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SUMMARY
Somatic reprogramming, which was first identified in rodents, remains poorly described in non-mammalian species. Here, we generated

avian reprogrammed cells by reprogramming of chicken and duck primary embryonic fibroblasts. The efficient generation of long-term

proliferating cells depends on the method of delivery of reprogramming factors and the addition of NANOG and LIN28 to the canonical

OCT4, SOX2, KLF4, and c-MYC gene combination. The reprogrammed cells were positive for several key pluripotency-associatedmarkers

including alkaline phosphatase activity, telomerase activity, SSEA1 expression, and specific cell cycle and epigeneticmarkers. Upregulated

endogenous pluripotency-associated genes included POU5F3 (POUV) and KLF4, whereas cells failed to upregulate NANOG and LIN28A.

However, cells showed a tumorigenic propensity when injected into recipient embryos. In conclusion, although the somatic reprogram-

ming process is active in avian primary cells, it needs to be optimized to obtain fully reprogrammed cells with similar properties to those

of chicken embryonic stem cells.
INTRODUCTION

In 2006, the somatic reprogramming process was estab-

lished, and induced pluripotent stem cells (iPSCs) were

generated from fibroblasts (Takahashi and Yamanaka,

2006, 2016; Karagiannis and Eto, 2016). The reprogram-

ming approach, which was first demonstrated in mice

and then in humans, rats, and non-human primates, has

been used with variable success in a large number of

mammalian species (Koh and Piedrahita, 2014) including

rabbits (Honda et al., 2013; Osteil et al., 2013), sheep

and bovines (Liu et al., 2012; Sumer et al., 2011), pigs (Eza-

shi et al., 2009), horses (Nagy et al., 2011), and dogs (Shi-

mada et al., 2010), and even in some endangered species

(Verma et al., 2013). In most species, full characterization

of the reprogrammed cells, including their developmental

ability, was rarely documented. In non-mammalian spe-

cies, the available information is scarce, with only a few re-

ports for avian cells (Katayama et al., 2018; Lu et al., 2012,

2015; Yu et al., 2014; Susta et al., 2016; Rosselló et al., 2013)

and other species (Rosselló et al., 2013) in the literature.

Non-mammalian pluripotency-associated genes from ze-

brafish and chicken (Theunissen et al., 2011), or from

axolotl, medaka, and xenopus (Tapia et al., 2012), have

been used successfully to reprogram mammalian cells.

The efficacy of the reprogramming process is determined

by the generation of reprogrammed cells with properties

similar to those of embryonic stem cells (ESCs), including

long-term self-renewal, differentiation into the three em-

bryonic lineages, and the ability to contribute efficiently

to embryogenesis when injected into a recipient embryo.
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Ultimately, iPSCs should demonstrate efficient germline

contribution, a property presently reserved to naive plurip-

otent ESCs, which have been defined and characterized in

rodents (Smith, 2017; Nichols and Smith, 2009). Epiblast

stem cells derived from post-implantation embryos are

the archetypes of the primed pluripotent state and do not

contribute efficiently to the embryo (Wu et al., 2016; De

Los Angeles et al., 2015; Tesar et al., 2007). In chicken,

ESCs are derived and maintained for in vitro long-term cul-

ture (Pain et al., 1996; Aubel and Pain, 2013; Jean et al.,

2013) and contribute to morphogenesis when injected

back into a recipient embryo. Even if those cells show the

plasticity to express the germ cell program in the presence

of the CVH (Chicken Vasa homolog) master gene (Lavial

et al., 2009), the chicken ESC (cESC) germline contribution

is almost absent (Pain et al., 1996; Petitte et al., 2004); how-

ever, it can be expected with respect to the preformation

origin of the avian germline (Extavour and Akam, 2003;

Tsunekawa et al., 2000; Lee et al., 2016). cESCs have been

characterized at the transcriptomic and epigenetic levels

(Acloque et al., 2001, 2012; Lavial et al., 2007; Jean et al.,

2015; Kress et al., 2016), leading to the identification of

pluripotency-associated genes. Different long-term prolif-

erating cells with specific phenotypes and properties have

been generated from ESCs, demonstrating the unique

plasticity of these cells and their pluripotency-associated

properties (Lavial et al., 2009; Boast and Stern, 2013; Cou-

teaudier et al., 2015; Vautherot et al., 2017).

