SOMATIC CELL CLONED EMBRYOS IN THE COMMON MARMOSET

Parthenogenetic activation

Activation stimulation of the in vitro mature oocytes was
examined with electric stimulation or strontium chloride. For
activation by electric stimulation, two electrical pulses of
150 V/mm, lasting for 50 usec each, were applied for three
cycles to the oocytes every 20min in Zimmerman’s cell fu-
sion medium (Wolfe and Kraemer, 1992). Next, the oocytes
were cultured in modified Whitten’s medium containing
5g/mL cytochalasin B (CB) or modified Whitten’s medium
including 5g/mL CB and 2mM 6-dimethylaminopurine
(DMAP) for 4h. For activation by strontium chloride, the
oocytes were cultured in calcium-free modified Whitten's
medium containing 5g/mL CB and 10mM strontium chlo-
ride for 6h. Six and 24h later, the effects of these activation
treatments were evaluated by pronuclear formation and
cleavage of the eggs, respectively.

As mentioned above, diploid parthenogenetic embryos
were derived from the activated oocytes, preventing a second
polar body emission by CB. When tetraploid parthenogenetic
embryos were produced, each blastomere of the two-cell stage
parthenogenetic embryos was fused by stimulation of two
electrical pulses of 150 V/mm, lasting for 50 usec.

Preparation of donor cells

As the nuclear donor, marmoset bone marrow mononu-
clear cells (MBMMNCs) from male adult and embryonic fi-
broblast cells from a female fetus at around 60-70 days of
gestation were used. MBMMNCs were isolated from the
femoral bone marrow by Ficoll-Paque density gradient cen-
trifugation (Hibino et al., 1999). Collected cells were cultured
in DMEM (Gibco, 11885-084) supplemented with 10% FBS,
100 IU/mL penicillin, and 100 ug/mL streptomycin. Culture
medium was changed every 3 days, and floating cells were
removed while changing the culture medium. About 2 weeks
later, adhesive MBMMNCs were split to new plates. For the
preparation of fetal fibroblasts, small pieces of fetus depleted
of the internal organs, head, feet, and arms were placed in
the DMEM supplemented as mentioned above, and out-
growth cells were transplanted to new plates. To confirm the
contribution of the donor nuclei to in vitro development of
clone embryos, MBMMNCs were used as the nuclear donor,
where the EGFP gene driven by CAG promoter was trans-
duced using self-inactivating (SIN) lentiviral vectors based
on the human immunodeficiency virus type 1 (HIV-1) vector
(Miyoshi et al., 1998). An EGFP-expressing cell line was
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established by fluorescence-activated cell sorting (FACS) and
subcloning,.

The nuclear donors were introduced into the nuclear
transfer procedure without treatment for cell cycle regulation.
About 1h before nuclear transfer, the cells from the Second
to eighth passage were dispersed by treatment with 0.5%
trypsin-5.3mM EDTA solution and then kept in M2 medium
at 4°C until use. The chromosome number and karyotype of
the donor cells were analyzed as reported previously (Nesbitt
and Francke, 1973; Sugawara et al., 2006). -

Removal of chromosomes from recipient oocytes

The zona pellucida of the oocytes was slit with a glass
needle along 10-20% of its circumference, close to the posi-
tion of the first polar body. The MII chromosomes and
spindle were located in the cortex of the oocyte near the first
polar body and identified with differential interference mi-
croscopy without any staining. The oocytes were placed in
PBI medium containing 5g/mL CB and a small amount of
cytoplasm containing the MII chromosomes was aspirated
with an enucleation pipette. When confirmation of the re-
moval operation was necessary, aspirated cytoplasm was
stained with 10 ug/mL Hoechst 33342 and chromosomes
were observed using a fluorescent microscope.

Nuclear transfer

After chromosome removal, the cytoplasms of the in vitro
matured oocytes were used as recipients for nuclear transfer.
Transplantation of donor nuclei into the recipient cytoplasms
was performed through cell membrane fusion by electrical
stimulation or sensitization of inactivated Sendai virus (HV],
hemagglutinating virus of Japan). Using electrical stimula-
tion, two electrical pulses of 150 V/mm, lasting 50 ysec each,
were applied to Zimmerman’s cell fusion medium after in-
jection of donor cells into the perivitelline space of the re-
cipient egg. In the case of inactivated Sendai virus, a donor
cell was introduced into the perivitelline space with three to
five times the volume of the virus, which was prepared at
2700 hemagglutinating units (HAU)/mL.

