rat E12.5 embryos; we detected markedly stronger expression in
the myocardium (Supplementary Fig. 5). Furthermore, immurno-
staining of the fetal heart area for o-actinin, manganese superoxide
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dismutase (MnSOD) and platelet endothelial cell adhesion mol-
ecule (PECAM) (markers of cardiomyocytes, mitochondria and
the endothelium, respectively), revealed that MnSOD immuno-
staining overlapped that for oi-actinin but not for PECAM (Fig. 2f).
Taken together, the accumulation of fluorescent dyes that label
mitochondria may reflect high mitochondria abundance in
the heart.

Next, we treated dissociated cells obtained from E11.5 to E13.5
whole rat embryos with TMRM and analyzed them on a FACS
(Fig. 2g). Some cells in this preparation were autofluorescent,
which was due to the presence of lipopigments and flavins'?. To
obtain only TMRM-fluorescent cells and eliminate contamina-
tion by autofluorescent cells, we adopted pseudo-two-dimensional
separation (Fig. 2g and Online Methods). We isolated populations
with the highest TMRM-fluorescence from dispersed cells of E11.5,
E12.5 and E13.5 whole rat embryos. The sorted cells from E11.5
embryos were immunostained for o-actinin (purity 99%, n =3
embryos; yield, ~5 x 10% cells per embryo). We obtained similar
results with E12.5 and E13.5 embryos. At these embryonic stages
(E11.5-E13.5), the embryos contain skeletal myoblasts only and not
mature myotubes. We found that mature skeletal myotubes, which
could not pass through the FACS, could be marked with TMRM,
whereas skeletal myoblasts, which do pass through the FACS, were
not marked by TMRM (Supplementary Fig. 6).

Purification of PSC-derived cardiomyocytes

We first observed cardiomyocytes differentiated from mouse
ESCs on day 7 of differentiation; the cells had marked TMRM
accumulation. After TMRM staining, we fixed the cells and immuno-
stained them for Nkx2.5 and o-actinin (Fig. 3a). The Nkx2.5—- and
o-actinin—positive areas and TMRM-positive area in the mouse
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Figure 2 | Purification of cardiomyocytes from embryonic heart and whole embryo. (a) Representative FACS analysis of TMRM-stained rat embryonic
heart cells at the indicated ages. Fractions 1 and 2 were typical gates for cardiomyocytes and noncardiomyocytes, respectively. (b) Relative fluorescence
intensity of fraction 1 versus fraction 2 in the developing rat heart. Data are shown as mean x s.d. (n=3). (c) Immunofluorescence staining for
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hearts. Data are shown as mean & s.d. {n = 3). (e) Bright field (left) and fluorescence (right) images of whole rat embryos of indicated ages.

(f) Immunofluorescence staining of rat E11.5 embryo for the indicated markers, PECAM, o-actinin and MnSOD. Images show pericardiac area (left four)
and magnification of the boxed areas is shown on the right. (g) FACS analysis (left) of dissociated cells from whole embryos in the absence (not stained)
or presence of TMRM at the indicated stages. Boxes indicate fractions 1 and 2; percentages of fraction 1 cells are shown. Immunofluorescence staining
(middle) for a-actinin in the cells obtained from fraction 1 of E11.5 embryos. Cardiomyocyte content of fractions 1 and 2 at E11.5 is shown (right).

Data are shown as mean + s.d. (n = 3). Scale bars, 100 um (c,g,e); 200 um (f left); and 20 pm (c inset, f right, g inset).

ESC—derived cardiomyocytes were colocalized completely,
although the intracellular localization of TMRM, Nkx2.5 and
O-actinin was clearly different. Notably, TMRM dissociated
rapidly into the bulk solution compared with other dyes upon fixa-
tion (Supplementary Fig. 7), indicating that there is likely to be no
effect of TMRM on subsequent immunchistochemical analysis.

‘We applied pseudo—two-dimensional FACS analysis to the embry-
oid body—derived cells (Fig. 3b). We first observed fraction 1 cells 7 d
after embryoid body formation. Both the ratio of the mean TMRM
fluorescence in fraction 1 (cardiomyocytes) to fraction 2 (noncardio-
myocytes) and the percentage of cells in fraction 1 increased gradually
until day 15 (Fig. 3c,d), suggesting that the best time for obtaining
mouse ESC—derived cardiomyocytes was at day 15.

