
ORIGINAL RESEARCH REPORTS

Induced Pluripotent Stem Cell-Derived Dopaminergic Neurons
from Adult Common Marmoset Fibroblasts

Scott C. Vermilyea,1,2 Scott Guthrie,2 Michael Meyer,2 Kim Smuga-Otto,2,3 Katarina Braun,2 Sara Howden,3

James A. Thomson,2–4 Su-Chun Zhang,5 Marina E. Emborg,1,2,6 and Thaddeus G. Golos2,7

The common marmoset monkey (Callithrix jacchus; Cj) is an advantageous nonhuman primate species for
modeling age-related disorders, including Parkinson’s disease, due to their shorter life span compared to
macaques. Cj-derived induced pluripotent stem cells (Cj-iPSCs) from somatic cells are needed for in vitro
disease modeling and testing regenerative medicine approaches. Here we report the development of a novel Cj-
iPSC line derived from adult marmoset fibroblasts. The Cj-iPSCs showed potent pluripotency properties,
including the development of mesodermal lineages in tumors after injection to immunocompromised mice, as
well as ectoderm and endoderm lineages after in vitro differentiation regimens, demonstrating differentiated
derivatives of all three embryonic layers. In addition, expression of key pluripotency genes (ZFP42, PODXL,
DNMT3B, C-MYC, LIN28, KLF4, NANOG, SOX2, and OCT4) was observed. We then tested the neural
differentiation capacity and gene expression profiles of Cj-iPSCs and a marmoset embryonic stem cell line (Cj-
ESC) after dual-SMAD inhibition. Exposure to CHIR99021 and sonic hedgehog (SHH) for 12 and 16 days,
respectively, patterned the cells toward a ventralized midbrain dopaminergic phenotype, confirmed by ex-
pression of FOXA2, OTX2, EN-1, and tyrosine hydroxylase. These results demonstrate that common marmoset
stem cells will be able to serve as a platform for investigating regenerative medicine approaches targeting the
dopaminergic system.

Keywords: induced pluripotent stem cells, Parkinson’s disease, neural differentiation, nonhuman primate model

Introduction

Induced pluripotent stem cells (iPSCs) have become a
powerful tool for regenerative medicine research since

their initial derivation from mouse [1] and subsequently
human fibroblasts [2,3]. Circumventing the limitations of
human embryo-derived embryonic stem cells (ESCs), iPSC
lines can be derived from adult tissues and can be used to
study pluripotency, development, differentiation to mature
cells and tissues, and disease modeling. In particular, a sig-
nificant advantage of iPSCs over ESCs is their potential as a
source for autologous cell-replacement therapies. iPSCs are
hypothesized to be recognized as ‘‘self tissue’’ facilitating
successful therapeutic delivery of host-derived iPSCs with-
out immunological rejection.

Nonhuman primates are an invaluable resource for pre-
clinical investigation of the safety and efficacy of iPSC-
based therapies. In that regard, the common marmoset
monkey (Callithrix jacchus; Cj) has been identified as an
advantageous species for modeling age-related disorders,

such as Parkinson’s disease, due to their shorter life span
compared to larger nonhuman primates [4]. To realize this
opportunity, Cj-stem cell lines are needed as platform tools
for in vitro phenotype characterization and regenerative
medicine strategies. For example, neurons derived from Cj-
stem cells can be genetically modified to model in vitro
genetic neurological diseases and, by generating immortal
cell lines, can be utilized for indefinite study and manipu-
lation of these diseases.

The potential for neural differentiation has been reported
from Cj-ESCs [5] and Cj-iPSCs derived from fetal fibro-
blasts [6–8], fetal liver cells [9], neonatal skin [10], and adult
bone marrow [11]. There is also one report demonstrating
direct reprogramming of marmoset embryonic skin to neu-
ronal cells [12]. However, the derivation of Cj-iPSCs from
adult skin fibroblasts and further patterning and differentia-
tion to dopaminergic neurons have not been reported.