To construct diploid and tetraploid SCNT (NT-dip(o) and
NT-tetra(dd)) embryos, single and two donor cell(s) were
transferred to the oocyte cytoplasm after chromosome re-
moval, respectively. Tetraploid SCNT [NT-tetra(od)] em-
bryos with both oocyte- and donor-cell-derived nuclei were
constructed by transferring a single donor cell to the oocyte

TaBLE 2. PropUCTIVE EFPFICIENCY AND IN VITRO DEVELOPMENT OF CLONED EMBRYOS
Propucep BY DIFFERENT PROCDURES

Number of eggs (%) Number of cloned embryos developed to (%)***
Timing of NT Fusion method* Used  Fused  Activated™ Two-Cell  Eight-Cell Morula  Blastocyst
After activation EP 43 27 (62.8)° 27 (100) 20 (74.1)? 4 (14.8* 0 () 0(0)
Imumediately after activation EP 91 54 (59.3)* 54(100) 52 (96.3)° 13 (20.1) 0(0) 0(0)
Before activation HV] 45 45 (100)° 43 (95.6) 34 (791 21 (488" 0(0) 0©)
Parthenogenetic control — — — 86 (—) 78 (90.7)° 16 (18.6)* 0 (0) 0(0)

In this experient, clone embryos were produced using embryonic fibroblasts as nuclear donor.
2PDifferent letters in same column indicate the significant differences (p < 0.05).

*EP =two electrical pulses of 150 V/mm, lasting 50 usec each. HV] =

**All activated eggs were introduced to in vitro culture.
**Percentages were calculated from the number of activated eggs.

inactivated Sendai virus applied at 2700 HAU/mL.
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FIG. 1. Status of donor nuclei after transfer to recipient cytoplasm. Light-colored boxes show nuclei at interphase; gray
boxes show nuclei that have undergone nuclear membrane breakdown; dark-colored boxes show nuclei that have undergone
premature chromosome condensation. *Timing of nuclear transfer (into the recipient cytoplasm).

cytoplasm without chromosome removal. After partheno-
genetic activation, because the emission of a second polar
body was suppressed by CB treatment, it follows that
oocyte-derived haploid genomes within the constructed
embryos formed diploidy. Therefore, NT-tetra(od) embryos
formed tetraploidy, by combining the donor cell-derived
diploid genomes with the oocyte-derived diploid genomes.

In vitro culture of embryos

The in vitro culture of constructed embryos was performed
using ISM1 and ISM2 culture medium (Nosan, Tokyo, Japan,
10500010 and 10510010). The embryos were cultured in ISM1
medium for the first 48h (from days 1 to 3) and then co-
cultured with inactivated marmoset embryonic fibroblasts in
ISM2 medium supplemented with 10% FBS for 7 days.
During culture in ISM2, 50% of the culture medium was
exchanged every 48 h. The vapor phase conditions for culture
were 38°C, 5% CO,, and humidity saturation.

Analysis of the transplanted nuclei

Some constructed embryos were applied to whole-mount
specimens 30, 60, 120, and 180 min after nuclear transfer. The
status of the nuclei was classified into three groups: inter-
phase (with a nuclear membrane), nuclear membrane break-
down (NMBD, with/without a slight nuclear membrane and
without condensed chromosomes), and premature chromo-
some condensation (PCC, with condensed chromosomes).

Statistical assessment

Differences were analyzed using the chi-square test. Sta-
tistical significance was set at the p < 0.05 level.

Results
In vitro maturation of oocytes

For the present experiments, 1092 GV oocytes were col-
lected from 104 marmosets. After 22-24h incubation, 578
(52.9%) oocytes with a polar body were confirmed to be
matured oocytes at metaphase IL Then, the matured oocytes
were used in in vitro fertilization (IVF) to assess their via-
bility. Of the IVF embryos, 5.3% (5/95) developed to the
blastocyst stage, suggesting that the conditions of in vitro
maturation may not have been optimal.

Oocyte activation

We conducted parthenogenetic stimulation using electrical
pulses or strontium chloride to examine the activation proce-
dure of in vitro matured oocytes in marmosets (Table 1).
A large percentage of the oocytes could be effectively activated
by electrical stimulation, with no need for supplementary
treatment with DMAP. In contrast, oocyte activation did not
occur with strontium treatment, even though this procedure
has been successful in mice and rats. This finding suggests that
the sensitivity of marmoset oocytes to chlorination strontium
differs from that of mice and rats.

