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1. Introduction

Pluripotency is the capacity of a cell to differentiate into any cell

type. In human cells, this feature is observed only in the blastocyst

inner cell mass (ICM), during a very short time-window in early

embryo development. Remarkably, it has been possible to ‘freeze’

this very transient developmental feature by identifying the

culture conditions required to maintain pluripotency in vitro. This

allowed the derivation of embryonic stem cells (ESCs) that self-

renew indefinitely in a Petri dish, while maintaining their capacity

to differentiate into all varieties of cells that form human tissues

[1,2]. ESCs are pluripotent stem cells (PSC) and have opened the

door to many applications, including mimicking normal tissue

development in vitro or producing differentiated cells for

regenerative medicine. However, ESCs have two main drawbacks.

The derivation of human ESC lines is hampered by ethical issues

concerning the destruction of human embryos. Moreover, it is

exceedingly difficult to derive ESC lines with a specific genotype

and almost impossible to obtain an autologous ESC line from a

patient.

Normal human development entails the progressive speciali-

zation of undifferentiated cells into differentiated, mature cells.

This process is tightly regulated by various transcription factors

and non-coding RNAs as well as epigenetic remodeling. The

inherent irreversibility of differentiation is required for maintain-

ing the delicate architecture of multicellular organisms, and is

schematized by Waddington (Fig. 1). However, somatic cell

nuclear transfer (SCNT) studies have demonstrated that the

epigenetic status of a differentiated cell can be reversed, even in

mammals [3,4]. Similarly, the cell fate of a differentiated somatic

cell can be brought back toward pluripotency upon fusion with one

ECS [5]. Starting from these and other findings, Shinya Yamanaka

and Kazutoshi Takahashi demonstrated that the transient overex-

pression of only four transcription factors (OCT4, SOX2, KLF4 and

cMYC) can profoundly modify the transcriptome, epigenome and

metabolome of differentiated cells and reprogram them into

induced pluripotent stem cells (iPSCs), a new PSC type [6–8]. These

results were rapidly reproduced in several other laboratories [9–

12] and Shinya Yamanaka was awarded the Nobel Prize of

Medicine in 2012 for this discovery [13]. Although there have been

discussions on whether iPSCs are equivalent to ES cells and some

epigenetic and genetic defects have been detected in iPSCs

(depending on the reprogramming protocol used), the emerging
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agreement is that iPSCs are a good model to study pluripotency and

may be identical or nearly identical to ES cells [14–17]. This year

will mark the 10th anniversary of this discovery. The aim of this

review is to discuss the most important present and future

applications of iPSCs (Fig. 2).

2. Understanding cell fate control

The cell phenotype is remarkably stable despite all environ-

mental perturbations and stochastic variability in gene expression.

Hence, after commitment and differentiation, the identity of a

tissue is definitive and robust. This stability is absolutely

necessary. One can easily imagine the catastrophe if skin cells,

for instance, could easily turn into blood cells or vice versa! To

avoid this, the cell epigenome and transcriptome – including

miRNAs – can withstand random perturbations of their milieu and

maintain their identity. This is also true during development where

differentiation leads to stereotyped phenotypic outcomes, a

process termed canalization [18]. It was initially thought that

differentiation was irreversible in mammals [19], but SCNT studies

demonstrated that differentiation could be completely reversed

also in mammals. Compared with SCNT, cell reprogramming and

iPSC generation offer a more convenient tool to manipulate and

study cell fate control. Currently, much effort is focused on

unraveling the precise molecular mechanisms underlying cell

reprogramming, ultimately to understand cell fate control [20–24].

Some earlier reports showed that a specialized cell type could

trans-differentiate into another one upon expression of specific

transcription factors [25,26]. Accordingly, iPSCs can be seen as the

ultimate demonstration of cell fate plasticity through modulation

of transcription factor expression. For this reason, the iPSC

technology has significantly boosted the field of trans-differentia-

tion directly [27] (transient expression of the ‘‘Yamanaka’s

cocktail’’ of transcription factors favors trans-differentiation)

and indirectly, by changing the cell fate paradigm [28,29].

Moreover, the iPSC technology also contributed technically to

facilitate and optimize cell identity manipulation. The initial iPSC

lines were obtained by transient expression of transcription factors

from murine retroviruses [6,7]. Many improvements and/or

modifications of the initial protocol have been described. For

example, the use of non-integrated vectors, particularly Sendai

viruses, is now the preferred technique. In the future, this

improvement could be applied also to the field of trans-

differentiation. Techniques that avoid the use of viruses have also

been developed for efficient iPSC generation, such as the use of

synthetic mRNAs [30], cell-permeant proteins [31] or small

molecule compounds [32,33]. Again, such approaches may be

transferred to the field of trans-differentiation.

3. Cell rejuvenation

Human iPSCs can be obtained from somatic cells of aged donors

and even centenarians, and, importantly, the crucial markers of

ageing are reversed by cell reprogramming [34,35]. For instance,

telomere length in fibroblasts derived from aged donors is

extended after cell reprogramming. Even cell senescence can be

reversed, as indicated by the disappearance of senescence-

associated heterochromatic foci (SAHF), inhibition of p53/

p21CIP1 and p16INK4A/pRB activation, disappearance of senes-

cence-associated b-galactosidase (SA-b-Gal) activity and restora-

tion of cell proliferation [34]. In the field of ageing, the possibility of

extensively erasing markers of ageing is a major step toward the

goal of rejuvenating tissues or even individuals [36,37].

Moreover, iPSCs are a unique tool to study age-related diseases

in vitro [38]. For instance iPSCs have been used in the study of

laminopathy-associated lamin A mutations and telomere diseases

[39–41].

4. Studying pluripotency

As iPSCs are nearly identical, if not identical to ESCs, they can be

used to study pluripotency instead of ESCs, thus circumventing the

difficulties and ethical concerns concerning the donation/use of

human embryos for research. Indeed, iPSCs have replaced ESCs for

assessing chromatin modifications [42,43], nuclear genome

organization [44], metabolome [45], cytoplasmic complexity

[46], early human development [47] and for devising

new differentiation protocols or studying organ development

(see below).

Fig. 2. Applications of the iPSC technology. The basic research and medical

applications of human iPSCs can be divided in nine categories: (1) cell fate control,

(2) cell rejuvenation, (3) pluripotency, (4) organ development, (5) organ physiology,

(6) genetic diseases, (7) drug screening, (8) regenerative medicine, (9) human

organs in animals. These categories are depicted as boxes displayed side by side

with the mains steps of iPSC generation and differentiation: reprogramming,

pluripotency maintenance, differentiation and differentiated cells/tissues.

Fig. 1. Applications of the iPSC technology. The Waddington’s diagram revisited

[96]. A. Cell differentiation is represented by a metal ball rolling down a valley that

branches into smaller valleys. This illustrates the irreversibility of the

differentiation process during development and adulthood whereby a

differentiated cell cannot spontaneously dedifferentiate (roll upwards) or trans-

differentiate into another cell type (roll to an adjacent valley). B. Cell

reprogramming is the process by which a specialized cell is de-differentiated

into a pluripotent cell at the summit of the Waddington diagram.
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5. Tissue and organ development and physiology

The key property of iPSCs is their ability to differentiate in vitro

into any of the cell types derived from the three germ layers upon

sequential addition of growth factors, small factors, co-cultured cells

or specific matrices. Finding the optimum combination of factors to

direct differentiation relies on the precise understanding of normal

development sequences in human or model mammals, and requires

mimicking the conditions of embryonic and fetal human develop-

ment. For human cells, this field of research started with the

discovery of human ESCs almost twenty years ago, and now human

iPSCs are often used instead of ESCs. By reproducing cell differenti-

ation in a dish, iPSCs provide a mean to study human tissue

development and physiology. This is a major breakthrough. Indeed,

before iPSC discovery, human developmental biology relied on

animal models and on the study of fragments of aborted human

fetuses, or biopsies of adult tissues, most of which would not survive

nor grow in vitro. Protocols to differentiate human iPSCs into a large

array of cell types have been published and some selected examples

are given in Table 1. For instance, it is now possible to generate and

maintain in vitro beating cardiomyocytes starting from human

iPSCs. This opened the way to study cardiac development, including

the consequences of perturbing specific signaling pathways or

genetic regulations. The technology is sufficiently reliable for large

scale production of functional cardiomyocytes for electrophysiology

and drug testing applications (see below) [48].