Fetal and newborn tissues are a useful experimental source
of cells that are more easily manipulated and reprogrammed
compared to adult fibroblasts, but they are not a realistic iPSC
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source for most human-directed applications. Furthermore,
studies that have succeeded in deriving iPSCs from the
marmoset did so via either retrovirus systems [6,9] or the
reversible piggyback system [10,13] that also integrates into
the host genome. However, using nonintegrating episomal
vectors circumvents the concern of continued expression of
exogenous reprogramming genes [14]. In addition, while
differentiation of dopaminergic (DAergic) neurons has been
successful in human and rhesus cells [15], this has not yet
been achieved with marmoset stem cells, including patterning
to become midbrain floor plate-derived DAergic neurons,
which are the neurons that degenerate in PD.

The aim of this study was to fill these gaps by producing a
Cj-iPSC line from adult marmoset skin fibroblasts using
nonintegrating expression plasmids, generating a protocol for
mature neuronal differentiation of Cj-iPSCs, and character-
izing the expression of pluripotent and neural differentiation-
related genes throughout the differentiation process of both
Cj-ESCs and Cj-iPSCs.

Materials and Methods

iPSC derivation

All procedures involving animals were performed in ac-
cordance with the recommendations in the National Research
Council Guide for the Care and Use of Laboratory Animals
(2011) in an AAALAC accredited facility (Wisconsin
National Primate Research Center, University of Wisconsin-
Madison). Experimental procedures were approved by the
Graduate School Institutional Animal Care and Use Com-
mittee of the University of Wisconsin-Madison.

A small strip of skin and subcutaneous tissue from an
adult common marmoset (4 years old) was obtained during
an unrelated procedure under anesthesia. The tissue was
immediately plated down to individual wells of a six-well
plate coated with gelatin. Once the emerging fibroblasts
expanded sufficiently, expression plasmids (pEP4 E02S
EN2K, pEP4 E02S ET2K, pCEP4-M2 L, and miRNA302
[16]) were electroporated into the fibroblasts with a Gene
Pulser II (Biorad) at settings of 250 V, 950 mF in Opti-MEM
I Reduced-Serum Medium (Life Technologies 31985-070).

For the first 3 days, the cells were fed with fibroblast
medium consisting of DMEM/F12 (SH30023.01; Thermo
Scientific), 10% fetal bovine serum (12476-024; Gibco),
NEAA (nonessential amino acids) (11140-050; Gibco), and
sodium pyruvate (13-115E; Lonza). On day 3, the medium
was adjusted to a small-molecule medium consisting of
Essential 6 (A1516401; Life Technologies), bFGF (100mg/
mL; WiCell), N2 (17502-048; Gibco), B27 (17504-044;
Gibco), PD0325901 (10 mM, 40006; Stemgent), A 83-01
(50 mM, 2939; Tocris), CHIR99021 (20 mM, 4423; Tocris),
LIF (10 ng/mL, 5283; Sigma), and Y-27632 (10 mM, 1254;
Tocris). The cells were then fed with stem cell medium
(Stem Cell Culture section) on day 15. When pluripotent
stem cell colonies arose, as microscopically observed, they
were picked and transferred to separate wells of a 24-well
plate for expansion and cryopreservation.

RNA isolation

To characterize the gene expression profiles of undiffer-
entiated Cj-ESCs and Cj-iPSCs, as well as at day 16, 30, and

42 of the neural differentiation protocol, RNA was extracted
using RNA STAT-60 (CS-110; Amsbio). Nucleic acid
concentration was determined using a NanoDrop, and RNA
integrity was tested using a 2100 Bioanalyzer (Agilent).

cDNA synthesis

cDNA was synthesized using 0.5 mg of RNA. An RT2

First-Strand Synthesis Kit (330401; Qiagen) was used for
the Qiagen RT2 Profiler arrays, while a SuperScript III First-
Strand Synthesis System Kit (18080051; Invitrogen) was
used for the custom qPCR characterization experiments. A
genomic elimination step was completed before the reverse
transcription reaction, which was followed by the RNA
elimination step. Reactions without reverse transcriptase
(NoRT) were used as negative controls for the PCRs.