We sorted approximately 5 x 10° to 9 X 10 cells from day 15
embryoid bodies, The viability of the sorted cells was 99.1 + 1.5%,
as confirmed by trypan blue staining (Supplementary Fig. 8).
This high viability may be due to the fact that the cells were
sorted based on TMRM accumulation {(and thus contained active
mitochondria). We cultured the sorted cells for 7 d to allow the
cells to attach to the substrate and to elongate (Online Methods).
Immunofluorescence staining for c-actinin and Nkx2.5 in three
independent experiments confirmed that these cells were high-
purity cardiomyocytes (99.5 £ 0.3%; Fig. 3¢). We obtained >99%
pure ESC-derived cardiomyocytes from day 12-25 embryoid bodies
(Pig. 3f). We also obtained highly pure cardiomyocytes from
mouse iPSCs (Fig. 3g,h).

To investigate the possibility of isolating cardiac progenitor cells,
we stained whole E7.5 and E7.75 embryos. We found that TMRM
faintly, but distinctly, marked the cardiac crescent, which contains
cardiomyogenic precursor cells, indicating a possible applicability

of our method to obtaining progenitor cells. Next, we carried out
time-lapse fluorescence microscopy on attached mouse embry-
oid bodies stained with TMRM (Supplementary Fig. 9). We first
observed TMRM-positive cells on day 6.5. Fluorescence in these
cells increased gradually between days 6.5 and 7 and they started
beating on day 7.0. In contrast, TMRM-negative cells did not
beat during the experiments. We then performed FACS analysis
on dissociated cells obtained from day 3-6.5 embryoid bodies
and stained with TMRM. There were no cells in fraction 1. The
higher TMRM-fluorescence cells in fraction 2 from day 3 and 4
embryoid bodies did not differentiate into cardiomyocytes, even
after subsequent culture of attached cells for up to 8 d. In the case
of day 6.5 embryoid bodies, some of the isolated cells differenti-
ated into cardiomyocytes upon subsequent culture for 3 d. We also
stained Nkx2.5-GFP knock-in mouse ESCsS, which we and others
have used frequently to isolate cardiomyocytes. After embryoid
body formation, we first observed GFP fluorescence on day 7,
whereas we observed TMRM staining on day 6.5 (Supplementary
Fig. 10). Our observations indicate that our method can be
used to purify differentiated cardiomyocytes but not cardiac
progenitor cells.

We differentiated common marmoset ESCs, human ESCs
and human iPSCs into cardiomyocyte-containing embryoid
bodies by conventional floating cell culture. We transferred the
embryoid bodies into the cell-attachment dishes with 10 nM
TMRM. Beating embryoid bodies had extremely high TMRM
fluorescence compared with that of nonbeating embryoid bod-
ies derived from marmoset and human ESCs (Fig. 4a). Then we
dispersed embryoid body—derived cells, stained them with TMRM
and analyzed them on a FACS (Fig. 4b). We fixed sorted human
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Figure 3 | Purification of mouse ESC- and mouse iPSC-derived
cardiomyocytes using TMRM. (a) Representative micrographs showing
TMRM fluorescence and Nkx2.5 and o-actinin immunofluorescence in
differentiating mouse ESCs. Insets, higher-magnification images of
hoxed regions. (b) FACS analysis of embryoid body-derived cells at
indicated times after embryoid body formation. Fraction 1 (box labeled
“1") was a typical sorting gate for cardiomyocytes; percentages of
fraction 1 cells are shown. (c,d) Relative fluorescence intensity of the
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cells in fraction 1, immunostained them for Nkx2.5 and sub-
jected them to a second FACS analysis. The results showed that
over 99.9% of cells in fraction 1 were cardiomyocytes (Fig. 4c).
Furthermore, we compared expression of cardiac and noncar-
diac genes in human ESC-derived cardiomyocytes isolated by
our method and in unpurified cells from embryoid bodies using
real-time PCR. We observed a marked increase in the expression
of myocardial genes and a decrease in the expression of non-
myocardial genes in purified human ESC~derived cardiomyocytes
(Supplementary Fig. 11).