However, a major limitation of the current iPSC systems is that

most protocols differentiate PSCs in 2D monolayers, while human

tissues are organized in 3D structures. In 2D systems, cell-to-cell

contacts, mechanical forces and signaling cascades as well the cell

diversity of a growing tissue are imperfect and limited. As a

consequence, also the cell signaling pathways that are normally

required for proper differentiation cannot be fully reproduced in 2D

culture systems. This could partly explain the common paradox that

PSC lines derived from different donors (i.e., healthy individuals with

different genotypes) differentiate into specific tissues with variable

efficiencies [49,50]. One likely explanation is that these 2D in vitro

differentiation systems lack some of the signals required to promote

proper cell differentiation. Consequently, the buffering systems that

may compensate the effects of genetic diversity in differentiation

pathways also are defective [17].

To circumvent these 2D limitations, recent work focused on

adapting 2D PSC differentiation protocols to 3D culture systems

that allow the development of structures mimicking organogen-

esis (commonly termed ‘‘organoids’’) [51]. This strategy has

already been used to model the development of kidney [52],

stomach [53], retinal tissue [54], cerebellum [55] or brain tissue

[56]. Organoids display complex morphogenetic patterning and

include multiple cell types that are organized like during human

development. Therefore, organoids represent a formidable tool

for understanding human development. Nevertheless, in vitro 3D

models are still imperfect as they lack capillaries, which are

major players in normal tissue development and tissue homeo-

stasis. Interestingly, it is possible to incorporate capillaries and

blood cells in developing organoids by mixing differentiating

iPSCs with mesenchymal and endothelial cells and transplanting

this cell mixture in highly vascularized tissues, such as the kidney

capsule or the mesentery, of immuno-deficient mice. This

approach was initially developed by Takebe et al. to produce

vascularized ‘‘liver buds’’ [57]. This system restores the physio-

logical relationship between the cells of interest and endothelial

cells, and also allows addressing specific issues, such as the

precise level of oxygen or nutrients found in vivo. An even more

sophisticated approach to generate vascularized 3D human

tissues from PSCs in animals is described in the chapter ‘‘Human

organs in animals’’.

6. Modeling human genetic diseases in a dish

The use of PSCs to study human tissue development and

physiology started with the discovery of human ESCs [2,58]. How-

ever, iPSCs much simplified the study of human tissue develop-

ment and physiology in genetically altered cells. Indeed, the

genetic background of human ESC lines cannot be chosen in

advance because it is the result of the combination of two haploid

gametes. By contrast, the donor (and thus the genotype) of the

differentiated cells used to derive iPSC lines can be selected at will.

For instance, a genetic disease can now be modeled in vitro by

deriving iPSCs from a patient with that disease. Many examples

illustrate this powerful application of this technology. Electrophys-

iological cardiomyocyte defects, such as those observed in the

long-QT syndrome, can be reproduced in vitro using patient-

specific differentiated iPSCs. This offers the unique possibility of

screening small compounds directly on beating cardiomyocytes

with the disease genotype [48]. Even more complex diseases, such

as Rett syndrome, an autism spectrum disorder, can be, at least

partially, reproduced in vitro. Analysis of neuronal networks

showed that neurons differentiated in vitro from iPSCs derived

from patients with Rett syndrome have fewer synapses, reduced

spine density and electrophysiological defects [59]. Moreover,

besides preclinical studies in animal models, iPSCs can serve as an

in vitro model of a human diseased tissue to test gene therapy

approaches using human cells before their clinical transfer [60].

7. Drug screening

Drug discovery is a complex and time-consuming process that

still largely relies on primary or immortalized cells and animals

testing [61]. iPSCs present several important advantages for drug

discovery. Indeed, they are diploid cells with unlimited prolifera-

tion capacity; they can differentiate into a wide array of tissues,

and can readily be genetically manipulated. In addition, the iPSC

genotype (normal or pathological) can be selected by choosing the

cell donor. Therefore, normal or patient-specific iPSCs may offer a

relevant, scalable and cost-effective model for drug discovery.

There are several example of small molecule high-throughput

screens (HTS) using iPSCs that identified novel candidate

therapeutic compounds for genetic diseases, including Rett

syndrome [59], Parkinson’s disease [62] and FGFR3 skeletal

dysplasia [63]. Moreover, iPSCs are disease-relevant cell models

that can be used to validate small compounds identified by HTS in

Table 1

Selected references on the use of iPSCs for modeling normal human tissue

development and physiology.

Human tissue Reference

Neurons [82]

Retinal pigment epithelium (RPE) [83]

Skin [84]

Melanocytes [85]

Cardiomyocytes [48]

Skeletal muscle [86]

T lymphocytes [87]

Red blood cells [88]

Endothelial cells [89]

Cartilage [90]

Adipocytes [91]

Kidney [52]

Bronchial epithelium [92]

Liver [93]

Thyroid [94]

Pancreatic beta cells [95]
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immortalized cells. For instance, Naryshkin et al. used iPSCs to test

three small compounds that promote the inclusion of exon 7 in

SMN2 mRNA and that they discovered in immortalized cells. They

could show that one of these compounds significantly increased

SMN protein levels in motor neurons differentiated from iPSCs

derived from patients with spinal muscular atrophy type I and II

[64].

Finally, iPSCs can also be used to test the potential toxicity on

organs, such as heart, brain or lung, or the teratogenicity of a

compound, thus avoiding or strongly limiting the cumbersome,

expensive and ethically sensitive animal testing step [65,66].

8. Regenerative medicine

The aim of regenerative medicine is to restore or establish

normal function in a damaged organ by replacing or regenerating

cells, tissues or the whole organ [67]. Cellular therapy is one

approach to achieve this goal, but it has been hampered by the

critical issue of the cell source. As iPSCs can virtually produce any

cell type in vitro, they represent an invaluable asset. Moreover,

iPSCs provide something ESCs cannot, namely the possibility of

producing autologous cells, thus alleviating the need of finding a

HLA-compatible cell donor and of immunosuppression.

Many studies in animal models have demonstrated the

feasibility of the clinical applications of PSC-derived cells. PSCs

have been used for long-term glycemic control in diabetic

immune-competent mice [68], for rescuing hepatic function in

animals with severe liver damage [69], to improve contractility

after myocardial infarction [70], to protect the degenerating retina

in mice homozygous for the rd1 mutation [71], to restore vision in

Crx-deficient mice [72], and to completely restore amphetamine-

induced rotation behavior and improve akinesia in rodent models

of Parkinson’s disease [73].

Based on PSC promise for cellular therapy and the success in

animal models, several clinical trials have been started world-wide

using human ESCs or iPSCs (Table 2). Based on the published and

unpublished data available to date, no serious adverse event

associated with the injection of differentiated ESCs or iPSCs has

been reported [74–77]. Moreover, some encouraging results have

been observed in patients with retinal diseases after treatment

with hESC-derived retinal pigment epithelium [76].