Reverse transcription-PCR

To determine pluripotency gene expression, reverse
transcription-PCR (RT-PCR) was performed on the RNA
samples of both Cj-ESCs and Cj-iPSCs using primers for
ZFP42, PODXL, DNMT3B, OCT4, SOX2, KLF4, c-MYC,
NANOG, and LIN28 (Supplementary Table S1; Supple-
mentary Data are available online at www.liebertpub.com/
scd). Reactions were set up using GoTaq Polymerase
(m5138; Promega) using equivalent amounts of the reverse
transcription reaction from 0.5 mg of RNA. The PCRs were
run in a programmable thermocycler (PTC-100; MJ Re-
search, Inc.) with an initial denaturing step of 95�C for
2 min, followed by 36 cycles programmed thus: denaturing,
95�C, 30 s; annealing, 55�C; extension, 72�C, 30 s; followed
by a final extension of 72�C for 15 min. Samples were then
loaded on 2% agarose gels and amplification of a single
band of the predicted size was verified for each primer pair.

Quantitative-RT-PCR

For qRT-PCR, RNA samples were collected as described
above (RNA Isolation section). RNA quality was tested on a
bioanalyzer (UW-Biotech Center). cDNA was synthesized
using a cDNA First-Strand Synthesis Kit (330404; Qiagen).
qRT-PCR analysis was done using SYBR green (330523;
Qiagen) and an RT2 Profiler Human Stem Cell Lineage Array
Kit (PAHS-508ZF-12; Qiagen). Further analysis of genes of
interest was accomplished using 0.5mg of RNA from three
separate biological replicates collected from several different
differentiation regimens and primers designed to be 18–22
nucleotides, 40–50% G/C content, within one degree (Tm) of
each other and between 58�C–62�C, and spanning an exon–
exon junction when possible. A list of qRT-PCR primer se-
quences can be found in Supplementary Table S1. Controls
for the qRT-PCR experiment included technical triplicates,
no reverse transcriptase controls for each primer set, ampli-
fication of reference genes (GAPDH and RPLP0; GAPDH
was chosen for dCt calculations), and an interassay control of
GAPDH. All primer sets were screened for gene amplifica-
tion specificity using the standardized PCR temperature pa-
rameters (Reverse Transcription-PCR section).

Teratoma formation

Teratoma formation was carried out by Applied StemCell,
Inc. (Menlo Park, CA). Passage 23 Cj-ESCs, and passage 17
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Cj-iPSCs were injected into the left kidney capsule and
right testis of three 6-week-old, male, SCID-beige mice
(Charles River, Wilmington, MA) per cell line. Each in-
jection consisted of 1–2 million cells/site, in 30% Matrigel.
Tumors were collected 56 and 55 days postinjection for the
Cj-ESCs and Cj-iPSCs, respectively. For histological
analysis, tumor tissues were fixed with 10% formalin
overnight, embedded in paraffin, cut into 5 mm sections,
and stained with hematoxylin and eosin.

Endoderm differentiation

Cj-iPSCs were screened for endodermal lineage potential
through two separate methods. First, cells were differentiated
to definitive endoderm using a StemDiff Definitive Endoderm
Kit (TeSR-E8 Optimized; 05115; STEMCELL Technologies)
and analyzed on day 4 and 5 postinduction. RNA was collected
from control undifferentiated cells as well as 4 and 5 days after
endoderm induction as described above. Expression of the
definitive endoderm genes CXCR4, SOX17, and FOXA2 was
assessed using qRT-PCR (n = 3).

Immunocytochemistry (ICC) was performed using anti-
SOX17 to verify protein expression and efficiency of
differentiation. In addition, Cj-iPSCs were allowed to sponta-
neously differentiate in DMEM supplemented with GlutaMAX
(35050-061; Life Technologies) and chemically defined lipid
concentrate (11905-031; Life Technologies) for 23 days. RNA
was collected in undifferentiated cells, after day 7 of differen-
tiation, and subsequently every 2 days. Expression of AFP was
evaluated at each time point using RT-PCR.

Stem cell culture

Pluripotent stem cells were grown in growth factor-reduced
Matrigel (83 ng/well, 354230; BD)-coated 35-mm culture plates
and medium was replenished daily consisting of E8 medium
(A14666SA; Life Technologies), E8 supplement (A15171-01;
Life Technologies), nodal (100 ng/mL, 3218-ND; R&D Sys-
tems), GlutaMAX (35050-061; Life Technologies), chemically
defined lipid concentrate (11905-031; Life Technologies), and
reduced glutathione (1.94mg/mL, G4251; Sigma). To passage
the cells, the medium was aspirated and Accutase (SCR005;
Thermo Fisher Scientific) was added. Cells were maintained at
5% CO2/95% room air and 37�C in a Series II Water Jacket
incubator (Thermo Scientific).