Development of cloned embryos

To construct viable SCNT embryos, we examined the
transfer of donor nuclei into recipient cytoplasm and the
timing of activation treatment (Table 2). In this experiment,
embryonic fibroblasts were used as the nuclear donors. The
induction of cells was performed 1h before, immediately
after, or 1h after activation using electrical pulses or in-
activated Sendai virus. The results showed that 95 to 100% of
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TABLE 3. IN ViTRo DEVELOPMENT OF DiPLOID AND TETRAPLOID CLONED EMBRYOS AND PARTHENOGENETIC EMBRYOS

Genome

Number of embryos developed to (%)

Types of embryos  Ploidy ~ Oocyte  Donor cell  No. of embryos cultured  Two-Cell  Eight-Cell  Morula  Blastocyst

NT-dip(o) 2n - +
NT-tetra(od) 4n -+ +
NT-tetra(dd) 4n - ++
PG-dip 2n + -
PG-tetra 4n ++ -

29 29 (100) 21 (724° 0 (0.0) 0 (0.0)
21 21(100) 19 (905)° 14 (66.7) 14 (66.7)
21 20 (905) 12 (5717 0 (0.0) 0 (0.0)
18 17 (944) 9 (50.0)° 0 (0.0) 0 (0.0)
9 9 (100) 4 (444)F 0 (0.0) 0 (0.0)

Nuclear transfer (fusion of donor cells) was performed using inactivated HV].
ab<Different letters in same column indicate the significant differences compared with NT-dip(o) embryos (p < 0.05).

the eggs in each group were successfully classified as pro-
nuclear-stage eggs, while the induction rate was significantly
high using HV]. After in vitro culture of the constructed
embryos, the highest developmental rate was observed when
nuclear transfer was performed 1h before activation. How-

ever, SCNT embryos in all groups and parthenogenetically
activated oocytes did not develop beyond the eight-cell
stage. These findings suggest that the most viable SCNT
embryos were efficiently obtained by transferring donor cells
into a nonactivated oocyte cytoplasm using HVJ.

FIG. 2. Tetraploid SCNT [NT-tetra(od)] embryos at the four- to six-cell stage on day 3 (A, B) and at the blastocyst stage on
day 8 (C, D), under bright-field and fluorescence microscopy, respectively. NT-tetra(od) embryos were produced by trans-
ferring an EGFP-gene-transfected MBMMNCs cell into a recipient oocyte cytoplasm with the MII chromosome. Living

embryos expressed gene derived from donor cells.
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Chromosome number and karyotype of donor cells

To assess cytogenetic quality, we examined the chromo-
some number and karyotype of the donor cells used for nu-
clear transfer (after the second to eighth passage). In
embryonic fibroblast and MBMMNC lines, at least 74.0%
(37/50) and 72.0% (36/50) of the analyzed cells, respectively,
were confirmed to have a normal diploid chromosome num-
ber of 46 with estimated sex chromosomes of XX (female) and
XY (male). Because chromosome analysis is commonly ac-
companied by an artificial error, it is inferred that almost all of
the cells might be cytogenetically normal.

Status of the transplanted nuclei

When the donor nuclei were transplanted to an activated
recipient cytoplasm, NMBD was partially observed but not
PCC (Fig. 1). NMBD and PCC were observed when the nu-
clei were transferred to a nonactivated recipient. All nuclei
transferred to the recipient 1h before activation underwent
PCC 60min after nuclear transfer. These observations sug-
gest that MPF activity in the marmoset oocyte is reduced 2 to
3h after activation stimulation.

Effects of removal of oocyte genome
and nuclear ploidy

To investigate the causes of low developmental potential
of SCNT embryos, we determined whether the presence of
the oocyte genome in recipient ooplasm and ploidy of con-
structed embryos affected the developmental potential, by
creating diploid and tetraploid SCNT embryos or parthe-
nogenetic embryos (Table 3). In this experiment, MBMMNCs
and nonactivated oocytes were used as the nuclear donor
and recipient cytoplasm, respectively, to construct SCNT
embryos. As a result, only tetraploid NT-tetra(od) embryos
produced by transferring a donor cell into a recipient bearing
the MII chromosome (oocyte genome) developed into blas-
tocysts (66.7%). In contrast, neither PG-dip/PG-tetra par-
thenogenetic embryos nor NT-dip(o)/NT-tetra(dd) embryos
(whether diploid or tetraploid) produced using enucleated
oocytes developed past the eight-cell stage.

Moreover, to confirm the contribution of donor nuclei to
embryo development, NT-tetra(od) embryos were con-
structed using EGFP gene-transfected MBMMNCs, and were
examined under fluorescence microscopy. The fluorescence
signal of EGFP was observed in the cytoplasm of the embryos
at six- to eight-cell and blastocyst stages (Fig. 2), confirming
that donor cells certainly contributed to the development of
NT-tetra(od) embryos until blastocyst stage.