However, many obstacles still need to be overcome before PSC-

based cellular therapy will become a routine clinical practice.

These hurdles include the difficulty of differentiating PSCs in vitro

beyond the fetal stage for many tissue types, the challenge for the

injected cells to survive in vivo and to integrate the organ to

regenerate its function [78], and the high costs of autologous iPSC-

based treatments. Another significant issue is the control of iPSC

genetic integrity, which contributed to the suspension of the first

clinical trial based on cells differentiated from iPSCs [77,79].

9. Human organs in animals

As an alternative to PSC-based cellular therapy, human organs

could be grown in animals [80]. The proof-of-concept of this

approach was the demonstration that it is possible to grow a rat

pancreas in mice by injecting wild type rat iPSCs in Pdx1–/– mouse

blastocysts (Pdx1–/– mice are born without pancreas). Rat iPSCs

colonize minimally each mouse organ, but for the pancreas niche,

only the rat iPS-derived cells contribute to pancreas formation

because of mouse Pdx1 absence. These chimeric animals survive

after birth by relying on their rat pancreas, whereas non-chimeric

Pdx1–/– mouse pups rapidly die after birth because of pancreas

agenesis. These results have led to the hypothesis that similar

results could be obtained using pigs as carriers and human iPSCs as

donor cells. For instance, by injecting human iPSCs in Pdx1–/– pig

blastocysts, it may be possible to produce a human pancreas in

pigs. Other organs, such as kidneys and heart, could also be grown

using this approach [81]. Nonetheless, many obstacles will need to

be surmounted before this hypothesis becomes reality, including

the need of an inter-specific signaling compatibility high enough to

support the development of a human organ in the pig cellular

environment, the risk of pig cell contribution (such as blood cells,

endothelial cells or nervous cells) to the human organ, the risk of

transmitting zoonoses to the human recipient, and of course,

serious ethical concerns [80].

10. Conclusion

The iPSC technology has clearly demonstrated that it is possible

to alter cell fate in the most extreme possible way, i.e., by driving

dedifferentiation back to pluripotency. It is a disruptive technology

because it is now theoretically possible to produce any cell type in

vitro. The breadth of applications based on iPSCs (catalogued as

nine applications in this review) illustrates the major impact of cell

reprogramming in biology and medicine. In addition, the discovery

of iPSCs significantly boosted the related field of directed trans-

differentiation. Most iPSC applications discussed here are already

widely implemented; while others, such as drug screening,

regenerative medicine and production of human organs in animals

are still in their early days.
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Table 2

The main, past and on-going, clinical trials using human ESCs or iPSCs.

PSC-derived Cell type Trial start

date–estimated

completion

Identifier or reference Sponsor

Oligodendrocyte progenitors (GRNOPC1) hESC 2010–2011 NCT01217008 Geron Corp.

Retinal pigmented epithelial hESC 2011–2013 NCT01345006 Advanced Cell Technology

Retinal pigmented epithelial hESC 2011–2014 NCT01344993 Advanced Cell Technology

Retinal pigmented epithelial hESC 2011–2014 NCT01469832 Advanced Cell Technology

Retinal pigmented epithelial hESC 2012–2014 NCT01625559 CHA Bio&Diostech

Retinal pigmented epithelial hESC 2012–2016 NCT01674829 CHA Bio&Diostech

Retinal pigmented epithelial hESC 2013–2015 NCT01691261 Pfizer/University College London

Human embryonic stem cell-derived

CD15+ ISL-1+ progenitors

hESC 2013–2017 NCT02057900 AP–HP/France

Autologous iPS-cell-derived retinal

pigment epithelium (RPE)

hiPSC 2014–2015 [77] RIKEN, Japan

Based on the https://clinicaltrials.gov web site and cited references.
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ABSTRACT  33 

Background: 34 

Human long non-coding RNAs (lncRNAs) are an emerging new category of 35 

transcripts with increasingly documented functional roles during development. 36 

LncRNAs and roles during human early embryo development have recently 37 

begun to be unravelled. 38 

Objective and rationale: 39 

This review recapitulates the most recent knowledge on lncRNAs and focuses 40 

on their expression patterns and role during early human embryo 41 

development and in pluripotent stem cells (PSC). Public mRNAseq data were 42 

used to illustrate these expression signatures.  43 

Search methods: 44 

The PubMed and EMBASE databases were first interrogated using specific 45 

terms, such as “lncRNAs” (or “long non-coding RNA”), to get an extensive 46 

overview on lncRNAs up to February 2016, and then using “human lncRNAs” 47 

AND “embryo”, “development”, or “pluripotent stem cells” to focus on lncRNAs 48 

involved in human embryo development or in PSC. 49 

Recently published RNA-seq data from human oocytes and pre-implantation 50 

embryos (including single-cell data), PSC and a panel of normal and 51 

malignant adult tissues were used to describe the specific expression patterns 52 

of some lncRNAs in early human embryos. 53 

Outcomes: 54 

The existence and the crucial role of lncRNAs in many important biological 55 

phenomena in each branch of the life tree are now well documented. The 56 

number of identified lncRNAs is rapidly increasing and has already 57 
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outnumbered that of protein-coding genes. Differently from small non-coding 58 

RNAs, a variety of mechanisms of action have been proposed for lncRNAs. 59 

The functional role of lncRNAs has been demonstrated in many biological and 60 

developmental processes, including cell pluripotency induction, X inactivation 61 

or gene imprinting. Analysis of RNA-seq data highlights that lncRNA 62 

abundance changes significantly during human early embryonic development. 63 

This suggests that they could represent candidate biomarkers for developing 64 

non-invasive tests for oocyte or embryo quality. Finally, some of these 65 

lncRNAs are also expressed in human cancer tissues, suggesting that 66 

reactivation of an embryonic lncRNA program may contribute to human 67 

malignancies. 68 

Wider implications: 69 

LncRNAs are emerging potential key players in gene expression regulation. 70 

Analysis of RNA-seq data from human pre-implantation embryos identified 71 

lncRNA signatures that are specific to this critical step. We anticipate that 72 

further studies will show that these new transcripts are major regulators of 73 

embryo development. These findings might also be used to develop new 74 

tests/treatments for improving the pregnancy success rate in in vitro 75 

fertilization procedures or for regenerative medicine applications involving 76 

PSC. 77 

INTRODUCTION 78 

Definition 79 

There is no official consensus concerning the sequence, structural, or 80 

biochemical features that might be used to clearly define long non-coding 81 

RNAs (lncRNAs). Nevertheless, transcripts that do not code for a protein and 82 
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are longer than 200 nucleotides are usually considered to be lncRNAs (Cabili 83 

et al., 2011; Derrien et al., 2012; Pang et al., 2006; Ulitsky et al., 2011). This 84 

size cut-off was arbitrarily chosen and is used to differentiate lncRNAs from 85 

smaller non-coding RNAs, such as microRNAs (miRNAs), small interfering 86 

RNAs (siRNAs), piwi-interacting RNAs (piRNAs), transfer RNAs (tRNAs) and 87 

small nucleolar RNAs (snoRNAs). Other non-coding, structural RNAs include 88 

ribosomal RNAs (rRNAs) and nuclear RNAs that are often longer than 200 89 

nucleotides, but that are not considered to be lncRNAs (Housman and Ulitsky, 90 

2016; Mattick and Rinn, 2015; Morris and Mattick, 2014; Taft et al., 2010). 91 

Moreover, compared with protein-coding genes, lncRNA genes are usually 92 

shorter in length (Derrien et al., 2012; Pauli et al., 2012; Ulitsky et al., 2011) 93 

and have fewer exons (Cabili et al., 2011; Derrien et al., 2012; Pauli et al., 94 