Neural differentiation

Neural induction medium composed of DMEM/F12
(SH30023.01; Thermo Scientific), MEM-NEAA (11140-
050; Gibco), N2 supplement (17502-048; Gibco), SB431542
(10 mM, 04-0010; Stemgent), and DMH1 (200 nM, 4126;
Tocris) was added 1 day after passaging *20,000 cells/35-
mm well. By day 8, colonies were of proper size, were lifted
using dispase (2 mg/mL DMEM/F12), and grown in sus-
pension as neurospheres in T75 low cell adhesion flasks for
20 days. The neurospheres were then dissociated and plated
back down to Matrigel-coated coverslips and maintained in
neural differentiation medium consisting of neural basal
medium (21103-049; Gibco), MEM-NEAA (11140-050;
Gibco), N2 supplement (17502-048; Gibco), B27 supple-
ment (17504-044; Gibco), brain-derived neurotrophic factor
(BDNF; 10 ng/mL, 450-02; Pepro tech), glial-derived neuro-

trophic factor (GDNF; 10 ng/mL, 450-10; Pepro tech), TGF-b3
(1 ng/mL, 100-36E; Pepro tech), ascorbic acid (200mM,
A0278; Sigma), and cyclic adenosine 3¢,5¢-monophosphate
(cAMP; 1mM, A9501; Sigma).

To further pattern cells to floor plate-derived midbrain
dopaminergic neurons, the cells were exposed to neural in-
duction medium with the addition of sonic hedgehog (SHH;
500 ng/mL, 464-SH; R&D Systems) and CHIR99021 (0.4mM,
04-0004; Stemgent) and 8 days later, lifted using dispase
(2 mg/mL DMEM/F12) and grown in suspension. After 12 or
16 days, CHIR99021 was removed and SHH was reduced to
20 ng/mL. On day 16 in all conditions, FGF8b (100 ng/mL,
100-25; Pepro tech) was added until day 28.

As an alternative method to pattern cells, SHH was re-
moved 4 days after induction and purmorphamine (5mM,
04-0009; Stemgent) was added. On day 16, CHIR99021 was
removed, purmorphamine reduced to 0.2 mM, and FGF8b
(100 ng/mL, 100-25; Pepro tech) was added.

Immunofluorescence

Immunofluorescent staining was performed to charac-
terize pluripotent, patterning, neuronal and DAergic dif-
ferentiation expression profiles. Coverslips with adherent
cells were fixed at room temperature with 4% PFA for
20 min. After 3 · 10-min washes in PBS, nonspecific
binding was blocked with PBS, 10% normal serum, and
0.2% Triton X-100 for 1 h at room temperature. Coverslips
were then incubated with the primary antibody for 2.5 h at
room temperature (Supplementary Table S2).

Cells were then rinsed 5 · 5 min with PBS and incubated
with a secondary antibody solution containing PBS, 10%
normal serum, Alexa Fluor (AF) 594 donkey anti-rabbit
(A21207; Invitrogen, Grand Island, NY), Cy3 donkey anti-
mouse (715-165-150; Jackson), AF 647 goat anti-rabbit
(111-605-045; Jackson), AF 488 donkey anti-goat (705-545-
003; Jackson), AF 488 donkey anti-rabbit (711-545-152;
Jackson), or AF 488 donkey anti-mouse (A21202; Invitro-
gen) for 2 h at room temperature.

All secondary antibodies were used at a 1:1,000 dilution.
Sections were then counterstained with DAPI to visualize
nuclei. Negative controls were obtained by omitting the
primary antibodies and using primary isotype controls in the
immunostaining procedures (Supplementary Fig. S1). Un-
differentiated and nonpatterned cells also served as internal
positive and negative controls.

Data analysis

All graphs present mean – SEM. All gene expression
analyses were done using one-way ANOVA and Tukey’s
multiple comparison test with Prism 5 (GraphPad software,
Inc.). Statistical significance was set at a < 0.05. ANOVA
results are reported in Supplementary Table S3.