In mice, the combined action of the four transcription

factors, Oct4, Sox2, Klf4, and c-Myc, also known as the

OSKM cocktail, allows a fibroblast to become an iPSC.
The Author(s).
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Figure 1. Attempts to Obtain Chicken Reprogrammed Cells with
Various Delivery Systems
Primary chicken embryonic fibroblasts (CEFs) were infected with
the pLent polycistronic lentivirus. Colonies emerged (A) and ex-
pressed GFP (B), indicating that they were infected, although they
failed to be amplified. More than 50 colonies were isolated in
several independent experiments. Similarly, CEFs were infected
with a cocktail of individual lentiviruses carrying mouse Oct4, Sox2,
Klf4, and c-Myc cDNAs. Compact colonies with AP-positive cells were
obtained (C and D) but could not be established long term. In
another attempt, CEFs were infected with pMX retroviruses carrying
mouse Oct4, Sox2, Klf4, and c-Myc cDNAs. The titer was determined
using pMX-GFP as shown in Figure S1. Morphological changes were
rapidly observed (E), and colonies expanded once individually
picked (F). The phenotypic changes were not stable, and cells re-
verted to a fibroblast phenotype (G) after four to six passages.
Similarly, CEFs infected with Sendai viruses carrying human OCT4,
SOX2, KLF4, and c-MYC cDNAs exhibited morphological changes (H)
but failed to be established and reverted to a fibroblast phenotype
after a few passages.
Scale bars, 50 mm.
Various gene combinations have been identified, such as

the OSNL (Oct4, Sox2, Nanog, and Lin28) combination

(Yu et al., 2007). Additional actors including Nr5a2 (Heng
et al., 2010), Esrrb (Feng et al., 2009), Zic3 (Declercq et al.,

2013), Tbx3 (Han et al., 2010), microRNAs (miR-302 clus-

ter) (Anokye-Danso et al., 2011), and Zpf296 (Fischedick

et al., 2012) participate directly in the reprogramming pro-

cess or increase reprogramming efficiency (Stadtfeld and

Hochedlinger, 2010). The first validations were performed

using integrated and stable retroviral constructs; alterna-

tive delivery systems were later developed, resulting in a

large panel of reprogramming methods including the use

of lentiviruses and transposons (Woltjen et al., 2009; Kaji

et al., 2009). Non-integrative strategies were also estab-

lished through the use of transfected RNAs, adenoviral

vectors, episomal plasmids, and Sendai viruses.

In this study, we reprogrammed primary chicken (CEF)

and duck (DEF) embryonic fibroblasts and compared

different transgene delivery methods. The resulting cells

were characterized by comparing them with spontane-

ously established cESCs at the molecular and develop-

mental levels. The results obtained in two independent

avian species showed that the reprogramming process

was incomplete regardless of the delivery system and the

gene combinations, that the reprogrammed cells are also

transformed despite the expression of several unambigu-

ously key ESC-specific markers, and that they presently

lack the developmental in vivo properties to be fully consid-

ered as iPSCs.
RESULTS

The Delivery of the Canonical OSKM Combination

Affects the Generation of Long-Term Proliferating

iPS-like Cells

The canonical OSKM gene combination, which was

initially defined as an efficient gene cocktail to obtain

mouse iPSCs, was first tested on CEFs.

First, the reprogramming gene combination was deliv-

ered using the pLent polycistronic lentiviral vector carrying

GFP as an infection reporter, at various MOI. After a few

days, colonies emerged (Figure 1A) from infected CEFs

with both GFP- (Figure 1B) and alkaline phosphatase

(AP)-positive cells; however, individual colonies were

unable to expand, proliferate, and develop into cells with

ES-like morphology and properties, in contrast with in-

fectedmouse embryonic fibroblasts (MEFs) used as positive

control for reprogramming efficiency (data not shown).

Second, we used individual lentiviruses, each carrying a

reprogramming factor. With an MOI of R5, the CEFs

were efficiently infected as determined by the GFP reporter

lentivirus (data not shown). Morphological changes were

observed during the selection process, and colonies

emerged with AP-positive cells (Figures 1C and 1D).

However, individually picked resistant colonies did not
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proliferate for more than four to five passages, and rapidly

reverted to a fibroblast phenotype, suggesting a transient

and unstable phenotypic change. No clones were estab-

lished for long-term culture.

Third, we tested the infection of CEFs by pMX pantropic

retroviruses expressing the OSKM genes in the presence of

a GFP reporter retrovirus as a control for efficient infection

of the cells. CEFswere efficiently infected, as determined by

the 80%–85% GFP-positive cells obtained with the control

vector (Figure S1). Morphological changes were rapidly

observed starting at 3–4 days after the infection (Figure 1E).

Colonies emerged 5–8 days after infection (Figure 1F), and

were picked and allowed to proliferate in ESA medium.

Despite the presence of promising morphology and a rapid

initial growth of the clones, the cells presenting an ES-like

morphologydidnotmaintain this phenotype after 4–5pas-

sages and progressively reverted to the fibroblast pheno-

type, entering into senescence at 50–60 days after the

reprogramming infection (Figure 1G). None of the

50 picked clones and the initially infected pooled cells

could be established long term, in sharp contrast to the

MEFs that gave rise to iPSCs with high efficiency using

the same constructs (data not shown).

Fourth, we evaluated the effect of non-integrative Sendai

viruses carrying human cDNAs. Infection of CEFs, as vali-

dated by the detection of the viruses as recommended

(data not shown), led to morphological changes character-

ized by the appearance of round yellowish cells clustered in

small colonies at 7–10 days after infection (Figure 1H).