2012; Ravasi, 2005; Zhu et al., 2009), although there are some exceptions. 95 

Finally, the assumption that lncRNAs are strictly non-coding transcripts has 96 

been recently challenged by several groups who reported that some lncRNAs 97 

may encode short peptides with important functional roles (Ruiz-Orera et al., 98 

2014). 99 

A brief history of the discovery of lncRNAs 100 

The discovery of lncRNAs challenged one of the major biology dogmas. 101 

Indeed, in the common description of the human genome landscape, the ~21 102 

500 protein-coding genes (as indexed in Uniprot (Apweiler, 2004)) are 103 

drowned in a vast ocean of repetitive and non-transcribed regions (Lander et 104 

al., 2001). However, many tissue and cell transcriptome analyses brought 105 

evidences that in our genome also some non-coding DNA regions are 106 

transcribed into non-coding RNAs that may be functional. Consequently, a 107 
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more complex definition of what is a gene is needed, because a seemingly 108 

silent zone of the genome can be transcribed, leading to the regulated 109 

production of non-coding RNAs, such as small regulatory RNAs or functional 110 

lncRNAs. Examples of functional lncRNAs are rapidly accumulating, proving 111 

their role in many mechanisms involved in cell regulation, signalling pathways, 112 

or cell identity in specific tissues or cell types.  113 

Historically, the human genome has been roughly separated in coding and 114 

non-coding regions and only protein-coding genes and some structural non-115 

coding RNAs, such as tRNAs and rRNAs, have been considered as essential 116 

for the cell functions. Most of the non-coding genome was thought to be junk 117 

DNA, without any noticeable function. RNA biology was dominated by the 118 

concept that gene transcription and translation are the main regulatory 119 

processes, thus positioning proteins as the key functional regulators (Morris 120 

and Mattick, 2014). However, the roles ascribed to RNA evolved with the 121 

technological development. Messenger RNAs (mRNA) were discovered in the 122 

1960s by Jacob, Meselson and Brenner. They showed that mRNAs are 123 

translated into proteins and have key functions within cells (Brenner et al., 124 

1961). In the 1970s, RNA expression in a specific cell or tissue could be 125 

studied only by Northern blot analysis, a complex and time-consuming 126 

procedure (Alwine et al., 1977). The development of cloning methods and 127 

particularly of the Polymerase Chain Reaction (PCR) by Mullis in the 1980s 128 

allowed a better characterization of RNAs and their expression levels within 129 

specific tissues and cells (Mullis, 1990). Meanwhile, other structural RNA 130 

classes were discovered, such as rRNAs, tRNAs and heteronuclear RNAs 131 

(hnRNAs) (Kim et al., 1974; Warner et al., 1966). In the 1990s, the first cDNA 132 
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arrays were developed, followed by tiling microarrays that can assess the 133 

expression of thousands of genes in a single experiment and even study gene 134 

expression genome-wide, outside protein coding regions (Schena et al., 135 

1995). Microarrays revolutionized gene expression studies. For the first time, 136 

researchers did not have to know precisely what to look for to investigate 137 

gene expression in specific conditions, diseases, or drug effects. These 138 

techniques were greatly informative to understand cell functionality, but 139 

initially they did not allow the detection of splicing variants, and most often 140 

relied on known protein-coding genes. While the international human genome 141 

sequencing programme was close to obtain the first complete sequence, 142 

researchers were confronted with an unexpected difficulty. Indeed, they did 143 

not know how to define a gene or the gene portion that is in fine translated. It 144 

was thought that RNA maps could help finding an answer to this issue. 145 

Improved sequencing technologies solved this problem. Several international 146 

research programs, such as the Functional Annotation of the Mammalian 147 

Genome (FANTOM) project, using tiling microarray (Bertone et al., 2004) and 148 

sequencing techniques (Carninci et al., 2005) showed that most of the 149 

mammalian genome is actively transcribed into RNAs, although most of them 150 

do not code for proteins. Thousands of non-coding RNAs, including short 151 

(<200nt) and long (>200nt) RNAs, were identified. Furthermore, these 152 

projects showed that alternative splicing is very common, including in non-153 

coding sections of the genome. These outcomes forced to widen the definition 154 

of a gene and to consider that non-coding RNAs may not simply be junk DNA 155 

or transcriptional noise (ENCODE Project Consortium et al., 2007; Gerstein et 156 

al., 2007; Kapranov et al., 2007). The advent of Next Generation Sequencing 157 
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(NGS) and the increasing accessibility to this technology because of falling 158 

costs enabled deep sequencing of the transcriptome (RNA-seq) of many 159 

cell/tissue types. Its rapid progress, as well as that of bioinformatics since the 160 

late 2000s paved the way for truly understanding transcription on a genome-161 

wide scale and in different conditions. Particularly, NGS offered the possibility 162 

to compare the expression pattern of coding and non-coding RNAs (Dinger et 163 

al., 2008a; Mortazavi et al., 2008; Wang et al., 2009). 164 

All these techniques helped describing and classifying non-coding RNAs in 165 

three subfamilies: (1) small structural RNAs that include small nuclear RNAs 166 

involved in splicing regulation, small nucleolar RNAs involved in ribosome 167 

biogenesis, rRNAs and tRNAs involved in translation, (2) small regulatory 168 

RNAs, such as miRNAs, piRNAs, snoRNAs that are involved in cell 169 

regulation, and (3) lncRNAs (Bartel, 2009; Carninci et al., 2005; Mattick, 2006; 170 

Rinn and Chang, 2012; Seto et al., 2007). This class includes non-coding 171 

RNAs that present similarities with mRNAs in length, structure and 172 

transcriptional regulation. Indeed, many functional non-coding transcripts 173 

were studied before being designed as lncRNAs. They were simply 174 

considered to be large functional RNAs with no coding function (Nagano et 175 

al., 2008; Pandey et al., 2008). The first described functional lncRNA was 176 

H19, discovered long before NGS advent and the first description of lncRNAs 177 

(Brannan et al., 1990). H19 is abundantly expressed in many mesoderm- and 178 

endoderm-derived tissues and regulates a network of co-expressed imprinted 179 

genes that modulate foetal and post-natal growth (Gabory et al., 2010). 180 

Indeed, H19 expression is regulated by genomic imprinting and is therefore 181 

expressed only by the maternal allele. Another lncRNA identified before their 182 
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discovery is XIST, which is transcribed only from the inactive X chromosome 183 

in mammalian female cells (Brown et al., 1991; Penny et al., 1996). XIST is 184 

essential for X inactivation and is pivotal for mammalian dosage 185 

compensation of the X chromosome (see below).  186 

Here, we review the current knowledge on lncRNAs with a focus on their role 187 

in early human embryo development. Recent published mRNA sequencing 188 

(mRNAseq) data indicate that in the early human embryo, like in other 189 

vertebrate embryos, lncRNA abundance significantly changes during each 190 

stage of development, suggesting key functional roles. Therefore, lncRNAs 191 

could represent novel candidate markers for the development of non-invasive 192 

tools to assess embryo competency. 193 

METHODS 194 

Article selection 195 

A summary of the general knowledge on lncRNAs was compiled based on 196 

seminal articles on this topic. A systematic review of the current literature in 197 

the English language on lncRNAs in mammalian, including human early 198 

embryo development was performed. Articles were retrieved from journal 199 

databases, such as PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez) and 200 