Results

Derivation of common marmoset iPSCs

Adult marmoset fibroblasts were electroporated with epi-
somal plasmids transiently expressing the human pluripotent
genes C-MYC, LIN28, KLF4, NANOG, SOX2, and OCT4,
to reprogram to an induced pluripotent state (Cj-iPSCs). For
direct comparison, we obtained a previously derived marmoset
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ESC line (Cj-ESC) [17]. Morphologically, both cell lines
showed classic tightly packed colonies with defined borders,
monolayer growth, and a high nucleus/cytoplasmic ratio.

To determine whether the reprogrammed cells expressed
endogenous pluripotent genes, exon-spanning primers for
RT-PCR were designed. Subsequent Sanger sequencing of
OCT4, SOX2, NANOG, KLF4, LIN28, and c-MYC amplicons
verified the expression of marmoset pluripotency genes, and
not the human episomal reprogramming plasmids. Both the
Cj-ESCs and Cj-iPSCs expressed endogenous mRNAs for the
pluripotency genes ZFP42, PODXL, DNMT3B, C-MYC,
LIN28, KLF4, NANOG, SOX2, and OCT4 (Fig. 1A).

To verify protein localization, triple immunofluorescent
staining for OCT4, SOX2, and NANOG was completed.
The results demonstrate that individual cells within the
pluripotent colonies coexpressed NANOG, OCT4, and
SOX2 transcription factors in both Cj-iPSCs (Fig. 1B) and
Cj-ESCs (Fig. 1C).

When injected into the kidney capsule and testis of im-
munocompromised mice, the Cj-iPSCs (passage 17; 55 days
postinoculation) produced tumors containing structures
arising from differentiated mesoderm (Fig. 1E); ectoderm
and endoderm derivatives were not clearly identified. As a
result, to further evaluate the potential to derive ectoderm
and endoderm, the Cj-iPSCs were exposed to neuronal
differentiation, directed endoderm differentiation, and in
vitro spontaneous differentiation protocols (Supplementary
Fig. S2). It was confirmed that the Cj-iPSCs could differ-
entiate to both bIII-tubulin-positive neurons (Fig. 1D) and
definitive endoderm expressing CXCR4, SOX17, FOXA2,
and AFP (Fig. 1F and Supplementary Fig. S2A–F). The Cj-
ESCs (passage 23; 56 days postinoculation) produced tera-
tomas expressing typical differentiated derivatives of all
three germ layers (Fig. 1G–I), confirming their pluripotent
developmental potential. Karyotype analysis showed normal
chromosomes for both cell lines (Fig. 1J, K).

Marmoset-derived stem cells differentiate
to neurons

To evaluate the potential of adult marmoset fibroblast-
derived pluripotent stem cells to differentiate to neurons, we
implemented a basic dual-SMAD inhibition, nonpatterned
neural induction protocol using SB431542 and DMH1,
followed by growth factor-mediated terminal differentiation
using BDNF, GDNF, TGF-b3, as well as cAMP and
ascorbic acid (Fig. 2A). Figure 2 illustrates the progression
from a representative pluripotent stem cell colony (Fig. 2B)
to suspended neurospheres after lifting of colonies from the
culture surface (Fig. 2C), dissociated cells plated for ter-
minal differentiation (Fig. 2D), and extensive process ex-
tension after continued adherent culture (Fig. 2E). ICC
revealed that nearly all plated cells expressed nestin, an
intermediate filament protein expressed in neural progenitor
cells, bIII-tubulin, a microtubule protein specific to neurons,
or both (Cj-ESC, Fig. 2F; Cj-iPSCs, Fig. 2G).

Characterization of gene expression
throughout neural differentiation

An RT2 human cell lineage qPCR profiler array was first
used to generally characterize gene expression in the mar-

moset pluripotent cells. Data from mRNA samples collected
on day 0 (d0), d16, d30, and d42 of neural differentiation in
both Cj-ESC and Cj-iPSC lines are represented by respec-
tive Ct values (n = 1) integrated as a global heat map
(Fig. 3). Data from the profiler array from d0 to d42 showed