Discussion

Embryo cloning in mammals can roughly be divided into
two types of procedure depending on the timing of donor
nucleus transplant and activation of the recipient egg cyto-
plasm. The first type involves reprogramming of the donor
nucleus while using an activated or immediately after-
activated oocyte cytoplasm as the recipient, as observed in
sheep and cows (Campbell et al., 1996; Kato et al., 1998;
Wilmut et al., 1997). The marmosets employed in the present
study belong to the second type, as employed for mice, rats,
and rhesus monkeys (Ogura et al., 2000; Ono et al., 2001a;
Wakayama et al., 1998; Zhou et al., 2003; 2006), whereby a
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SCNT embryo with the highest developmental ability to the
eight-cell stage is constructed when the donor cells have been
transferred into the recipient prior to activation. However,
the developmental ability of marmoset SCNT embryos was
found to be extremely limited. On the other hand, tetraploid
SCNT embryos produced by transferring a donor cell into a
recipient oocyte cytoplasm with the MII chromosome [NT-
tetra(od)] developed to the blastocyst stage, but neither
tetraploid parthenogenetic embryos nor tetraploid SCNT
embryos produced by transferring two donor cells into an
enucleated oocyte cytoplasm [NT-dip(o) and NT-tetra(dd)]
did. These results suggest that the presence of MII chromo-
some or cytoplasm proximal to the MII chromosome, but not
the genome constitution of tetraploidy, plays an important
role in the development of SCNT embryos to the blastocyst
stage. However, parthenogenetic embryos did not develop to
blastocyst, showing that the intactness of in vitro mature
oocytes cannot support preimplantation development alone.
Based on these observations, although the obvious mecha-
nism is still unclear, it is concluded that the synergistic effects
of an intact oocyte cytoplasm/genome, and some factors
from donor cells passed through a fertilization process are
necessary to gain developmental viability.

Previous studies on embryo cloning have shown that MPF
activity in the cytoplasm of a meiotic oocyte at metaphase II
plays an important role in reprogramming donor nuclei
(McGrath and Solter, 1984; Roble et al,, 1986, Wakayama
et al., 2000). With exposure to high MPF activity surround-
ings, chromosome condensation is induced in nuclei at in-
terphase through NMBD, and the status of early-stage
embryos is initiated (Barns et al., 1993; Campbell et al., 1993;
Colls and Robl, 1991; Szollosi et al., 1986). In the present
study, whole-mount analysis confirmed that chromosome
condensation of donor nuclei occurred after the transfer of
nonactivated oocytes into the cytoplasm, resulting in the
production of cloned embryos with the highest develop-
mental ability. A similar observation was also reported in the
rhesus monkey (Zhou et al., 2006). On the other hand, con-
densation did not occur in the case of activated oocytes, and
the embryos showed poor development. These findings re-
confirmed that sufficient exposure of the nuclear genome to
high MPF activity surroundings is a principal event for
cloned embryos to gain the benefit of reprogramming factor
in the recipient cytoplasm. Moreover, a recent topical report
in a clone study, which shows that zygotic cytoplasm at
metaphase is also actively involved in the reprogramming of
differentiated nuclei at metaphase (Egli et al.,, 2007), could
support this logic.

Cloned animals have been obtained using nuclei from
various kinds of mammalian cells, including ES cells, al-
though the selection of donor cells remains controversial
with regard to cloning procedures. The chromosome
number /karyotype is one of the most essential factors related
to the construction of viable healthy cloned embryos; how-
ever, concerning gene manipulation with donor cells, pro-
liferation activity (ideally with motility) during in wvitro
culture is also an important factor. Here, when the cell lines
used as the nuclear donor were subsequently cultured, the
proliferation of a skin-derived fibroblast cell line decreased
after the 10th passage, but that of the MBMMNC line did not
(data not shown). From this point of view, fibroblasts may
not be suitable as donors, although they are easy to collect.
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The MBMMNCs used in this study have not been charac-
terized by cell selective markers such as CD45 or differenti-
ation potency to adipocytes, chondrocytes, and osteocytes.
It is, however, likely that part of these MBMMNCs are
mesenchymal stem cells because mesenchymal stem cell lines
are established from MBMMNCs (Fuchs and Segre, 2000;
Prockop, 1997). These findings suggest that MBMMNCs are
convenient for advanced cloning procedures.

In the SCNT procedure in mammals, transfer of donor nuclei
into an egg cytoplasm is performed with membrane fusion of
the whole cell/karyoplast {(nuclei with surrounding cyto-
plasm) and egg, or direct injection of nuclei through the egg
membrane (Kimura and Yanagimachi, 1995). In this study,
nuclear transfer was attempted through membrane fusion
using physical stimulation in the form of electrical pulses
(Vienken and Zimmermann, 1982; Willadsen, 1986; Wolfe and
Kraemer, 1992), or the hemagglutinating activity of HV]
(Sendai virus) (McGrath and Solter, 1983). With the electrical
pulses, nuclear transfer was successfully achieved, but the effi-
ciency was evidently improved with HV]. HVJ has a wide
host range, with mice, rats, including cotton rats, hamsters,
guinea pigs, rabbits, ferrets, pikas, pigs, and marmosets, all
showing sensitivity. Especially in mice, HV] is often used for
nudlear transfer; however, the fusion activity of cell membranes
in other species remains unclear. Here, HV] was also shown to
be an effective tool for nuclear transfer in marmosets.