EMBASE (https://www.elsevier.com/solutions/embase-biomedical-research) 201 

up to February 2016, using the keywords ‘long non-coding RNA’ or ‘lncRNA’, 202 

and ‘embryo’, ‘development’, or ‘pluripotent stem cells'. 2845 articles were 203 

retrieved of which 211were included in this review. 204 

RNA-Sequencing data retrieval 205 

Paired- or single-end RNA-seq data were downloaded from the NCBI SRA 206 

database (130 datasets corresponding to 5 SRA projects) 207 
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(http://www.ncbi.nlm.nih.gov/sra), or from the ENCODE project portal (36 208 

datasets from 18 ENCODE projects) (https://www.encodeproject.org/). The 209 

maximum read length was 121nt for the entire cohort and the minimum read 210 

length was 90nt, but for 8 RNA-seq datasets from the PRJNA189204 human 211 

embryo Bioproject that had a minimum read length of 49nt (Xue et al., 2013). 212 

The dataset list is provided as supplemental data (Table S1). 213 

RNA-Sequencing Data Analysis 214 

Reads were mapped to the indexed Ensembl GRCh38 human genome using 215 

CRAC v2.5.0 (http://crac.gforge.inria.fr/) (Philippe et al., 2013) with a kmer 216 

parameter of 22nt (-k 22) and the - -bam option. Aligned reads were then 217 

counted against the Ensembl annotation file GRCh38.83 (Ensembl API 218 

version 66, http://www.ensembl.org/index.html) using featureCounts v14.6 219 

with the default unstranded option (-s 0).  RNA-seq data analysis focused on 220 

the following Ensembl annotation categories: i) coding transcripts that 221 

included all protein-coding genes and ii) long non-coding transcripts that 222 

regrouped pseudogenes, sense and antisense overlapping transcripts, 223 

lncRNAs and lincRNAs. Small non-coding RNAs, such as microRNAs 224 

(miRNAs), were removed from the analysis, as well as ribosomal RNAs 225 

(rRNAs), which are not classified as lncRNAs. 226 

RESULTS AND DISCUSSION 227 

LncRNA classification 228 

Non-coding RNAs can be arbitrarily separated in two main classes according 229 

to their length: small (< 200nt) and long (> 200nt, i.e. lncRNAs) (St. Laurent et 230 

al., 2015; Tuck and Tollervey, 2013). LncRNAs can then be further classified 231 

in two main subclasses according to their genome localization: intergenic and 232 
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intragenic (Fig. 1A). Currently, these lncRNA subclasses are not linked to a 233 

specific function or a mode of action. Moreover, no general mechanism of 234 

lncRNA biogenesis has been described so far, differently from small non-235 

coding RNAs, such as piRNAs or miRNAs (Kim et al., 2009). 236 

 237 

Intragenic lncRNAs 238 

This lncRNA subclass can be further subdivided in several categories 239 

depending on the lncRNA position relative to the associated protein-coding 240 

gene (Marques et al., 2013): 241 

a) Sense lncRNAs overlap with protein-coding regions and are transcribed 242 

from the same strand. Most of them do not encode proteins; however, several 243 

lncRNAs have both coding and non-coding potential. For instance, the 244 

intragenic lncRNA steroid receptor RNA activator (SRA) was among the first 245 

lncRNAs found to encode a small peptide (Chooniedass-Kothari et al., 2004; 246 

Denoeud et al., 2007; Djebali et al., 2008; Kapranov et al., 2005). 247 

b) Antisense lncRNAs, usually called Natural Antisense Transcripts (NAT), 248 

also overlap with protein-coding regions, but are transcribed from the opposite 249 

strand (Schwartz et al., 2008). 250 

Sense and antisense lncRNAs can overlap with exonic or intronic regions or 251 

both. NATs exist in virtually every living species, including eukaryotes, 252 

prokaryotes and even viruses (Britto-Kido et al., 2013; Campbell et al., 2014). 253 

However, no evolutionarily conserved NAT has been indexed (He et al., 2008; 254 

Katayama et al., 2005; Wahlestedt, 2013; Wood et al., 2013). 255 
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c) Bidirectional lncRNAs in which the transcription start site is located at less 256 

than 1kb away from its neighbouring protein-coding gene. They are usually 257 

transcribed in the opposite direction (Knauss and Sun, 2013). 258 

d) Intronic lncRNAs are the predominant non-coding RNAs in the human 259 

genome and include totally intronic RNAs (TINs), which represent more than 260 

70% of all non-coding RNAs (except rRNAs) in human cells (Nakaya et al., 261 

2007), and partially intronic RNAs (PINs), which are generally unspliced 262 

(Louro et al., 2009; St Laurent et al., 2012). 263 

 264 

Intergenic lncRNAs: 265 

Long intergenic (or intervening) lncRNAs, called lincRNAs, do not overlap with 266 

protein-coding regions (introns or exons). Therefore, their expression profile 267 

and the effects of their overexpression or down-regulation are simpler to 268 

interpret (Hacisuleyman et al., 2014; Hangauer et al., 2013). Many functional 269 

lincRNAs display mRNA-like stability (Clark et al., 2012) and active 270 

transcription marks, such as the K4H36 chromatin signature at their promoter 271 

when expressed (Guttman et al., 2009), and cell-specific expression profiles 272 

(Jia et al., 2010; Khalil et al., 2009). 273 

LincRNAs are not clearly evolutionarily conserved; however, a recent study 274 

identified more than 2500 lincRNAs that are expressed in three tetrapod 275 

species and originated 90 million years ago (Necsulea et al., 2014). Most 276 

lincRNAs overlap with repetitive elements, such as SINEs or LINEs (Kelley 277 

and Rinn, 2012; Ulitsky et al., 2011), that seem to play significant roles within 278 

lincRNAs, notably by helping homologous base-pairing with other RNAs 279 

(Carrieri et al., 2012; Gong and Maquat, 2011). 280 
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This subclass includes also very long intergenic non-coding RNAs that are 281 

called vlincRNAs or macroRNAs. Their length can vary from 50kb to 1Mb and 282 

they can also derive from pseudogenes (Hackermüller et al., 2014; Lazorthes 283 

et al., 2015; Milligan and Lipovich, 2014; St Laurent et al., 2013).  284 

 285 

Mechanisms of action 286 

Many lncRNAs are non-functional by-products of pervasive transcription (De 287 

Santa et al., 2010; Ebisuya et al., 2008; Struhl, 2007). However, an increasing 288 

number of studies demonstrated that some lncRNAs have specific functions 289 

and that they can be major actors in the biology of a cell (Huarte and Marín-290 

Béjar, 2015; Khorkova et al., 2015). 291 

LncRNA mechanisms of action are numerous due to their diverse structural 292 

conformations, biochemical properties and specific subcellular localization 293 

(Wang and Chang, 2011). Most lncRNAs with documented functions have 294 

been found in the nucleus, but evidence of functional cytoplasmic lncRNAs is 295 

increasing. Nuclear lncRNAs are involved in many processes, including 296 

epigenetic, transcriptional, post-transcriptional and translational regulation 297 

mechanisms (Guttman and Rinn, 2012; Rinn and Chang, 2012; Ulitsky and 298 

Bartel, 2013). On the other hand, cytoplasmic lncRNA functions are restricted 299 

essentially to post-transcriptional and translational regulations and they act 300 

through the modulation of mRNA stability and protein modifications (Rashid et 301 

al., 2016). Their functions can be divided in five main categories (not mutually 302 

exclusive) that will be briefly described below and that are summarized in Fig. 303 

1B. Examples illustrating these different mechanisms of action are given in 304 

Table 1. 305 
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 306 

Molecular scaffolds 307 

Most lncRNAs interact with DNA, RNA, proteins, or a combination of these 308 

molecules. lncRNAs tertiary structure leads to specific allosteric 309 

conformations, forming functional domains with high affinity for their targets 310 