FIG. 1. Cj-ESCs and Cj-iPSCs are pluripotent. (A) RT-
PCR detection of endogenous pluripotent mRNAs; ZFP42,
PODXL, DNMT3B, C-MYC, LIN28, KLF4, NANOG, SOX2,
and OCT4. RPLP0 was used as a reference gene. (B, C)
Both cell lines coexpress OCT4/SOX2/NANOG. After
neural differentiation, Cj-iPSCs formed (D) bIII-tubulin-
positive neurons. Tumors from the Cj-iPSCs formed (E)
mesoderm (cartilage). After directed differentiation to de-
finitive endoderm (F), SOX17 was expressed. Teratomas
from Cj-ESCs formed (G) ectoderm (epithelium), (H) me-
soderm (cartilage), and (I) endoderm (glands). Both Cj-ESC
( J) and Cj-iPSC (K) lines had normal karyotype. Scale bars:
(B, C, F), 50 mm; (D, E, G–I), 100mm. Cj-ESC, Cj-
embryonic stem cell; Cj-iPSC, Cj-derived induced pluripo-
tent stem cell; RT-PCR, reverse transcription-PCR.
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FIG. 2. Neural differentia-
tion of marmoset stem cells.
(A) Schematic for NP dual-
SMAD inhibition protocol
using SB431542 and DMH1.
Representative images through-
out neural differentiation show-
ing (B) pluripotent cell colonies,
d0–8; (C) neurospheres, d8–
28; (D) plated dissociated
neurospheres, d30; (E) exten-
sive process extension, d42+.
The Cj-ESC (F) and Cj-iPSC
(G) lines were efficiently dif-
ferentiated to neurons shown
by nestin (green) and bIII-
tubulin (red) expression; DAPI
(blue). Scale bars: (B–G),
100mm. NP, nonpatterned.

FIG. 3. RT2 Profiler Cell Lineage
Array in Cj-ESCs and Cj-iPSCs
throughout neural differentiation. (A)
Global heat map of pluripotent and
ectodermal lineage-related genes. (B)
Global heat map of endoderm and
mesoderm lineage-related genes. Blue
indicates higher levels of expression
compared to black.
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that the pluripotency genes DNMT3B, GDF3, LEFTY1,
PODXL, and ZFP42 are downregulated during differen-
tiation in both Cj-ESCs and Cj-iPSCs. The ectodermal
germ layer genes OTX2, ZIC1, and NEUROG2 were up-
regulated, while FOXD3 and GBX2 were either down-
regulated or maintained (GBX2, Cj-iPSCs). Both lines
showed maintenance of the ectodermal progenitor genes
SOX2 and ENO1 and upregulation of GAD2, SLC32A1,
DCX, OLIG2, FABP7, HES5, and NKX2.2. There was also
upregulation of ectodermal terminal differentiation genes
GAD1, SLC17A6, NEUROD1, and CHAT (Cj-iPSCs
only), but little to no change of expression of POU4F2,
KRT14, RCVRN, or KRT10.

For nonectodermal-related genes, both cell lines had a
slight upregulation of the endodermal germ layer gene
FOXA1 and downregulation of the endoderm progenitor
gene KRT19. There was no change in the Cj-ESCs of
germline mesoderm genes T, PDGFRA, DCN, GATA2,
RUNX1, HAND1, and GATA6, mesoderm progenitor genes
PTCRA and HAND2, or the mesoderm terminal differenti-
ation genes MYL3, RYR2, COL10A1, COMP, MYH1, CTSK,
SMTN, MYH11, CCR5, and MYH7. However, both cell
lines showed downregulation of BMP4 and MIXL1. In
addition, the Cj-iPSCs showed downregulation of T,
HAND1, and HAND2 and upregulation of DCN. Overall,
both cell lines appear relatively similar in gene expression
profile, with the exception of some nonectodermal genes in
the Cj-iPSCs.

To verify the relative quantitative expression differences
of genes across differentiation time points (n = 3 per time
point), selected genes from the array (DNMT3B, PODXL,
ZFP42, SOX2, OTX2, ZIC1, NEUROG2, DCX, FABP7,
HES5, GAD1, NEUROD1, and CHAT) and additional plur-
ipotency (OCT4, NANOG, KLF4, C-MYC, and LIN28),
neural progenitor (PROM1, NESTIN, and PAX6), and neu-
ronal/glial differentiation (MAP2, NEUN, and GFAP) genes
were analyzed (Fig. 4). Relatively high expression of the
pluripotency genes (Fig. 4A) NANOG, ZFP42, and OCT4
was observed at d0 followed by a decrease in expression
beginning at d16. While C-MYC appeared to decrease slightly
over time, PODXL, LIN28, and KLF4 remained relatively
constant throughout differentiation and the neural stem cell
gene SOX2 increased slightly along with DNMT3B.