These phenotypic changes did not evolve into an ES-like

morphology or long-term establishment, and cells progres-

sively reverted to a fibroblast morphology. Under similar

conditions, human embryonic fibroblasts were fully and

efficiently reprogrammed (data not shown).

Additional Genes Are Required for the Long-Term

Establishment of Reprogrammed Chicken Cells

Next, we investigated the effect of transposons as expres-

sion vectors on CEFs using the canonical OSKM gene

combination and additional genes in the reprogramming
Figure 2. Enhanced Production of Chicken Reprogrammed Stem C
(A) CEFs were transfected with four or five transposons expressing th
(OSKMN). Clones emerged 10 days after transfection and more alkaline
with OSKM combination.
(B) Colonies with high, low, and no AP staining display different mo
(C) Transfected CEFs undergo morphological changes 10 days after t
SSEA-1 as a typical mESC marker as analyzed by flow cytometry.
(D) The percentages of SSEA-1-positive cells were quantified in two in
after 10 and 20 days of transfection revealing the emergence of repr
(E) Picked colonies from different gene combinations display three di
Scale bars, 100 mm.
(F) Among picked colonies, ES-, scale-, and fibroblast-like colony rat
cocktail. Some of the tested gene combinations produced

morphological changes, with the emergence of AP- and

SSEA-1-positive colonies 10 days after the selection pro-

cess (Figures 2A–2D). As shown by side scatter (SSC)/

forward scatter (FSC) density plot analyzed by flow cytom-

etry, global morphological changes were observed during

the reprogramming process (Figure 2C) leading to various

colony morphologies, including fibroblast-, scale-, and

primary ES-like cells (Figures 2B and 2E). The proportions

of different morphologies varied according to the gene

combinations (Figure 2F). The SOX2 gene can be

substituted by SOX3 in different combinations. In cases

in which the OS2NL and OS3NL gene combinations alone

did not produce morphological changes, the OS2KM or

OS3KM gene combinations yielded proliferating cells,

some of which showed ES-like morphology. However,

the resulting cells reverted progressively to a fibroblast

morphology and stopped proliferating after 30–40 gener-

ations depending on the clones (Figures 3A and 3B). The

LIN28 addition increased the initial proportion of col-

onies with ES-like morphology, although it did not

modify the relative yield or long-term establishment (Fig-

ure 3C). Only the addition of NANOG to the cocktail

generated an important number of colonies with the po-

tential for long-term establishment (Figure 3D). This led

to the establishment of growing clones for more than

150 days and 40 passages, with at least 100 generations

and an average doubling time of 28–29 hr compared

with 16–18 hr for the cESCs and more than 40 hr for

the CEFs, which finally entered into senescence after

20–25 generations. The emergence of long-term prolifer-

ating clones varied from one isolate to another, ranging

from 15 to 25 days after the transduction process, when

the more rapidly emerging colonies among the other

combinations failed to be established.

The Established ReprogrammedClones SharedMost of

the Properties of cESCs

Different criteria are presently used to characterize ESCs

and iPSCs, and numerous ones are present on the
ells with OSKMN Combination
e chicken OCT4, SOX2, KLF4, c-MYC genes (OSKM) plus NANOG gene
-positive colonies were obtained with the OSKMN combination than

rphologies. Scale bars, 50 mm.
ransfection as revealed by the SSC/FSC profile and start to express

dependent transfections of CEF with OSKM and OSKMN combination
ogrammed cells.
fferent morphotypes: ES-, scale-, and fibroblast-like morphologies.

io have been determined for each gene combination.
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Figure 3. Long-Term Cultured Established Reprogrammed Clones Proliferated at a Stable and Constant Rate
The proliferation rate and generation number of the different reprogrammed independent clones were determined after cell counting at
each passage. CEFs entered into senescence after a few passages and <20–25 generations, which is a common feature of somatic cells. The
reprogramming process resulted in the escape from programmed senescence.
(A–D) OS2KM (A) and OS3KM (B) clones started to proliferate, although long-term establishment failed beyond 30–40 generations. The
presence of LIN28 (C) did not improve the rate of establishment. In contrast, even if the emergence of the OSKMN clones was variable,
clones showed a more stable proliferation rate after a few passages and a long-term establishment (D).
reprogrammed cells. First, those cells exhibit a

morphology typical of that of a stem cell with a round

shape, a prominent nucleolus (Figure 4A), and with a

smaller size than initial CEF as shown by SSC/FSC density

plot (Figure 5A). Electronic microscopy analysis con-

firmed the similarities between reprogrammed and cESCs

in sharp contrast with the CEF (Figure 4B). Second, the

different morphotypes and established reprogrammed

cells were also able to form embryoid bodies (EBs) (Fig-

ure 4C) that expressed some markers of differentiation

such as Brachury and Otx2 after 4 and 10 days of differen-

tiation (Figure 4D) and that became Vimentin-positive

5 days after plating (Figure S2). Specific antibodies such

as SSEA-1 and EMA-1 are also among the specific tools

used to indicate the ES-like nature of cells. cESCs are

positive for SSEA-1, SSEA-2, SSEA-3, and EMA-1, but

negative for SSEA-4. The long-term cultured reprog-

rammed clones showed positive SSEA-1 and EMA-1 stain-

ing, as detected by flow cytometry and immunochemistry

at various levels (Figures 5B and 5C). Endogenous telome-

rase activity (ETA) is another good criterion to charac-
1276 Stem Cell Reports j Vol. 11 j 1272–1286 j November 13, 2018
terize ES and stem cells, as these cells do not enter into