(Guttman and Rinn, 2012). These molecular scaffolds can bind to several cell 311 

components to form ribonucleoprotein complexes and guide their interaction 312 

partners towards specific genomic loci thanks to their RNA sequence 313 

(Hacisuleyman et al., 2014; Quinn et al., 2014; Tsai et al., 2010). This type of 314 

mechanism highlights the importance of lncRNA structure and sequence for 315 

the formation, stability and localization of these complexes (He et al., 2015; 316 

Johnsson et al., 2014; Rouskin et al., 2013; Smith et al., 2013; Wan et al., 317 

2014). 318 

Such scaffolding generally takes place in the nucleus, where lncRNAs form 319 

protein complexes that modulate transcription. Well-known examples of 320 

proteins interacting with scaffolding lncRNAs include the chromatin modifiers 321 

PRC1 (Bonasio et al., 2014; Yap et al., 2010), PRC2 and LSD1 (Rinn et al., 322 

2007), the Trithorax Group (TrxG) of proteins (Rinn et al., 2007), the DNMT 323 

protein family (Di Ruscio et al., 2013; Martianov et al., 2007; Schmitz et al., 324 

2010), transcription factors (such as CBP, NPAS4, CREB and SRF), 325 

ribosomal complexes and also RNA polymerase II (Chisholm et al., 2012; 326 

West et al., 2014). LncRNAs can recruit these proteins and directly bring them 327 

to gene regulatory regions, for instance promoters to activate transcription. 328 

They can also act as structural platforms to which several proteins can bind 329 

and form specific structural entities (Sunwoo et al., 2008), such as nuclear 330 
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speckles (MALAT1) (Tripathi et al., 2010), paraspeckles (NEAT1/MENβ) 331 

(Clemson et al., 2009; Murthy and Rangarajan, 2010; Souquere et al., 2010) 332 

and polycomb bodies (TUG1) (Yang et al., 2011b). 333 

 334 

Guides 335 

The primary nucleotide sequence of lncRNAs recognizes specific genomic 336 

regions through direct DNA binding, while their secondary and tertiary 337 

structures allow the binding of cellular components. Therefore, they can guide 338 

specific proteins or assembled scaffolds to a specific target locus that these 339 

molecules could not reach on their own. Well-described examples are 340 

HOTAIR (Schorderet and Duboule, 2011), AIR (Nagano et al., 2008), 341 

KCNQ1OT1 (Pandey et al., 2008), lincRNA-p21 (Huarte et al., 2010), HOTTIP 342 

(Wang et al., 2011) and XIST (Penny et al., 1996). 343 

 344 

Enhancers 345 

Enhancer lncRNAs (eRNAs) operate on neighbouring genes (in cis) or over 346 

long distances (in trans) by binding to promoters and inducing their 347 

transcription activity (Darrow and Chadwick, 2013; Fanucchi et al., 2013; 348 

Kaikkonen et al., 2013; Mousavi et al., 2013; Ørom et al., 2010). Many 349 

examples of eRNAs can be found in the literature (De Santa et al., 2010; Han 350 

et al., 2007; Kim et al., 2010; Lai et al., 2013; Lam et al., 2013; Léveillé et al., 351 

2015; Melo et al., 2013; Ørom and Shiekhattar, 2013; Taft et al., 2009). 352 

Most of lncRNAs have an enhancer-like function in cis, as indicated by the 353 

finding that their depletion leads to decreased expression of neighbouring 354 

protein-coding genes (Ørom and Shiekhattar, 2013). For instance, it has been 355 



 16 

shown that a lncRNA interacts with the Mediator transcriptional activator 356 

complex to regulate its chromatin localization and to increase its enzymatic 357 

activity (Lai et al., 2013). Another eRNA facilitates the transition of paused 358 

RNA polymerase II into productive elongation by sequestering NELF, a 359 

negative elongation factor (Schaukowitch et al., 2014).  360 

Among the lncRNAs that act in trans, CSR is engaged in long-range RNA 361 

interactions that facilitate the chromosomal looping-mediated association with 362 

super-enhancer regions (Pefanis et al., 2015). HOTTIP is another long-range 363 

eRNA that drives HOX genes transcription by getting in proximity of its target 364 

genes via chromosomal looping (Wang et al., 2011). eRNAs are also involved 365 

in cancer progression, particularly in acute leukaemia (Trimarchi et al., 2014) 366 

and in colorectal cancer (McCleland et al., 2016). 367 

 368 

Decoys 369 

Another way of regulating gene expression by lncRNAs is endogenous 370 

competition that takes place preferentially in the cytoplasm (Salmena et al., 371 

2011; Tay et al., 2014). Specifically, such lncRNAs act as molecular decoys 372 

by competitive binding to other cellular components, such as miRNAs, RNAs 373 

or proteins (transcription factors) in order to prevent their activity at their 374 

targeted action sites (Hung et al., 2011; Johnsson et al., 2014; Wang et al., 375 

2013; Willingham et al., 2005). These lncRNAs are called competing 376 

endogenous RNAs (ceRNAs). They can act as artificial miRNA sponges that 377 

pair with and sequester miRNAs from their mRNA targets (Ebert et al., 2007), 378 

as observed in plants and viruses (Cazalla et al., 2010; Franco-Zorrilla et al., 379 

2007). Of note, some of these miRNA sponges form remarkable structures 380 
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termed circular RNAs (ENCODE Project Consortium et al., 2007; Guo et al., 381 

2014; Hansen et al., 2013; Memczak et al., 2013). The cytoplasmic lncRNA 382 

MD1 inhibits two important miRNAs (miR-133 and 135) and thus regulates 383 

myogenic progenitor cells during muscle differentiation (Cesana et al., 2011). 384 

This competition mechanism is also involved in cancer (Karreth et al., 2011). 385 

H19 is also found in the cytoplasm where it antagonizes let-7 microRNA 386 

subfamilies (Kallen et al., 2013) and is also a primary miRNAs precursor that 387 

negatively regulates the expression of specific mRNAs (Gao et al., 2012; 388 

Keniry et al., 2012). Similarly, the ceRNA GAS5 targets the glucocorticoid 389 

receptor and prevents its binding to regulatory elements (Kino et al., 2010). 390 

PANDA is another cytoplasmic ceRNA that interacts with the transcription 391 

factor NF-Y to limit the expression of pro-apoptotic genes (Hung et al., 2011). 392 

At the post-transcriptional level, lncRNAs with snoRNA ends interact with the 393 

FOX2 transcription factor and alter splicing patterns (Yin et al., 2012), 394 

whereas the UV-induced lncRNA GADD7 binds to the transcriptional 395 

repressor TDP-43, leading to the degradation of CDK6 mRNA in the 396 

cytoplasm (Liu et al., 2012). NEAT1 can titrate specific mRNAs by 397 

sequestering them within nuclear paraspeckles from where they are not 398 

released for translation until NEAT1 is degraded or down-regulated (Chen and 399 

Carmichael, 2009). 400 

This titration mechanism of miRNAs should be effective only in specific cases 401 

because lncRNA level is generally lower than that of miRNAs and their mRNA 402 

targets (Bosson et al., 2014; Denzler et al., 2014). Thus, lncRNA 403 

concentration within the cell has to exceed a certain level of expression to 404 

allow their role as miRNA sponges. 405 
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Controversy about lncRNA functional relevance 406 

LncRNAs have also been called transcripts of unknown function (TUF) 407 

(Gingeras, 2007) or transcripts of unknown coding potential (TUCP) (Cabili et 408 

al., 2011) that are localized in transcriptionally active regions (Li et al., 2007). 409 