We also cultured the sorted cells for 5 d and immunostained
them for Nkx2.5 and o-actinin (Fig. 4d). Common marmoset
ESC, human ESC and human iPSC fraction 1 comprised 99.0
+ 1.0%, 99.0 £ 0.9% and 99.3 * 0.2% cardiomyocytes, respec-
tively; in contrast, fraction 2 had 2.3 & 0.6%, 2.5 + 0.2%
and 1.7 £ 1.6% cardiomyocytes, respectively (Fig. 4¢). To estimate
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Nkx2.5

the acquisition efficiency in the sorting experiments, we
compared by FACS analysis the cardiomyocyte fraction obtained
by TMRM with that obtained by immunofluorescence stain-
ing for oi-actinin. The number of cardiomyocytes isolated by
TMRM staining was 60~90% of the number defined by o-actinin
staining (Supplementary Fig. 12). To rule out the possibility
of skeletal muscle contamination in the sorted cardiomyocyte
population, we extracted total mRNA from sorted cardiomyo-
cytes and evaluated it for myoD expression using real-time
PCR. We confirmed that there was no amplification of myoD
(Supplementary Fig. 13).

No teratoma formation

We cultured the purified mouse ESC-derived cardiomyocytes
and noncardiomyocytes for 7 d and found that although non-
cardiomyocytes formed piled-up colonies, in which some cells

Figure 4 | Purification of PSC-derived

e Marmoset ) .
100 * cardiomyocytes in human and marmoset.
%g 80 (a) TMRM fluorescence (left) and phase contrast
gg 60 (right) images of marmoset and human embryoid
B g gg bodies containing beating cardiomyocytes. Arrows,
ne . beating areas; arrowheads, nonbeating areas.
Fraction (b) FACS separation of TMRM-stained cardiomyocytes
Human ESC derived from common marmoset ESCs, human ESCs
2 100 * and human iPSCs, Fractions 1 and 2 are boxed;
82 80 percentages of fraction 1 cells are shown.
£8 % ‘_l () Immunofluorescence staining of fraction 1 cells
§ 8 20 for o-actinin and Nkx2.5. ToPro-3 represents
03 nuclear staining. (d) Histogram showing
Humg :’g’;’g immunodetection of Nkx2.5 (gray) and negative
x control (without first antibody; black) in sorted
%;\?128 human ESC-derived fraction 1 cells. (e) The
%%’ 60 cardiomyocyte content of fractions 1 and 2 in common
g€ 4 marmoset ESCs, human ESCs and human iPSCs. Data
8° 23 are mean & s.d. (n=3). *P<0.01 (Student t-test).
Fraction Scale bars, 500 pm (a); and 100 pm (c).
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were positive for Oct3/4, the cardiomyocytes did not (Fig. 5a).
Further, we transplanted 1.9 x 10° aggregated mouse ESC-
derived cardiomyocytes and 250 undifferentiated mouse ESCs
as a control into the testes of immunocompromised nonobese
diabetic—severe combined immunodeficient (NOD-SCID) mice.
Two months later, 90% of the control mice developed teratomas
(9 of 10 mice), but we did not detect teratomas in any of the
mice transplanted with purified mouse ESC—derived cardiomyo-
cytes (0 of 40 mice) (Fig. 5b). We tried to verify that there was
no teratoma formation in the heart by directly injecting mouse
ESC—derived cardiomyocytes (1 X 10°) into the myocardium of
five NOD-SCID mice immediately after sorting. Two months
later, we found few (<1%) of the transplanted cardiomyocytes
in the heart (data not shown).