The neural gene PROM1 decreased slightly, while OTX2,
NESTIN, FABP7, HES5, DCX, PAX6, NEUROG2, ZIC1,
NEUROD1, MAP2, and GAD1 increased in expression in
both Cj-ESCs and Cj-iPSCs starting at d16 and were either
maintained or further increased through d42 (Fig. 4B).
However, OTX2 in the Cj-iPSCs decreased on d30 and d42
and PAX6 in the Cj-ESCs also decreased slightly between
d16 and d42. CHAT expression increased in the CJ-iPSCs
at d30, but not in the Cj-ESCs matching the observation
from the profiler data. There was no increase in expression
of the astrocytic marker GFAP.

Patterning floor plate-derived midbrain
dopaminergic neurons

Cells exposed to a combination of the ventralizing
morphogen SHH and the small-molecule CHIR99021, in
addition to SB431542 and DMH1 (Fig. 5A), express re-
gional markers representative of floor plate midbrain

progenitor cells. Cj-ESC and Cj-iPSC cultures were pat-
terned using an adapted protocol developed for human and
rhesus cells [15].

To derive floor plate progenitors, SHH was used at a high
concentration (500 ng/mL) for 12 or 16 days to mimic
ventralization observed in the mammalian neural tube de-
velopment. This induced the floor plate marker FOXA2
expression, while repressing the more dorsal-expressing
transcription factor PAX6 most efficiently in cells that re-
ceived SHH for 16 days (Fig. 5: Cj-ESCs, B1–B3; Cj-iPSCs
C1–C3).

Midbrain progenitors were simultaneously patterned us-
ing a posteriorizing small-molecule CHIR99021 for 12 or
16 days. Cells that received CHIR99021 coexpressed the
midbrain/forebrain marker OTX2 with the midbrain/hind-
brain marker EN1 indicative of midbrain derivation by
12 days (Fig. 5: Cj-ESCs, B4–B6; Cj-iPSCs C4–C6). The
addition of FGF8b (100 ng/mL) from day 16 to 28 followed
by 2 weeks of plated differentiation media resulted in ty-
rosine hydroxylase (TH) expressing neurons. DAergic neu-
rons were present in both Cj-ESCs (Fig. 5B7, B8) and Cj-
iPSCs (Fig. 5C7, C8) that had been patterned.

Ventralization with the small-molecule purmorphamine
beginning at day 4 (Fig. 5D) led to similar results, but
FOXA2 was observed to be expressed starting at day 8 with
relatively higher efficiency by day 12 (Fig. 5E–H). At day
27, regional markers were analyzed and both ventralization
(Fig. 5I) and posteriorization (Fig. 5J) were sufficient. By
day 49, DAergic neurons were present with maintenance of
FOXA2 expression (Fig. 5K).

Discussion

The data presented in this article demonstrate that adult
common marmoset skin fibroblasts can be reprogrammed
to cells displaying the properties of iPSCs. Furthermore,
both Cj-ESCs and Cj-iPSCs can be efficiently differenti-
ated to neurons as well as patterned to have a floor plate-
derived midbrain dopaminergic phenotype. Thus, it is
feasible to derive marmoset iPSCs for in vitro experiments
on neural differentiation, as well as cell lines for new ap-
proaches using marmoset models for regenerative medi-
cine research.

The reprogramming of adult marmoset fibroblasts pre-
sented visible colonies developing by 17 days after elec-
troporation of the episomal expression plasmids. One
difficulty encountered was the expansion of adult-derived
fibroblasts before electroporation. Compared to fetal-
derived cells, the growth rate of adult-derived fibroblasts is
often slower. Interestingly, however, the reprogrammed Cj-
iPSCs grow at a comparable rate to the Cj-ESCs, over-
coming the slower expansion time of the parental fibro-
blasts. Although the Cj-ESCs produced teratomas, the Cj-
iPSCs did not generate discernable tissues of all three germ
layers. However, further in vitro differentiation of Cj-iPSCs
into ectoderm and endoderm lineages validated the plur-
ipotency of the cell line. The differentiation of the marmoset
cells using the dual-SMAD inhibition protocol was very
efficient and easily replicated.