In the present study, parthenogenetic development of
marmoset embryos was not observed beyond the eight-
cell stage. As reported previously, in the monkey Macaca
mulatta (Mitalipov et al., 2001; 2002), in mammals such as mice
(Graham, 1970; Kaufman, 1973), rats (Jiang, et al., 2002; Kri-
vokharchenko et al., 2003), cows {(Campbell et al., 2000; Liu
et al., 1998), pigs (Grupen et al., 1999; Wang et al,, 1999), and
so on, in which in vitro culture of preimplantation fertilized
eggs has been established, it has been confirmed that parthe-
nogenetically activated oocytes can develop to the blastocyst
stage in vitro. Also, in marmosets (Marshall et al., 1998), par-
thenogenetic embryos can undergo implantation after transfer
to a recipient female, in which the parthenogenetic embryos
were derived from in vivo mature oocytes and transferred at
the four-cell stage. Thus, as our study showed poor develop-
ment of the parthenogenetic embryos, there might be room for
the improvement in in vitro maturation/culture conditions of
marmoset oocytes/embryos.

In the marmoset, the optimal procedure for viable SCNT
embryo has not yet been established. Meanwhile, consider-
ing the necessary characteristics of laboratory primates,
marmosets are considered as a model animal for preclinical
experiments, as already shown for spinal cord injuries
(Iwanami et al., 2005a, 2005b). This study also indicated the
possibility of advanced applications using the marmoset,
similar to those that have been established in mice, and
perhaps the production of cloned individuals aimed at gene
manipulation (Rideout et al., 2000) and the establishment of
somatic cell nuclear transfer-derived ES cells aimed at re-
generative medicine (Kishigami et al., 2006; Rideout et al.,
2002). However, although there is a gradual progress in the
gene expression analysis of cloned embryos or fetuses
(Blelloch et al., 2006; Hiiragi and Solter, 2005; Humpherys
et al., 2001; Inoue et al., 2002; Kang et al., 2001; Ogawa et al.,
2003; Suemizu et al., 2003), the cause of developmental ab-
normality, and thus, the low success rate (Eggan et al., 2001;
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Hill et al., 1999; Ono et al.,, 2001a, 2001b; Renard et al., 1999;
Shimozawa et al., 2002, 2003, 2006; Wakayama and Yanagi-
machi, 1999; Tamashiro et al., 2000, 2002) and the precise
mechanism of nuclear reprogramming remain unclear. Prior
to the introduction of cloning techniques through SCNT for
therapeutic application to human patients, these problems
need to be addressed, and accordingly, simultaneous prog-
ress in clone studies regarding basic biological mechanisms
and preclinical application is expected.
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Generation of transgenic non-human
primates with germline transmission
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The common marmoset (Callithrix jacchus) is increasingly attractive for use as a non-human primate animal model in
biomedical research. It has a relatively high reproduction rate for a primate, making it potentially suitable for transgenic
modification. Although several attempts have been made to produce non-human transgenic primates, transgene expression
in the somatic tissues of live infants has not been demonstrated by objective analyses such as polymerase chain reaction with
reverse transcription or western blots. Here we show that the injection of a self-inactivating lentiviral vector in sucrose
solution into marmoset embryos results in transgenic common marmosets that expressed the transgene in several organs.
Notably, we achieved germline transmission of the transgene, and the transgenic offspring developed normally. The
successful creation of transgenic marmosets provides a new animal model for human disease that has the great advantage of
a close genetic relationship with humans. This model will be valuable to many fields of biomedical research.

The use of transgenic mice has contributed immensely to biomedical
science. However, the genetic and physiological differences between
primates and mice—including their neurophysiological functions,
metabolic pathways, and drug sensitivities—hamper the extrapola-
tion of results from mouse disease models to direct clinical applica-
tions in humans. Thus, the development of non-human primate
models that mimic various human systems would accelerate the
advance of biomedical research. In particular, genetically modified
primates would be a powerful human disease model for preclinical
assessment of the safety and efficacy of stem-cell or gene therapy.

The common marmoset (Callithrix jacchus) is a small New World
primate that, because of its size, availability, and unique biological
characteristics!, has attracted considerable attention as a potentially
useful biomedical research animal in fields such as neuroscience, stem
cell research, drug toxicology, immunity and autoimmune diseases,
and reproductive biology. Marmosets have a relatively short gestation
period (about 144 days), reach sexual maturity at 12-18 months, and
females have 40-80 offspring during their life, Therefore, the applica-
tion of transgenic techniques to marmosets may be feasible, and would
greatly facilitate the study of human disease. In contrast, the more
commonly used Old World primates, such as the rhesus monkey
(Macaca mulatta) and cynomolgus monkey (Macaca fascicularis),
show slow sexual maturation (about 3 years) and have fewer offspring
(around 10) over the female lifespan. Thus, even though marmosets
are less closely related to humans than either apes or Old World
primates, their potential as transgenic primate models of human
disease means they may be uniquely valuable.