To understand the mechanism underlying this cell loss, we
injected purified and MitoTracker Red-labeled neonatal rat
cardiomyocytes into the left ventricular free wall of ex vivo-
perfused hearts. We found one-third to one-half of injected
cells in the postperfusion solution, indicating that the neonatal
rat cardiomyocytes were washed out within the first 10 min
(Supplementary Fig. 14). Next, we compared the tissue adhesive-
ness of purified mouse ESC-derived cardiomyocytes and mouse
embryonic fibroblasts (MEFs) by counting cells in continuous
sections of whole ventricles 24 h after injection into the left ven-
tricular free walls. We found that less than 1% of the grafted ESC-
derived cardiomyocytes had adhered to the host myocardium,
compared with 50% of MEFs.

Transplantation of PSC-derived cardiomyocytes

From the above observations, we reasoned that loss of trans-
planted ESC-derived cardiomyocytes may be due to rapid wash-
out and low adhesiveness of the cells. Because ESC-derived
cardiomyocytes existed as homophilic cell aggregates (diameter,
100-500 pm) in mouse, marmoset and human embryoid bodies
(Supplementary Fig. 15), we suspected that re-aggregated puri-
fied ESC-derived cardiomyocytes may be more resistant to rapid
washout. We generated cardiomyocyte aggregates by seeding
313-10,000 purified mouse ESC~derived cardiomyocytes onto
nonadhesive 96-well plates. One day after seeding, the cells adhered
to each other, aggregated and started synchronized beating; 5 d later,
cardiomyocyte aggregates formed with diameters of 100—450 um
(Fig. 5¢, Supplementary Fig. 16 and Supplementary Video 2).

ARTICLES |

Figure 5 | Transplantation of purified mouse ESC-derived cardiomyocytes.
(a) Immunofluorescence staining for Oct3/4 (red) in the sorted cells from
the noncardiac fraction (left), and numbers of mouse ESC-like colonies
obtained from 10° sorted cells {right). Data are mean £ s.d. (n= 3).

(b) Transplantation of 250 undifferentiated mouse ESCs into testes resulted
in teratoma formation (testis), whereas transplantation of 1.9 x 10°
purified mouse ESC-derived cardiomyocytes did not (8 weeks). Incidence
of teratoma formation was quantified (right). (c) Phase contrast image

of mouse cardiomyocyte aggregates. (d) Immunofluorescence staining of
engrafted mouse cardiomyocyte aggregates for oi-actinin and Nkx2.5 8 weeks
after transplantation (left); transplanted cells expressed EGFP. Mouse ESC-
derived cardiomyocytes in vitro and 3 and 8 weeks after transplantation
immunostained for Nkx2.5 and c-actinin (right). (e) Transplanted mouse
ESC-derived cardiomyocyte survival. Data are shown as mean x s.d. (= 5).
Scale bars, 100 im (a,c); 5 mm (b); and 20 pm (d).

Propidium iodide staining revealed that a high proportion of
re-aggregated mouse ESC~derived cardiomyocytes were viable
(98.8 + 0.2% of seeded cells; Supplementary Fig. 16).

We transplanted mouse cardiomyocyte aggregates into the
ventricular free walls of NOD-SCID mice and killed the mice
at 3 and 8 weeks (n = 5 for both groups). We observed no tera-
toma formation in either group. Immunofluorescence stain-
ing revealed that cell aggregates positive for the tracers Nkx2.5
and o-actinin were located in the left ventricle (Fig. 5d). The
number of cells that survived in the heart was greater than
90% (Fig. 5¢). Furthermore, we repeated these experimental
procedures using purified human ESC~derived cardiomyocytes
(Supplementary Video 3). Two months after transplantation,
we detected a large amount of human myocardial tissue in
NOD-SCID mouse heart (Supplementary Fig. 17).

Finally, we investigated which autoparacrine factors are impor-
tant for the survival of ESC-derived cardiomyocytes. Human
cardiomyocyte aggregates remained viable under serum-free
culture conditions; moreover, their diameters increased by
approximately twofold by day 25. Supplementation of the cul-
tures with physiological concentrations of basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), platelet-derived
growth factor beta dimer (PDGF-BB) and endothelin-1 (ET-1)
strongly enhanced the growth of the cardiomyocyte aggregates
(Supplementary Fig. 18a and Supplementary Video 4). We con-
firmed expression of these growth factors and their receptors by
real-time PCR (probe and primer sets are listed in Supplementary

"Table 1). We also confirmed that these growth factors were

expressed in adult human and mouse hearts (Supplementary
Fig. 18b). Autoparacrine stimulation with these growth factors
may be one reason why grafted cardiomyocyte aggregates survived
and grew in the host myocardium.