senescence, unlike primary cells. Both cESCs and reprog-

rammed clones showed robust ETA (Figure 5D) and a

specific stem cell-like cell-cycle profile, with a high per-

centage of cells in the S phase. This is in contrast to the

CEF cell cycle, which is characterized by a high percent-

age of cells in G1 phase (Figure 5E). Regarding the

epigenetic markers that distinguish pluripotent from

differentiated cells (Kress et al., 2016), the reprogrammed

clones were more similar to cESCs than to CEFs, as shown

by the high levels of trimethylated histone H3 on lysine

27 (H3K27me3) colocalized with the foci of the hetero-

chromatic mark H3K9me3 (Figure 5F). Finally, the karyo-

types of the reprogrammed clones were similar to those of

cESCs, as indicated by the presence of a regular number

of macrochromosomes and the absence of supernumer-

ous minichromosomes, a usual feature of transformed

avian cells (Figure 5G).

Taken together, these criteria suggest that the reprog-

rammed clones shared most of the key properties of ESCs,

and cESCs in particular.



Figure 4. Characterization of the Reprogrammed Cells
(A and B) Reprogrammed cells exhibit a typical stem cell morphology with a small round compacted shape similar to the cESC, grow in
colonies in sharp contrast with the CEFs (A). Scale bars, 50 mm. (B) Ultrastructural analysis of reprogrammed cells by electron microscopy
showed that their morphology is no longer the morphology of CEF. Their cytoplasms and nuclei are typically round, like that of cESC. The

(legend continued on next page)
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Molecular Characterization of the Established

Reprogrammed Clones

To define the full transcriptomic landscape of the reprog-

rammed cells, deep RNA sequencing (RNA-seq) was

performed on four independent reprogrammed clones in

parallel with other types of chicken cells, including the

CEFs used as starting material for the reprogramming,

cESCs from two independent isolates, blastoderm cells

(BCs) derived from non-incubated stage X-XII embryos,

from which the cESCs were established in vitro, and long-

term cultured primordial germ cells (PGCs), as cells able

to colonize the germline.

First, principal-component analysis performed with all

the expressed genes indicated that the reprogrammed

clones showed distinct expression profiles from those of

the different stem cell types and the starting fibroblasts

(Figure 6A). This suggests that the reprogramming process

gave rise to a new cell type with stem cell properties that

differed from those of the cESCs.

Second, analysis of the genes expressed in the reprog-

rammed clones in comparison with those of the cESC

established lines, and the BCs and PGCs as two other

chicken stem cells, identified a set of 76 commonly ex-

pressed genes forming a pluripotency gene network

centered on both NANOG and POU5F1 (POU5F3 in

chicken) (Table S1A). DNMT3B, SALL1/SALL4, EOMES,

SOX17, and FOXA2 are other key transcription factors

participating in this network. A second node centered on

CDH1 cluster molecules involved in cell adhesion and

cell-cell interaction, such as CLDN1, OCLN, GJB1, F11R,

VTN, and EPCAM, was identified (Figure S3A). The main

gene ontology (GO) terms to characterize those common

genes are stem cell differentiation, apical plasma mem-

brane, and protein binding (Table S1B). A set of 148 com-

mon genes was identified by restricting the analysis to

cESCs instead of cESCs, BCs, and PGCs as the basis for

the comparison (Table S2A). The main GO terms to charac-

terize those genes are WNT signaling pathway, bicellular

tight-junction, and protein binding (Table S2B). The plu-

ripotency andCDH1nodes were reinforcedwith additional

linked genes, and two additional nodes emerged, one

centered on the cKIT proto-oncogene and one on WNT3.

This could suggest the importance of this signaling

pathway for avian ESCs. These genes were not expressed

in CEFs, illustrating the reprogramming effect (Figure S3B).

By contrast, another set of 150 genes was absent or ex-

pressed at low levels in the reprogrammed clones compared
ER is not dilated as in CEF, and some annulate lamellae could be seen
Scale bars, 1 mm and 0.2 mm (lower panel).
(C) Reprogrammed cells are able to form embryoid bodies (EBs) Scale
(D) The EBs express various markers of differentiation as detected by q
experiment.
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with their expression in chicken stem cells (Table S3A). The

main GO terms to characterize those genes are cell adhe-

sion, heterotrimeric G-protein complex, and G-protein

b/g subunit complex binding (Table S3B). In addition,

five main nodes centered on SOX2, EFNB2, MYL3, GNAI1,

and AGTR1 were identified, and each included candidate

genes to improve the reprogramming process (Figure S3C).