Obtaining large numbers of oocytes from primates for transgenic
experiments is limited by ethical and economic constraints.
However, because retroviral vectors allow the efficient integration
of a provirus into the host genome®™, their use requires fewer oocytes

than some other techniques. Furthermore, the injection of a lentiviral
vector into the perivitelline space of a pre-implantation embryo,
which is less invasive than injection into the pronucleus, isan advant-
ageous method for generating transgenic animals. In fact, transgenic
modification of rhesus monkeys using retroviral vectors and a lenti-
viral vector™ has been attempted. In these studies, genomic integ-
ration and expression of the transgene was observed in the placenta,
but not in the infants’ somatic tissues, by objective analyses such as
PCR with reverse transcription (RT-PCR) or western blotting.

The recombinant adeno-associated virus has been used for the
targeted knockout of the cystic fibrosis transmembrane conductance
receptor gene in swine fetal fibroblasts, and targeted gene knockout
pigs have been generated by somatic cell nuclear transfer (SCNT) of
the fibroblast nuclei into oocytes®. Although conceptually this
method could be used to make targeted gene-knockout primates,
marmoset SCNT techniques are not available at present.

Here we successfully produced transgenic marmosets, by injecting
a lentiviral vector containing an enhanced green fluorescent protein
(EGFP) transgene' into marmoset embryos. Four out of five trans-
genic marmosets expressed the EGFP transgene in neonatal tissues;
the fifth expressed it in the placenta, Two showed transgene express-
ion in the germ cells, and one fathered a healthy transgenic neonate.
Our method for producing transgenic primates promises to be a
powerful tool for studying the mechanisms of human diseases and
developing new therapies.

Production of transgenic marmosets

In a pilot study, we showed that pre-implantation marmoset embryos
obtained through natural intercourse had much better developmental
potential than embryos obtained by in vitro fertilization (IVE).
Therefore, both natural and IVF embryos were used in this study.
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To introduce the EGEP gene into the marmoset embryo, three kinds of
self-inactivating lentiviral vectors were constructed on the basis of
human immunodeficiency virus type 1 (HIV-1), and each carried a
different promoter, CAG, CMV or EF1-a. The self-inactivating lenti-
viral vectors were named CAG-EGFP, CMV-EGFP and EF1-0-EGFP,
respectively.

All lentiviral vector injections were performed at the earliest
embryonic stage possible using an Eppendorf FemtoJet express and
a Narishige micromanipulator. Twenty-seven IVF embryos and 64
natural embryos were injected with a high titre of the lentiviral vector,
from 5.6 X 10° to 5.6 X 10'! transducing units per ml (Table 1).
Because the perivitelline space of the marmoset early embryo is rather
small, 16 of the 27 IVE embryos, and 49 of the 64 natural embryos, at
the pronuclear-to-morula stage, were first placed in 0.25 M sucrose in
PB1 medium (0.25 M sucrose medium}, which made the perivitelline
space expand 1.2-7.5-fold (data not shown). The lentiviral vector was
then injected into the perivitelline space (Supplementary Data 1).
Virus was injected into the blastocoel of the remaining 11 IVF and
15 natural embryos at the blastocyst stage, without the 0.25 M sucrose
treatment (Supplementary Data 1).

Immediately after injection, 4 of the IVF and 12 of the natural
embryos were transferred to recipient females. The rest were examined
for the expression of EGFP, starting 48 h after injection. Among the
sucrose-treated IVF and natural early embryos at 48 h after injection,
68.8% and 97.7% expressed EGFP, respectively; of the non-sucrose-
treated IVF and natural embryos injected with lentivirus as blasto-
cysts, 85.7% and 87.5% expressed EGFP, respectively (Supplementary
Data 1). Therefore, 61 of the natural embryos and 19 of the IVF
embryos were transferred to surrogate mothers (Table 1). For the
transfers, the recipients were synchronized with the donor oocyte
cycle; each recipient received 1-3 embryos per cycle, and 50 surrogate
mother animals were used.

Of the surrogate mothers, seven that received natural or IVF
embryos became pregnant. Three recipients miscarried on days 43,
62 and 82, and the other four delivered five healthy offspring (three
singletons, one pair of twins), one male (number 666) and four
females, on days 144-147 after ovulation (Fig. 1). For the infants,
the lentiviral vector injection had been performed at the four-cell
stage (584), the pronuclear stage (587), and the morula stage (588,
594 and 666). The EGFP transgene was driven by the CAG promoter
in three newborns (584, 587 and 588) and by the CMV promoter in
the other two (594 and 666; Supplementary Data 1).