Indeed, there are different views concerning lncRNA function. Although some 410 

lncRNAs, such as H19 or XIST, are now accepted as bona fide actors in cell 411 

regulation, the fraction of functional lncRNAs is still the subject of heated 412 

discussions (Kowalczyk et al., 2012). One view is that most of the non-coding 413 

transcriptome results from spurious transcription and could even be just 414 

transcriptional noise (Clark et al., 2011; De Santa et al., 2010; Ebisuya et al., 415 

2008; Ponjavic et al., 2007; Struhl, 2007). This view is supported by the fact 416 

that many of these transcripts are expressed at very low levels (less than a 417 

single copy per cell for some lncRNAs) and seem to be less conserved than 418 

protein-coding RNAs (Cabili et al., 2011; Ravasi, 2005; Schultes et al., 2005). 419 

However, pooling cells for transcriptome sequencing could dilute a potentially 420 

strong signal localized in only few cells within the overall population. Thus, 421 

some lncRNAs that show an overall low expression level could in fact be 422 

tremendously overexpressed in a limited number of cells. Alternatively, 423 

lncRNA expression could be limited to a specific time during development, or 424 

be transient to regulate a precise cell mechanism (Clark et al., 2015; Derrien 425 

et al., 2012; Palazzo and Gregory, 2014). 426 

Similarly, the lack of lncRNA conservation remains controversial. The 427 

absence of sequence conservation might suggest that lncRNAs do not have a 428 

large functional role (Ponjavic et al., 2007); however, lncRNAs may in fact be 429 

structurally conserved (Johnsson et al., 2014). Analyses on the structural 430 
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conservation of lncRNAs clearly support the hypothesis of an evolutionarily 431 

driven process (Guttman et al., 2009, 2010; Nitsche et al., 2015; Rands et al., 432 

2014; Smith et al., 2013). Moreover, the overall number of lncRNAs increases 433 

with the complexity of the organism (Taft et al., 2007), an observation that 434 

could support lncRNA functionality (Dinger et al., 2008b; Guttman et al., 2011; 435 

Mattick, 2004). Indeed, the list of annotated lncRNAs with proven function is 436 

steadily increasing, with roles in pathways as diverse as cell regulation, 437 

apoptosis, drug resistance, cell identity specification, pluripotency and many 438 

other processes (Altschul et al., 1990; Huarte and Marín-Béjar, 2015; 439 

Khorkova et al., 2015; Pauli et al., 2011; Ponting et al., 2009; Rinn and 440 

Chang, 2012; Ulitsky and Bartel, 2013). 441 

LncRNA expression in human pre-implantation embryos 442 

LncRNAs and early embryo development  443 

Cell lineage specification and differentiation during embryo development is 444 

achieved through the precise spatio-temporal activation of key genes in 445 

embryonic and progenitor cells (Ben-Tabou de-Leon and Davidson, 2007; 446 

Mallo and Alonso, 2013). Some lncRNAs associated with embryonic 447 

development have been recently identified by RNA-seq of animal and human 448 

pre-implantation embryos (from pronuclear to blastocyst stage). In frog 449 

(Paranjpe et al., 2013), mouse (Hamazaki et al., 2015; Zhang et al., 2014) 450 

and bovine early embryos (Caballero et al., 2014), maternal mRNAs peak in 451 

oocytes, whereas spliced lncRNAs are predominantly detected at the other 452 

early stages. Knockdown of some specific lncRNAs in bovine embryos affects 453 

embryo growth, resulting in increased developmental rates and larger 454 

blastocysts. In mice, siRNA-mediated silencing of a promoter-associated 455 
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lncRNA specifically expressed in 2-cell stage embryos results in embryonic 456 

lethality. This phenotype is rescued by overexpressing the protein that 457 

interacts with this lncRNA (Hamazaki et al., 2015). Importantly, all these 458 

studies highlight the huge number of lncRNAs expressed during embryo 459 

development. 460 

Analysis of RNA-seq data of single cells from human pre-implantation 461 

embryos and of human embryonic stem cells (hESCs) (Yan et al., 2013) 462 

showed the expression of 3405 lncRNAs of which 2733 are potential novel 463 

intergenic non-coding RNAs. Interestingly, the expression of many of these 464 

lncRNAs is developmental-stage specific. Two other studies provided 465 

developmental-stage specific RNA-Seq data in human pre-implantation 466 

embryos (Blakeley et al., 2015; Xue et al., 2013), but did not specifically 467 

analyse the lncRNA profiles during embryo development. 468 

A strong lncRNA signature in pre-implantation human embryos 469 

To illustrate the lncRNA expression profile of the first stages of human embryo 470 

development, we performed a meta-analysis of RNA-seq expression data by 471 

assembling the expression profiles of the two studies that included all 472 

embryonic stages during the first week of development (Xue et al., 2013; Yan 473 

et al., 2013) including six human mature oocytes, three pronuclear embryos, 474 

five zygotes, eight 2-cell stage embryos, twenty 4-cell stage embryos, thirty-475 

one 8-cell stage embryos, nineteen morulae and thirty late blastocysts, as well 476 

as embryonic stem cells, foetal and adult normal tissues, and cancer samples 477 

(Supplemental Table S1). The analysis of the proportion of lncRNA and 478 

protein-coding mRNA reads shows that lncRNAs are present from the 479 

beginning of human embryo development and become the predominant 480 
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category of transcripts after embryonic gene activation (EGA) that occurs at 481 

the 4-cell to 8-cell stage (Fig. 2A).  482 

Comparison with foetal RNA and adult tissues indicates that some of these 483 

lncRNAs are shared with foetal and adult tissues, while others are specific to 484 

early embryos (Fig. 2B). On the other hand, some foetal/adult tissues display 485 

lncRNAs that are not present in the oocyte and early embryo samples. These 486 

findings indicate that early human embryos and differentiated cells 487 

(foetal/adult tissues) have quite distinct lncRNA profiles. 488 

As some lncRNAs are detected at specific and crucial steps of early 489 

embryonic development, they could represent candidate markers of EGA and 490 

embryo competency. Taken together, these results support the notion that 491 

lncRNAs are part of the dynamic changes in transcript expression that occur 492 

during human early embryo development and that contribute to the dramatic 493 

morphological changes during development. 494 

Re-expression of pre-implantation embryo lncRNAs in cancer 495 

LncRNAs are involved in many essential physiological processes, from cell 496 

cycle control and apoptosis to epigenetic regulation. Therefore, deregulation 497 

of lncRNA expression could have dramatic consequences on cell 498 

homeostasis. Several lncRNAs exhibit oncogenic properties: HULC (Du et al., 499 

2012) and HEIH in hepatocellular carcinoma (Yang et al., 2011a); HOTAIR in 500 

breast, gastric, colorectal and cervical cancer (Hajjari and Salavaty, 2015); 501 

MALAT1 in liver, pancreas, breast, colon and prostate carcinoma (Zhou et al., 502 