Third, exogenous genes were often still expressed in the

long-term established clones. Regarding the expression of

pluripotency-associated genes, some of the endogenous

genes such as POU5F3 and KLF4 were expressed, as

determined by both qRT-PCR and by the presence of the

corresponding 30 UTRs in the aligned sequences when

endogenous NANOG was not upregulated (Figures 6B and

S4A–S4D). The c-MYC gene was also still strongly expressed

from the exogenous transduced vector. SOX2 (exogenous

and endogenous) was hardly detectable, as mentioned pre-

viously, and SOX3 was among the genes detected only in

the chicken stem cells, with almost undetectable levels in

the reprogrammed clones. Taken together, these expres-

sion profiles indicated that endogenous genes were not

fully upregulated to assume the pluripotency of the cells

independently from the introduced exogenous reprogram-

ming factors. This suggested that the reprogramming

process was incomplete when compared with the strict

reprogramming process described in rodent cells. Endoge-

nous LIN28A expression was not upregulated in the four

analyzed clones, whereas LIN28B was expressed at higher

levels than in CEFs but at lower levels than in cESCs. In

clones derived from the OSKMNL combination, the

LIN28A gene was not downregulated, indicating that this

gene is required to maintain the ESC-like phenotype

(data not shown).

Developmental Properties of the Reprogrammed

Avian Cells

One of the key properties of an ESC is its ability to

contribute to development and morphogenesis when

injected back into recipient embryos. To test this, two inde-

pendent clones were first genetically labeled using a GFP

reporter expressed under control of a ubiquitous CAG pro-

moter. The selected sub-clones showed homogeneous GFP

expression and were positive for the SSEA1 and EMA-1

markers, as well as showing other specific features (cell

cycle, epigenetic marks, and ETA) present in their

parental clones (Figure 5). Once injected into a stage

X-XII embryo using a previously described procedure, the
in their cytoplasm, a stem cell specificity (Underwood et al., 2017).

bar, 50 mm.
RT-PCR, 4 and 10 days of induction. Results are of a representative



Figure 5. Reprogrammed Cells Exhibit Stem Cells Features
(A–C) Long-term established reprogrammed clones present a more compact morphology as shown by lower SSC and FSC density plot for 1D
and 3E clones compared with CEF by flow cytometry analysis. The reprogrammed clones (1A, 1D, 3E, and 3F), the GFP-labeled homologs (1D,

(legend continued on next page)
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cESC-GFP-positive cells were detected in various parts of

the embryos a few days after the injection in a scattered

pattern throughout recipient embryonic and extra-embry-

onic tissues (Figure 7A), but were almost always found in

large aggregates similar to tumor-like compact structures

(Figures 7A, 7B, S5, and S6). This phenomenon was not

restricted to one clone or a unique embryo; instead, it

was observed in most of the embryos injected with both

1D and 3E GFP-labeled clones (not shown). This suggested

that the injected cells were able to survive in the host, to

colonize the embryonic tissues and the vitelline mem-

brane, but that they also are unable to contribute to the

surrounding tissues and to differentiated properly in vivo.

This observed transformed phenotype was confirmed by

performing a chorioallantoic membrane (CAM) assay,

which demonstrated that, with the noticeable exception

of clone 3F, the three other clones formed tumor-like struc-

tures in more than one-third of the embryos (Table S4).

Cells dissociated from those structures were cultured a sec-

ond time and showed growth and morphology patterns

identical to those of the grafted cells (data not shown),

reflecting their transformed nature.

Reprogramming Ability of Duck Cells

Duck is an avian species that diverged genetically from

the chicken more than 60 million years ago. Long-term

cultured clones were obtained with a procedure similar

to that used for primary DEFs using transposon transfec-

tion, which resulted in a slower emergence of the reprog-

rammed clones up to 30–40 days after transfection. Some

of the clones could be established long term once picked,

but only with the OSKMN gene combination and not

with OSKM. These clones were positive for the same

markers as those detected in chicken clones, including

ETA, SSEA-1, and EMA-1, and specific cell cycle and epige-

netic marks similar to those of ESCs (Figure S7); however,

they were less tumorigenic than chicken cells (Table S4).