DISCUSSION

Our method for cardiomyocyte isolation has two advantages.
First, it does not require genetic modification of the cells. Genetic
modifications using nonviral or viral systems have several disad-
vantages: extrinsic genes may be silenced, the number of integra-
tion events in one cell is difficult to control, targeted integration
is not straightforward, and line selection as well as verification
of proper expression of extrinsic genes'* is time-consuming.
Furthermore, genetic modification carries risks such as pos-
sible tumor formation!-17, Second, our method is likely to be
widely applicable. We demonstrated that it may be used to purify
ESC-derived cardiomyocytes in four species, including human,
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and that it is also applicable to mouse and human iPSCs. High
abundance of cellular mitochondria is likely to be a common
characteristic of cardiomnyocytes irrespective of species. In contrast,
most genetic modifications require species-specific constructs.
Our simple purification strategy should facilitate basic studies
using embryonic heart and stem cell-derived cardiomyocytes;
furthermore, this strategy can also allow isolation of noncardio-
myocytes, which may open up new approaches to studying devel-
opmental interactions.

The ESC-derived cardiomyocytes purified using our method
did not induce teratoma formation in either the heart or testes.
Although from the viewpoint of clinical safety, further studies
using large animal models with a much larger number of ESC-
derived cardiomyocytes will be required, we believe that our puri-
fication method may have considerable advantages over existing
methods for eventual clinical translation as well.

Our results suggest that induction of mitochondrial biogenesis
begins shortly before beating of cardiomyocytes. This indicates the
tight relationship between cardiomyogenesis and mitochondrial
biogenesis. A combination of our strategy and other marking tech-
niques for cardiac progenitor cells may facilitate study in this field.

Unpurified fetal and neonatal rat cardiomyocytes and bone
marrow mesenchymal and ESC-derived cardiomyocytes have been
shown to survive in the recipient heart'®-2%, In contrast, puri-
fied and dispersed cardiomyocytes differentiated from ESCs did
not achieve a high survival rate’. Re-aggregation augmented the
long-term survival of purified mouse and human ESC—derived
cardiomyocytes. Qur results indicate that ESC-derived cardiomyo-
cytes might be highly anchorage-dependent, and that homophilic
cell-to-cell adhesion and autoparacrine signaling may be impor-
tant factors contributing to their survival.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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ONLINE METHODS

Mouse, common marmoset and human PSCs. Mouse ESCs were
obtained from Laboratory of Pluripotent Cell Studies, RIKEN
Center for Developmental Biology. Common marmoset ESCs
(cmESCs) were obtained from Central Institute for Experimental
Animals. The human ESC lines (khESC-1, 2 and 3) were obtained
from Department of Development and Differentiation, Institute
for Frontier Medical Sciences, Kyoto University and were used in
conformity with The Guidelines for Derivation and Utilization
of Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science and Technology, Japan. Mouse (iPS-MEF-
Ng-20D-17) and human (253G4) iPSCs were obtained from Center
for iPSC Research and Application, Kyoto University.

Animals. All animals including pregnant and neonatal Wistar
rats, and NOD-SCID mice (10 weeks old, male), were purchased
from Japan CLEA.

All experimental procedures and protocols were approved by
the Animal Care and Use Committees of the Keio University and
conformed to the US National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Reagents. MitoTracker dyes (Deep Red, Red, Orange and Green),
TMRM, 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimida-
zolylcarbocyanine iodide (JC-1), nonyl acridine orange (NAO)
and Rhodamine 123 were purchased from Invitrogen. These
mitochondria-selective fluorescent dyes can be divided into the
Nernstian or non-Nernstian dye groups. The former, including
TMRM, can enter into and exit from the mitochondrial matrix
freely depending on the mitochondrial membrane potential. In
contrast, non-Nernstian dyes such as the MitoTracker dyes can-
not exit freely?!. This characteristic difference may reflect their
toxicities and can be used case by case for research, for example,
non-Nernstian dyes are used for long-term staining.