Table 1] Production rates of transgenic marmosets
Artificial reproductive technique ~ Natural

Number of GV oocytes 460 No data
Number of matured oocytes 201 No data
(only MIT)

Number of IVFs performed 272 No data
(including MD

Number of fertilized oocytes i21 No data
Fertilization rate (fertilization per GV)  26.3% No data
Fertilization rate (fertilization per IVF) ~ 44.5% No data
Lentiviral injections 27 64
EGFP expression confirmed after 23 52

48 h or fater

EGFP expression 17 50
EGFP expression rate 73.9% 96.2%*
ETs 19 61
Number of surrogates 13 37
Number of pregnancies 1 6
Number of deliveries 1 3

Births 1 4

Birth rate (birth per ET) 5.20% 6.55%
Number of Tgs 1 4
Production rate (Tg per injection) 3.70% 6.25%
Production rate (Tg per ET) 5.26% 6.25%

Production rate (Tg per birth) 100 100

ET, embryo transfer; GV, germinal vesicle; MI, metaphase I; Ml metaphase Ii; Tg, transgenes.
*P < 0.0, chi-squared analysis.
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Figure 1| Self-inactivating lentiviral vector-derived EGFP transgenic
marmosets. a—d, The transgenic marmoset infants are shown. Shown are
584 (Hisui) (a), 587 (Wakaba) (b), 588 (Banko) (¢), and twin infants 594
(Kei)/666 (Kou) (d). 584, 587 and 588 contained CAG-EGFP and 594/666
carried CMV-EGEP, Inset boxes in each panel show epifluorescent images of
the paw of a transgenic animal (right), compared to a wild-type animal’s foot
pad (left). All animals except 588 expressed EGFP in their paw. 666 expressed
EGEP at a slightly lower level.

EGFP transgene integration in the genome

The integration, transcription and expression of the transgene in the
infant marmosets were examined using tissues that could be acquired
noninvasively (placenta, hair roots, skin and peripheral blood cells).
Because marmosets usually eat the placenta after delivery, only three
placentae (584, 588 and that shared by twins 594/666) were collected
and available for analysis"’.

The placental DNA from infants 584 and 588 showed high levels of
the transgene content by real-time PCR, whereas that from 594/666
showed a relatively low level (Supplementary Data 2). The transgene
was detected in the hair roots, skin and peripheral blood from infants
584, 587, 594 and 666.

Copy numbers of the integrated transgene were determined by
Southern blotting analysis. At least four copies of the transgene were
integrated into the genome of animal 584, and two copies were present
in the genome of animal 587 (Fig. 2). Several integration sites in the
genomic DNA of skin fibroblast cells, peripheral blood, the placenta of
594 and 666, and the placenta of 588 were found. Infant 588 showed
transgene integration only in the placenta (Fig. 2).
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Figure 2 | Transgene insertions in several infant tissues. Southern blot
analysis. All infants except 588 showed transgene integration in the skin
fibroblast cells and blood, whereas 588 showed transgene integration in the
placenta. The lane markers on the left of each gel represent base pairs.
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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. 1 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

EGFP 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 immunchisto-
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).

a 584 587 588 594 666  Negative
EGFP
B-actin
b
EGFP
B-actin
c 594/666 Negative
EGFP
B-actin
h Control
150 0.1%
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Figure 3 | Transgene transcription and expressionin several 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). IVFs 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 EGFP. 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—e ), 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

0 um 8 Negative contral

100 pym Negati@/e controt

100 um § 588

frozen ear tissues (f, g) and placentae (d, ). Scale bars, 100 pm. 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.
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a Sperm Embryo

100 pm

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 IVE
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
1.3 X 10°~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 abserved 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, 8.5 kilobases 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
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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;
75IU; 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 24 h at 38 °C,
5% CO, in air, for in vitro maturation. After incubation, only matured oocytes
(metaphase II) were collected and used for IVF.

Ejaculated semen was collected in TYH medium (Mitsubishi Kagaku Iatron),
using a Ferti Care personal vibrator. Hyaluronidase-treated oocytes were placed
in 70-pl 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 FemtoJet express and a Narishige microma-
nipulator. The embryos were cultured until GFP 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 from a
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 Iatron) 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-II-arrested oocytes were insemi-
nated with a final concentration of 5 X 10° spermml™" 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-EGEFP, 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 f-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 305, annealing for 30 s at 58 °C for EGFP primers or 62 °C for f-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 P-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 10s, and elongation at
72°C for 30s.

Immunohistochemical analysis. Tissues were embedded in OCT compound,
frozen in liquid nitrogen, and sliced into 5-pm 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
0.13M NH,CL. 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 pgml™"), 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, L2 yoko Tabata,® Mariko Inoue,' Erika Sasakz

Shinya Satob,' and Sumiko Watanabe'

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

Meraops. 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
sopsin. 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
CD73 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.