Molecular analysis of the duck reprogrammed cells also

reveals the importance of the WNT3 pathway as for the

chicken cells, but the poor duck genome annotation pres-
GFP; 3E, GFP), and the established cESCs as controls for avian stem c
rescence-activated cell sorting analysis (B) and confocal microscopy
(D) Endogenous telomerase activity was measured in the same cells
programming. CTR+ is the positive control provided by the manufactu
(E) Analysis of cell-cycle phases reveals a stem cell profile with a short
(1A, 1D, 3E, and 3F), the GFP-labeled homologs (1D, GFP; 3E, GFP),
murine ESCs, and in CEFs and DEFs as somatic negative control cells.
(F) Reprogrammed cells (1D and 3E) were probed for the presence of l
typical for cESCs and not observed in CEFs. These foci which colocalize
lysine 9 were present in 66%–98% of the nuclei, depending on the c
(G) The karyotype analysis of the reprogrammed clones (1D and 3E)
minichromosomes.
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ently impairs a complete comparison with the chicken re-

programmed cells.
DISCUSSION

Somatic reprogramming was first described in mice and

then successfully performed in other mammalian species

including non-human primates and humans. Because

different pluripotency states have been described in

mammalian species, the use and choice of various criteria

to define and characterize the reprogrammed cells obtained

in these species remain a challenge.

In avian species, previously identified and established

cESCs exhibit various traits of mouse ESCs (mESCs),

including the ability to contribute efficiently to embryonic

morphogenesis; however, unlike mESCs, they do not give

rise to functional germ cells in the recipient embryos

(Pain et al., 1996; Petitte et al., 2004). This main difference

could be attributed to the germ cell lineage determination

in the early embryo, as avian germplasm appears to be pre-

determined according to different recent observations

(Tsunekawa et al., 2000; Lee et al., 2016). Nevertheless,

these cESCs are AP- and telomerase-positive, and SSEA-1-

and EMA-1-positive, and express pluripotency-associated

genes including POUV/POU5F3, NANOG, DNMT3B,

CLDN1, ASTL, SOX3, ESRP2, EOMES, KRT19, LIN28

(A and B), TRIM71, SALL4, and CDH1, as previously re-

ported and confirmed by RNA-seq analysis (Jean et al.,

2015; Vautherot et al., 2017). Chicken and quail iPSCs

can be derived fromprimary fibroblasts using the canonical

mouse or human OSKM gene combination as a reprogram-

ming cocktail (Lu et al., 2012, 2015; Yu et al., 2014; Rosselló

et al., 2013). More recently, the OSKMNL gene combina-

tion was also reported to produce chicken iPSCs (Katayama

et al., 2018). These reports do not clearly establish the na-

ture of the reprogrammed cells, nor do they compare it

with that of cESCs lines established from long-term

cultured BCs. Regarding some of the morphological fea-

tures described, the transformed status of the cells is never
ells were positive for SSEA-1 and EMA-1, as detected by both fluo-
after immunofluorescence (C). Scale bars, 5 mm.
and in CEFs as negative control cells used as the substrates for re-
rer.
G2/M phase and a long S phase for the chicken reprogrammed clones
and for the established cESCs and mESCs as controls for avian and

arge nuclear foci of trimethylated histone H3 on lysine 27, which is
with heterochromatin foci containing trimethylated histone H3 on
ell clone. Scale bars, 5 mm.
reveals a normal chicken karyotype with macrochromosomes and



Figure 6. Molecular Features of the Reprog-
rammed Clones
(A) Principal-component analysis revealed
that the reprogrammed clones (1) were
different at the molecular level from the
starting CEFs, (2) clustered together leading
to a common cell type generated by the re-
programming process, and (3) differed from
spontaneously established cESCs (two inde-
pendent isolates, cESC-1 and cESC-2, derived
from BCs). Primordial germ cells clustered with
the previous cell types (cESCs and BCs) and
helped define the chicken pluripotent stem
cell molecular signature.
(B) The expression profile of exogenous and
endogenous reprogramming genes reveals the
expression of endogenous POU5F3, KLF4, and
c-MYC, but an absence of NANOG endogenous
expression as also detected by the deep
sequencing analysis.
mentioned or reported. In this report, theOSKM gene com-

bination alone, regardless of its delivery system,was unable

to produce long-term proliferating cells with the set of

markers present in cESC lines. Despite showing a transient

change in their phenotype, the cells could not be estab-

lished. Previous reports did not distinguish this initial

and transient change from stable and long-term changes.
Our findings demonstrate that the reprogramming pro-

cess is effective in avian species, as indicated by the changes

in CEFs and DEFs at both phenotype and gene expression

levels following the transduction of the OSKMN and

OSKMNL gene combinations. The OSKM combination

was inefficient for generating cells with the capacity for

long-term culture, which is in agreement with previous
Stem Cell Reports j Vol. 11 j 1272–1286 j November 13, 2018 1281



Figure 7. Developmental Properties of the Reprogrammed Clones
The 1D reprogrammed clone was GFP labeled and injected into stage X-XII recipient embryos as described previously (Aubel and Pain,
2013) to evaluate its developmental potential.
(A) Three injected embryos showing a contribution of the injected cells to various parts of the embryos, including the vitelline membrane,
but mass-like structures were almost always observed in the injected embryos, reflecting a lack of in vivo differentiation of the
reprogrammed cells. Bright-light embryo observations (upper panel) and corresponding GFP detection (lower panel). Scale bars, 1 mm.
(B) GFP and Hoechst detection by confocal microscopy on embryo cryosections. Scale bars, 50 mm.
reports (Katayama et al., 2018). The origin of the genes