The mouse monoclonal antibody to c-actinin (used at 1:400
dilution) was purchased from Sigma-Aldrich. The goat polyclonal
antibody to GATA-4 (C-20) and the goat polyclonal antibody
for Nkx2.5 (N-19) were purchased from Santa Cruz biotechnol-
ogy. The mouse monoclonal antibody for SdhB (1:100), Alexa
Fluor 488 donkey anti-mouse IgG antibody and Alexa Fluor 546
donkey anti-goat immunoglobulin gamma (IgG) were purchased
from Invitrogen.

Maintenance of mouse, marmoset and human PSCs. We
maintained mouse ESCs and iPSCs on gelatin-coated dishes in
Glasgow Minimum Essential Medium (Sigma) supplemented with
10% FBS (FBS; Equitechbio), 0.1 mM MEM Non-Essential Amino
Acids solution (Sigma), 2 mM vL-glutamine (Sigma), 0.1 mM
B-mercaptoethanol (Sigma) and 2,000 U ml™! mouse LIF (Chemicon).
We maintained cmESCs on mouse embryonic fibroblasts in
Knockout Dulbecco’s Modified Eagle’s Medium (KO-DMEM;
Invitrogen) supplemented with 20% Knockout Serum Replacement
(KSR; Invitrogen), 0.1 mM MEM Non-Essential Amino Acids
solution, 2 mM L-glutamine, 0.1 mM B-mercaptoethanol and
4 ng ml™! basic fibroblast growth factor (bFGF; Wako Pure
Chemical). We maintained human ESCs and iPSCs similarly
to cmESCs, except that Dulbecco’s Modified Eagle’s Medium/
Nutrient Mixture F-12 Ham 1:1 (DMEM-F12; Sigma) was used
instead of KO-DMEM.

doi:10.1038/nmeth.1403

Differentiation of mouse PSC-derived cardiomyocytes. We
performed in vitro differentiation of mouse ESCs and iPSCs as
described below. We collected mouse PSCs with 0.25% trypsin-
EDTA and dissociated them. Seventy-five cells were formed to
one embryoid body in one hanging drop with alpha-modified
Eagle medium (0MEM; Sigma) supplemented with 10% FBS
(Equitechbio). On day 2, we transferred embryoid bodies into
floating culture plate with new medium. Four to five days after
differentiation, floating embryoid bodies were transferred into
attachment culture with nonserum culture medium: ocMEM
supplemented with insulin-transferrin-selenium (ITS; Sigma).
Typically, beating cells appeared on day 7. Embryoid bodies were
used for purification experiments between days 12 and 25.

Differentiation of cmESC-derived cardiomyocytes. We per-
formed differentiation of cmESCs as follows. The colonies
were detached with 0.1% type three collagenase (Worthington
Biochemical) and cultured in cmESC medium lacking bFGF or
OMEM and supplemented with 10% FBS (SAFC Biosciences)
and 0.1 mM B-mercaptoethanol in bacterial Petri dishes to form
embryoid bodies. Typically, 5-20% of embryoid bodies contained
beating cells. Embryoid bodies were washed three times with
OMEM between days 18 and 25, and cultured with *MEM sup-
plemented with ITS. Embryoid bodies were used for purification
experiments between days 30 and 50.

Differentiation of human PSC—derived cardiomyocytes. We
grew the detached undifferentiated colonies of human ESCs
and iPSCs with oMEM supplemented with 20% FBS (SAFC
Biosciences) and 0.1 mM [B-mercaptoethanol in bacterial Petri
dishes to form embryoid bodies. We observed embryoid bod-
ies containing rhythmically beating cells 16--20 d later. Typically,
1-5% of embryoid bodies contained beating cells. From days
20 to 40, embryoid bodies were washed three times with 0MEM and
cultured with oMEM supplemented with ITS. Embryoid bodies
were used for purification experiments between days 50 and 90.