Concrusions. CD73 is a cell surface marker of cone/rod com-
mon precursors and mature rod cells in mice and is genetically
localized between Nrl 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 (GPI)-
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 prcviously,“ and re-
sults (FACSAria; BD Biosciences) were replotted (FlowJo software;
Tree Star, Ashland, OR)

Construction and Immunostaining

The fultlength cDNAs 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, WD), and the
inserts were subcloned into the pMX-IRESEGFP retrovirus vector.'®
Immunostaining for sectioned or dissociated retinas was performed as
described previously.*!? The primary antibodies used were anti-CD73,
anti-thodopsin Rho4D2), anti-s-opsin (Chemicon, Temecula, CA), anti-
glutamine synthetase (Chemicon), and anti-m-opsin (Chemicon). The
primary antibodies were visualized using the approptiate secondary
antibodies conjugated to Alexa488 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 rT'aq (Takara, Shiga, Japan), and the semiquantitative cycle num-
ber was determined for each primer set. DNA bands were visualized
with ethidium bromide.

REsuLTS

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-
jious 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 CD75‘°W
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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,
P6, and P9 were dissociated and immunostained with the
anti-CD73 and anti-thodopsin antibodies. Some of the cells
were replated and used for immunohistochemistry with the
same set of antibodies (Fig. 1E). Less than 30% of the CD73*
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 CD737 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 prevxous
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
various developmental stages of the
mouse retina. The dot plot patterns
of side scatter (SSC) 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). (E) 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, PS5,
and adulthood. 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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localized, 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 s-opsin (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).

PKC (FI-1)

SR
LTl

Islet-1 (Fi-1)

¥ 100-

o -

o R 8o-

P 2 604

= Q
= g | _‘é.’__g 40 -

CD73/DAPI CD73/rhe 23 20 "l-l

£O o
Rhodopsin CD73 169
s e stage (P)

CD73/ S-onsin

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 left 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 CD73~ 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 tho-
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 CD73™ 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.5” 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.>*?! We examined the temporal expression of the
mRNAs for these receptors by semiquantitative RT-PCR (Fig.
3A). We found that Al 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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Ficure 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 A1, 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. (E) 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.



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

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 P6,
significant expression of Al 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. 30). 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, 3B). In the CD73-overexpressed frac-
tion, the proportion of rhodopsin-positive cells was similar to
that observed in the control EGFP virus-infected 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 rhodopsin 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 ex-
pressed exclusively in CD73" fractions (Fig. 4B). Crx and Nrl
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 Chx10%4 and Hesl1, 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. 40). 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 ear-
lier than that of rhodopsin, which supports the idea that CD73

CD73 and Photoreceptor Precursors 5415

A B
cD73 - + - + stage: P2 P6
cs 23 chx10 R CO78 =
Rhodopsin s
s
Crx = CyclinD1 S-opsin

ovt BEENIN  ©3°0F

G3PDH

C E14 16 18 P1 3 5 8
cD73 o wams

Rhodopsin
Nrl
01$F = wow tow cuer s

G3PDHE

D EGFP (FI-1)
<, Control <

@i

: 5

e

100 10} 102 16 10t

= 2N
m

i

~

(%) +d493 / +d=93+6.00 E
(%) d4937 -d493+c2a0 OO

108 10! 102108

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 P6 (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 EGFP-positive or EGFP-negative populations are shown (E).
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 Nrl
expression in the developing mouse retina was previously
reported. Bibb et al.?> reported that Nel was expressed after
birth, whereas Akimoto et al.?% reported that Nrl was first
expressed during eatly embryogenesis around E12. In our
study, Nil and rhodopsin expression began around P1. The
difference in Nrl 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 Nirl 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
NrlIRES-EGFP; they were cultured for 4 days, harvested, and
dissociated. CD73 expression was analyzed by flow cytometry
(Figs. 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. 4F). In the
Nrlexpressing 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 Nil) 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 5A, 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 DAPI. (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
(Jower four panels). Nuclei were
stained with DAPL

& N %

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. 50).
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 CD73™ cells. Taken
together, we concluded that CD73 is a marker of rod photo-
receptor cells in the mature retina of the common marmoset.

DIscuUssION

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.
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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 Nrl-knockout 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. 303!
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 Miller 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.

Nil 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 Maffamily 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 Nrlin CD73™ and CD737 cells,
we hypothesize that CD73 is downstream of Crx and upstream
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FiGURE 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 Nrl in rod cell differentiation. Furthermore, de-
tailed examination of the transition of expression of the mR-
NAs for Crx, CD73, and Nil 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 consensus-binding 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’ upstream. 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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