(chicken, mouse, or human) did not play a key role,

although chicken genes were more efficient for the genera-

tion of reprogrammed cells. However, the gene delivery

systemwas important to obtain stable reprogrammed cells,

favoring transposon vectors for yielding numerous clones

of reprogrammed avian cells. The reprogrammed cells ex-

pressed several key markers and showed features of ESCs

including a stable phenotype, long-term and constant

proliferating doubling time, AP and telomerase activities,

cell cycle and epigenetic marks, and the ability to

give rise to EBs, which displayed a higher expression level

of some differentiation markers than undifferentiated

counterpart. The molecular signature of the long-term

established reprogrammed clones included some of the

pluripotency-associated genes that govern the pluripo-

tency molecular core and that are also found in chicken

stem cells (Jean et al., 2015). However, according to the
1282 Stem Cell Reports j Vol. 11 j 1272–1286 j November 13, 2018
criteria for defining fully reprogrammed cells, which

include the upregulation of endogenous pluripotency

genes to sustain an operating molecular pluripotency

core network, the avian reprogrammed clones were not

fully reprogrammed cells. In addition, the developmental

contribution was restricted to the formation of tumor-like

structures in both embryonic and extra-embryonic tissues

(vitelline membrane) but was not to the tissue itself. All

together this lack of developmental potential also revealed

the strong and spontaneous tumorigenic properties of the

reprogrammed cells. The high level of exogenous c-MYC

gene could indeed contribute to this property, as avian cells

have been shown to be highly sensitive to the c-MYC level

and its oncogenic potential.

Taken together, these observations and findings indicate

that somatic reprogramming is indeed feasible in avian spe-

cies; however, a factor is still missing for the generation of

fully reprogrammed cells. This factor could be a specific



gene and/or specific culture conditions to allow the emer-

gence of stable, non-tumorigenic, fully reprogrammed

avian iPSCs that would contribute with high efficiency to

the recipient embryo. Identifying the culture conditions

and themolecular network necessary for the establishment

of avian ESCs capable of contributing to both somatic and

germ lineages would be important to define, if it exists, the

concept of naive cells in avian species.
EXPERIMENTAL PROCEDURES

Primary and ESCs
CEFs and DEFs were prepared as described previously (Jean et al.,

2015). In short, 11- to 12-day-old chick embryos, and 15- to

16-day-old Peking duck embryos, were mechanically collected,

washed in PBS, beheaded, eviscerated, minced, and trypsinized.

Dissociated cells (23 106) were plated at 38�C in primary medium

(PM) consisting of DMEM/HamF12 medium with 10% tryptose

phosphate broth, 8% fetal bovine serum, and 2% chicken serum.

After 4–6 days, primary cells were dissociated and amplified in

PM at 1 3 106 cells per 100-mm dish for 3–5 passages. Somatic re-

programming attempts were performed on early passages (from

3 to 6) to avoid the replicative senescence that occurs rapidly in

avian primary cells. mESCs E14tg2a used as controls were main-

tained as described previously (Coronado et al., 2013), and cESCs

were isolated and maintained in ESA medium as described

previously (Aubel and Pain, 2013). Long-term cultured PGCs

were established, grown, and characterized as described previously

(Jean et al., 2015).

Reprogramming Vectors
The cDNAs from chicken POUV (POU5F3), SOX2, SOX3, KLF4,

c-MYC, NANOG, and LIN28 were cloned, sequenced, inserted

into the pGAE lentivirus or pPB transposon backbones, and depos-

ited to Addgene. All constructs were generated using the Gibson

Assembly Mix (NEB) and sequenced to validate the cDNA inser-

tion. Viral ready-to-use stocks were purchased for the polycistronic

pLentG-mKOSM lentiviral vector expressing mouse genes (Cell

Biolabs) and for the Sendai viral vectors expressing the human

genes (Cytotune Kit, Life Technologies). pMX reprogramming

vectors were purchased from Addgene (nos. 13366, 13367,

13375, and 13370).

Viral Production and Infection
Lentiviral particles were obtained following transfection of the

pGAE-CAG/WPRE backbone, a simian immunodeficiency virus-

based vector, with pEMX2 and pMD2G expressing plasmids on

293T cells, as described previously (Wianny et al., 2008). Titration

was performed with the pGAE-GFP-expressing lentivirus. pMX

retroviral vectors were generated as vesicular stomatitis virus G

(VSV-G) pseudotyped murine leukemia virus (MLV)-derived

vectors. The MLV packaging (pTG5349) and the VSV-G envelope

encoding (phCMV-G) plasmids were transiently co-transfected

into 293T cells with each of the pMX reprogramming vectors

encoding for mouse Oct4, Klf4, Sox2, c-Myc, and GFP using Lipo-

fectamine 2000 (Invitrogen) according to the manufacturer’s
recommendations. The supernatants containing viruses were

collected 48 hr after transduction and filtered through a 0.45-mm

filter, and 0.5 mL of each virus was used directly on 105 CEFs in

the presence of 8 mg/mL polybrene. The pMX-GFP vector was

used to estimate the viral infectious titer. Fluorescence-activated

cell sorting analysis was performed on a BectonDIVA and analyzed

using FlowJo (Milteny Biotec). The chosen figures are representa-

tive of at least two independent experiments.
Vector Transduction into CEFs and DEFs
Cultured CEFs and DEFs at early passages were dissociated, plated

at a density of 2 3 105 cells per well in six-well plates, and trans-

fected using liposomes (Fugene, Promega) or Lipofectamine (Life

Technologies), or infected in the presence of 8 mg/mL Polybrene.