Staining of cultured embryos. We isolated E11.5 and E12.5
Wistar rat embryos and stained with 50 nM TMRM for 4 h in
DMEM with 20% FBS at 30% O,, 5% CO, and 37 °C. Then, we
changed to medium without TMRM and incubated the embryos
for 4 h to remove unbound dye. We observed the fluorescence
signal using conventional fluorescence laser microscopy (IX70
microscope (Olympus) equipped with a color charge-coupled
device (CCD) camera (CS220; Olympus)).

Staining in vivo embryos. We carried out abdominal surgery
on the pregnant Wistar rat on postcoital day 11 under deep
anesthesia, We carried out a shallow injection of 100 pul of 500 nM
MitoTracker Red solution into the placental side of the exposed
ovaries. The rat was sustained under anesthesia for 6 h. Then,
under deep anesthesia, we removed the embryos from the rat and
observed them using fluorescence microscopy. About 20% of the
embryos were positive for MitoTracker Red.

Cardiomyocyte purification. We dispersed the minced hearts,
whole rat embryos, or intact embryoid bodies using 0.1% col-
lagenase (Worthington Biochemical), 0.25% trypsin (Becton
Dickinson), 20 g ml™! DNase I (Sigma) and the appropriate
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concentration of dyes (10 nM TMRM, 50 nM NAQ, 1.5 UM JC-1
or 50 nM MitoTrackers) in Ads buffer (116 mM NaCl, 20 mM
HEPES, 12.5 mM NaH,PO,, 5.6 mM glucose, 5.4 mM KCl and
0.8 mM MgSO,; pH 7.35) with stirring for 30 min. The dispersed
cells were collected and residual cell aggregates were digested again
with the same digestion medium. We continued this procedure
until all cells were completely dissociated. Finally, all dispersed
cells were dissociated with Ads buffer and then analyzed on a FACS
(FACS Aria; Becton Dickinson) using 515-545 and 556—-601 nm
bandpass filters to detect green and red, respectively.

In many cases, nonstained cells exhibited autofluorescence, which
may be due to the presence of lipopigments and flavins having broad
emission spectrum (450-650 nm)!3. We suspected that this may
affect purity of cardiomyocytes. TMRM can be excited by a 488-nm
semiconductor laser and has an emission spectrum that coincides
with the red bandpass filter (peak at 575 nm and only 10% of
peak fluorescence at 545 nm). Thus, to obtain only cells with high
TMRM fluorescence and eliminate contaminating autofluorescent
cells, we adopted ‘pseudo—two-dimensional separation’ in which
we observed cells both with red and green filters. In other words,
cardiomyocytes received 488 excitation, and then selection for low
green and high red fluorescence. Pregating for eliminating doublet
fractions, in which one droplet contains more than two cells, was
performed according to the manufacturer’s instructions.

The TMRM-labeled sorted cells were collected into a tube or
were seeded into culture dishes with oMEM containing 10%
FBS. For sequential estimation of cardiomyocyte purity, we fixed
the sorted cells immediately after collection, then stained them
with Nkx2.5 antibody and analyzed again on a FACS. For cul-
ture, we used a plate equipped with flexiPERM conA (Greiner
Bio-One GmbH) following the manufacturer’s instructions. The
flexiPERM vessel is a reusable culture funnel, which can adhere
tightly onto plastic and glass surfaces. One day after sorting, the
flexiPERM vessel was detached from the culture plate and the
appropriate amount of medium was added to the plate. This sys-
tem allowed high-density culture of purified cardiomyocytes in
the center of the dish, which enabled good microscopic observa-
tion of all cells after detachment of the vessel. For all PSCs, seeded
cells were cultured for 5~7 d with oMEM containing 10% FBS,
which is necessary for the cells to attach, elongate and develop
sarcomere structure, and then fixed and immunofluorescence-
stained for ai-actinin and Nkx2.5. The culture step is not required
for achieving high-purity cardiomyocyte isolation because we
have more directly estimated cardiomyocyte purity by sequential
FACS analysis.