Assessment of gene expression in the Cj-ESCs and Cj-
iPSCs demonstrated very similar changes in pluripotent
and neural differentiation profiles throughout the 42-day
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FIG. 5. Patterning floor plate-derived midbrain dopaminergic neurons. (A) Time line illustrating the protocol for basic NP
dual-SMAD differentiation and DAergic patterning (DAergic). Expression of Cj-ESC (B) and Cj-iPSC (C) markers after 12
or 16 days of patterning. The nonpatterned controls default to a dorsal forebrain phenotype judged by PAX6+/FOXA2- (B1,
C1) and OTX2+/EN1- (B4, C4). Sufficient ventralization was observed after 16 days of patterning compared to 12 days in
both cell lines (B2,3, C2,3). Posteriorization to a midbrain fate was sufficient and maintained after 12 and 16 days of
patterning, respectively, in both lines (B5,6, C5,6). The Cj-ESC and Cj-iPSC lines only produced TH+ neurons after the
DAergic protocol (B7,8, C7,8). Replacing SHH with the small-molecule purmorphamine from day 4 to 28 (E) led to a visible
increase in FOXA2 expression by day 8 and 12 with maintenance after day 27, with no change in posteriorization patterning
(F–J). FOXA2 was maintained after 49 days and observed in TH+ neuronal nuclei (K). Scale bars: B1, C4–6, 50 mm; B2–8,
C1–3,7,8 (E–K), 100mm.
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dual-SMAD inhibition protocol. The human cell lineage
RT2-Profiler results suggested that both marmoset cell lines
are similar with the exception of some nonectodermal gene
expression in the Cj-iPSCs. After further qPCR analysis,
similarity between lines was confirmed, although differ-
ences were seen with most notable examples in OTX2,
PAX6, and CHAT (Fig. 4).

The patterning protocol for generation of DAergic neu-
rons previously used for human and rhesus cells [15] nee-
ded to be adapted for the marmoset cells. Initial testing
using 12 days of incubation with SHH showed insufficient
ventralization judged by the loss of PAX6, but lack of
FOXA2 expression. After increasing the length of exposure
to 16 days, FOXA2 expression was elevated compared to
the 12-day exposure protocol. The response after 16 days is
similar to that found in the rhesus cell time line, while
human cells were adequately ventralized by 12 days.
Whereas posteriorizing with CHIR99021 for 12 days in the
marmoset cells was sufficient, comparable to the human
cell protocol.

Substituting SHH for the small-molecule purmorphamine,
an SHH agonist, at 0.5 mM for only days 4–16 further op-
timized ventralization assessed by FOXA2 expression after
just 12 days of exposure. FOXA2+/PAX6- colonies were
evident by day 8. The first TH-positive cells were visualized
on day 42. Maintaining the cells for an additional 7–14 days
increased the abundance of TH-positive neurons.

One concern of using the suspended neurosphere method
is nonhomogenous diffusion of morphogens and small
molecules to cells within the spheres. Although patterning
using the suspension protocol from day 8 to 28 was ob-
served to lead to a rather homogeneous expression of in-
tended regional markers (ie, FOXA2 and EN-1), it is likely
that keeping the cells in a monolayer for as long as 12–
16 days during initial patterning may minimize any reagent
diffusion differences, yielding higher gene conversion
efficiencies and potentially reducing the length of time re-
quired for the introduction of the ventralizing and poster-
iorizing factors. However, for long-term culture, the
neurosphere method with intermittent trituration seems ideal
for maintaining an expandable neuroprogenitor population.

Although this proof of principle study demonstrates that
both Cj-ESCs and Cj-iPSCs can be patterned to DAergic
neurons, follow-up studies are warranted to optimize the
protocol and quantify efficiency using additional repro-
grammed lines. In addition, verification of dopamine release
and mature electrophysiological properties would need to be
demonstrated before utilization in cell replacement strategies.

Our results on the pluripotency and differentiation po-
tential of marmoset-derived stem cells further validate
the common marmoset as a viable species for regenerative
medicine and disease modeling purposes. The successful
application of patterning floor plate-derived dopaminer-
gic neurons from adult marmoset fibroblast-derived Cj-
iPSCs is critical to support Parkinson’s disease-related
studies.
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