For electroporation (Neon, Life Technologies), 1 3 106 cells were

plated in two wells of a six-well plate. After transduction, fibro-

blasts were maintained in CEF medium for 2 days and then disso-

ciated and plated in two 100-mm dishes in ESA completemedium,

which is routinely used for the maintenance of cESCs (Aubel and

Pain, 2013). For some vectors, transduced cells were selected

in the presence of hygromycin at 75 mg/mL or puromycin at

1 mg/mL, according to the selection cassette in complete ESA me-

dium for an average of 7 days. When present, colonies were picked

at 8–12 days after transduction and maintained for long-term

establishment and phenotype stabilization.
Characterization of Reprogrammed Cells
Reprogrammed cells were characterized for AP expression using an

AP Detection Kit (Sigma), ETA using the TeloTAGGG telomerase

PCR Elisa Kit (Roche), and reactivity toward SSEA-1, SSEA-3, and

EMA-1 antibodies, as described previously (Aubel and Pain,

2013). Cell cycle was analyzed on exponentially growing cells as

described previously (Coronado et al., 2013). In vitro differentia-

tion potential was assessed by the ability to form EBs in hanging

drops for 4 days as described previously (Aubel and Pain, 2013).

The nuclear distribution of histone methylation marks was

analyzed by immunofluorescence, as described previously (Kress

et al., 2016), in four reprogrammed cell clones at different passage

numbers (n > 200 nuclei). Real-time qPCR was performed as

described (Jean et al., 2015), and all oligonucleotides (provided

by Eurogentec) were designed with Primer 3 (Table S5) from se-

quences extracted from the Gallus_gallus-5.0 chicken genome.

For each analysis, the chosen figure is representative of several in-

dependant experiments. The transcriptomic profile was analyzed

by RNA-seq analysis (Helixio, http://helixio.com), as described pre-

viously (Vautherot et al., 2017), using CEFs and DEFs as starting

material for the reprogramming and four independently estab-

lished reprogrammed clones (1A, 1D, 3E, and 3F) for chicken and

two (R71-2 and R71-5) for duck. Previously generated data (Vau-

therot et al., 2017) from cESCs, PGCs, and BCs as chicken stem cells

were used for comparison. Data are available at the GEO under

accession number GEO: GSE109970 as SuperSeries to group the

chicken (GEO: GSE102353) and duck (GEO: GSE109969) data.

The alignment was performed on the Gallus_gallus-5.0 chicken

genome using Hisat, and differential expression was quantified us-

ing the R and DEseq2 packages (Love et al., 2014). String (https://

string-db.org/) was used to identify the putative functional protein
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interaction networks and DAVID GO analysis tool (https://david.

ncifcrf.gov/) to perform the GO analysis after the probe ID conver-

sion and with a p value of 0.05 as a limit to define cluster of genes

with predicted functions.

In Vivo Tests
The chickCAMassaywasperformedusing33106proliferating cells

from the 1A, 1D, 3E, and 3F clones and cESCs as negative controls to

evaluate the tumorigenicproperties of the cells. Eggswere incubated

for6 days, andcellswereplacedon topof themembrane for 10days;

the membrane was then dissected, washed, and fixed for observa-

tion. The size of the nodules or cellularmasseswasmeasured. For in-

jection into recipient embryos, different clones were genetically

labeled by GFP using the lentiviral GAE vector and injected into

the subgerminal cavity as described previously (Aubel and Pain,

2013). Injected embryoswere analyzed onday3 andobserved using

a fluorescent Leica (M165FC) binocular microscope.

Ethics Statements
Primary embryonic fibroblasts, CEFs, andDEFswere prepared from

11- to 12-day-old chick embryos and 15- to 16-day-old duck em-

bryos. This procedure was performed in strict compliance with

the French legislation for animal experiments, which states that

the use of embryos from oviparous species before the last third of

their development (i.e., before day 14 for chicken embryos) is

not subject to regulation (Art. R.214-88). The CAM assay is per-

formed on 6-day-old incubated chicken eggs by depositing the

cells to be tested on the external embryonic membrane. The em-

bryos were not touched, modified, or directly injected. At the

end of the analysis, the eggswere cracked and the embryoswere be-

headed to collect the CAM membrane.
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