Transplantation. We purified mouse and human ESC-derived
cardiomyocytes, distributed them into nonadhesive 96-well plates
(Sumitomo Bakelite) and centrifuged them for 5 min at 100g.
Two weeks later, the aggregates formed were stained with 50 pM
of MitoTracker Red for 2 h in the incubator and washed exten-
sively with Ads buffer. After lightly anesthetizing seven-week-old
male NOD-SCID mice with diethylether (Wako Pure Chemical),
we intubated them under anesthetization with 1.5% forane (iso-
flurane, 2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane)
and mechanically ventilated with a Harvard respirator. After this,
we performed a left thoracotomy at the third intercostal space
and exposed the heart. We inserted a small dead-volume syringe
equipped with a 30G needle (Becton Dickinson) containing
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reaggregated purified cardiomyocytes into the apex, proximally
advanced 2-3 mm into the myocardium and released the cells
into the myocardium. Then we closed the chest and maintained
the mice for 8 weeks before performing a histological examina-
tion of these mice.

The 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. We treated primary neonatal rat car-
diomyocytes with various mitochondrial indicators at 50 nM
and 100 nM for 24 h. We added MTT (Wako Pure Chemical) at
0.5 mg ml™! and incubated the cardiomyocytes for 3 h. Then, we
dissolved the formazan salt that formed in dimethyl sulfoxide.
The absorbance was measured at a wavelength of 550 nm with
the background subtracted at 690 nm (SmartSpec3000; Bio-Rad
Laboratories). Data were presented as percentage of formazan
formation compared to control cells.

Immunofluorescence staining. We fixed cells with 4% parafor-
maldehyde in phosphate-buffered saline (PBS; pH 7.0) for 20 min.
Subsequently, cells were permeabilized with 0.2% Triton X-100
(Sigma) at room temperature (2028 °C) for 10 min, and then
incubated with the primary antibody at 4 °C overnight. Cells were
washed with TBS containing 0.1% Tween-20 four times before
incubation with the secondary antibodies at room temperature for
30 min. After nuclear staining with DAPI or ToPro-3 (Invitrogen),
fluorescence signals were observed using fluorescence microscopy
(IX71; Olympus) or confocal laser microscopy (LSM510 META;
Carl Zeiss), respectively.

For tissue samples, mice were killed using pentobarbital. The
hearts were then perfused from the apex with PBS and fixed
by perfusion with 4% paraformaldehyde in PBS (Muto Pure
Chemicals). The hearts were then dissected, cryoprotected in
sucrose at 4 °C overnight, embedded in OCT compound (Sakura
Finetec) and snap-frozen in liquid nitrogen.

Re-aggregation of purified human ESC~derived cardiomyocytes
and long-term culture without serum. Human ESC-derived
cardiomyocytes were purified and suspended in tMEM supple-
mented with insulin, transferrin and selenium (ITS) and 0.05%
BSA (Invitrogen) in the absence or presence of one of the fol-
lowing growth factors: 25 ng ml~! bFGF (Wako Pure Chemicals);
25 ng ml~! acidic FGF (aFGF); 25 ng ml™! FGF-4; 20 ng ml™!
keratinocyte growth factor (KGF); 100 ng ml™! stem cell factor
(SCF); 100 ng ml™! vascular endothelial growth factor (VEGF);
10 ng ml~! LIF (Chemicon); 100 ng m1™! glial cell line—derived
neurotrophic factor (GDNF); 20 ng ml™! hepatocyte growth
factor (HGF); 10 ng ml™! insulin-like growth factor (IGF)-1;
100 ng ml™! epidermal growth factor (EGF); 1 X 107 M endothelin-1
(ET-1); 10 ng mi™! platelet-derived growth factor (PDGF)-AA;
and 100 ng m1~! PDGF-BB. Unless indicated otherwise, growth
factors were purchased from R&D Systems Inc. Five hundred
cells were distributed into each well (# = 8) of cell nonadhesive
96-well plates (MS-0096S; Sumitomo Bakelite) and centrifuged
for 5 min at 100g.

Total RNA extraction, cDNA synthesis and real-time PCR. Total
RNA was prepared from tissues and embryoid bodies using ISOGEN
(Nippon gene), according to the manufacturer’s instructions.
Contaminating genomic DNA was degraded by RNase-free DNase I
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