2015); SRA in steroid-dependent tumours as breast and uterus cancer or 503 

ANRIL in prostate cancers (Hauptman and Glavač, 2013). Conversely, other 504 

lncRNAs have oncosuppressive features, such as MEG3 in pituitary adenoma 505 
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and meningioma, or lincRNA-p21, PTENP1 and GAS5 in prostate and breast 506 

cancer. 507 

It has been proposed that some cancers arise through cell de-differentiation 508 

towards more immature cell states or to a state reminiscent of pluripotent 509 

stem cells (Ben-Porath et al., 2008; Schoenhals et al., 2009). Therefore, we 510 

investigated whether selected lncRNAs that are up-regulated in pre-511 

implantation embryos but not in adult tissue are re-expressed in three cancer 512 

types (lung, colon and bladder) using publicly available RNA-seq data. Our 513 

analysis indicates that AFAP1-AS1 is present in lung cancer as well as in 514 

oocytes and up to the 8-cell embryo stage, but not in normal adult tissues 515 

(Fig. 2B). AFAP1-AS1 has been reported to be overexpressed in several 516 

cancers, such as hepatocellular carcinoma (Zhang et al., 2016), lung cancer 517 

(Zeng et al., 2016) and esophageal squamous cell carcinoma, even 518 

chemoresistant forms (Zhou el al., 2016), and it is often associated with poor 519 

prognosis. Similarly, the oncogene HOTAIR is overexpressed in colon and 520 

bladder cancer and is detected also at the 8-cell embryo stage and morula, 521 

but not at the blastocyst stage. AACSP1 is expressed in early embryos 522 

(oocyte to 8-cell stage) and then is reactivated in colon cancer. LUCAT1 is 523 

expressed at the blastocyst stage and upregulated in lung cancer compared 524 

with matched normal samples. 525 

 526 

LncRNAs and pluripotent stem cells 527 

Pluripotency maintenance 528 

Pluripotency is the capacity of a cell to differentiate into any of the body cell 529 

types (De Los Angeles et al., 2015). For instance, hESCs can generate more 530 
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than 200 specialized cell types that derive from the three primary germ layers 531 

(ectoderm, endoderm and mesoderm) (Ramirez, 2010). Therefore, 532 

pluripotency maintenance and stem cell differentiation must be precisely 533 

regulated. Many transcriptions factors, such as OCT4 or NANOG, chromatin 534 

modifiers and small non-coding RNAs form a complex network for 535 

pluripotency regulation (De Los Angeles et al., 2015). Several recent studies 536 

showed that lncRNAs also are involved in this process (Guttman et al., 2011; 537 

Rosa and Brivanlou, 2013). Indeed, lncRNAs have been described as 538 

“regulators of regulators” or “pivots of pluripotency” that maintain pluripotency 539 

or act as a barrier against differentiation (Huo and Zambidis, 2013; Jia et al., 540 

2013).  541 

The first data that linked lncRNAs to ESC regulation were obtained in mice by 542 

microarray (Dinger et al., 2008b) and Chip-seq experiments (Guttman et al., 543 

2009). They showed that mouse ESCs have specific lncRNA signatures that 544 

are lost during their differentiation. Guttman et al. discovered more than 545 

thousand new lncRNAs in mouse ESCs (Guttman et al., 2010). Many of these 546 

lncRNAs regulate and are regulated by pluripotency-associated transcription 547 

factors (Ng et al., 2012; Sheik Mohamed et al., 2010). Moreover, knock-down 548 

of pluripotency-associated lncRNAs causes profound transcriptome variations 549 

in mouse ESCs (Guttman et al., 2011), often resulting in loss of pluripotency 550 

and differentiation, as observed upon silencing of key pluripotency 551 

transcription factors (Sheik Mohamed et al., 2010).  552 

Like many other lncRNAs, pluripotency-associated lncRNAs act as scaffolds 553 

to guide epigenetic regulatory complexes (Mondal and Kanduri, 2012) that are 554 

required for transcriptional regulation in ESCs. These complexes include 555 
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chromatin remodellers and histone modifiers, such as Polycomb and Tritorax 556 

complexes (Tsai et al., 2010). For instance, Tcl1 Upstream Neuron-557 

Associated lincRNA (TUNA) forms a complex with ribonucleoproteins and the 558 

nucleolar phosphoprotein Nucleolin to guide them to the Nanog, Sox2 and 559 

Fgf4 promoters (Lin et al., 2014). TUNA depletion decreases the expression 560 

level of these pluripotency factors and inhibits mouse ESC self-renewal 561 

capacity and also differentiation into neural cells. Similarly, the lncRNAs ES1, 562 

ES2, ES3 are implicated in pluripotency and neural differentiation regulation in 563 

human cells (Ng et al., 2012). The lncRNAs GOMAFU (also called MIAT) and 564 

AK141205 are direct targets of OCT4 and NANOG, respectively, and their 565 

depletion in mouse ESCs leads to important transcriptomic changes and 566 

pluripotency perturbation (Sheik Mohamed et al., 2010).  567 

Interestingly, many of these pluripotency-associated lncRNAs modulate the 568 

activity of epigenetic regulators. For instance, lncRNAs can regulate PRC2 569 

function directly (Dey et al., 2014; Kaneko et al., 2013; Zhao et al., 2010) or 570 

indirectly through interaction with related cofactors, as it is the case for the 571 

lncRNAs MEG3 or ANRIL (Kaneko et al., 2014; Shen et al., 2009; Yap et al., 572 

2010). LncRNAs also interact with Tritorax-related factors, such as WDR5 that 573 

is very active in ESCs and regulates transcription by promoting H3K4me3 574 

deposition. Notably, lincRNA-1592 and lincRNA-1552 regulate and are 575 

regulated by pluripotency transcription factors in a positive feedback loop 576 

(Yang et al., 2014). Regulator of Reprogramming (RoR) is another important 577 

lncRNA for the maintenance of hESC self-renewal capacity. This lncRNA acts 578 

as a ceRNA in the cytoplasm where it maintains pluripotency by endogenous 579 
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competition (Wang et al., 2013) with miR-145, which normally inhibits 580 

translation of pluripotency transcription factors (Xu et al., 2009). 581 

 582 

Pluripotency induction (iPSCs) 583 

Induced Pluripotent Stem Cells (iPSCs) are pluripotent stem cells generated 584 

directly from adult somatic cells, such as fibroblasts, by overexpressing four 585 

specific transcription factors that reprogram adult cells into pluripotent stem 586 

cells (Takahashi et al., 2007). Loewer et al. found that some lncRNAs are up-587 

regulated in iPSCs compared with ESCs (Loewer et al., 2010). However, it is 588 

not clear whether this difference is linked to intrinsic differences between 589 

iPSCs and ESCs, or to distinct features of their reprograming protocol. 590 

Importantly, the lncRNA RoR is essential for cell reprogramming. Indeed, its 591 

depletion by shRNA-mediated knockdown leads to an important decrease of 592 

iPSC colonies, while its overexpression promotes iPSC colonies formation. 593 

Specifically, RoR depletion causes p53 up-regulation (Zhang et al., 2013), 594 

leading to induction of apoptosis and oxidative stress and ultimately to cell 595 

reprogramming defects. Pluripotency is regulated also by linc-p21, another 596 

lncRNA that represses p53 (Bao et al., 2015; Huarte et al., 2010). Differently 597 

from RoR, linc-p21 reduces reprogramming efficiency by acting on the 598 

conversion from pre-iPSCs to iPSCs that is required to establish bona fide 599 

pluripotent stem cells and during which the presence of the exogenous 600 

reprogramming factors is not needed any longer (Hanna et al., 2010). Linc-601 

p21 forms a complex with the ribonucleoprotein Heterogeneous Nuclear 602 

Ribonucleoprotein K (HNRNPK) that maintains repressive H3K9me3 marks 603 

and CpG methylation at the promoter of core pluripotency transcription 604 
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factors. Interestingly, linc-p21 is also found in the cytoplasm where it acts as a 605 

post-transcriptional modulator by repressing the translation of beta catenin 606 

and JUNB mRNAs by imperfect base pairing, forming a complex that 607 

enhances the interaction between mRNAs and cytoplasmic translational 608 

repressors (Rashid et al., 2016). 609 

 610 

Regulation of genomic imprinting by lncRNAs 611 

Genomic imprinting is a crucial developmental epigenetic process that results 612 

in the mono-allelic expression of certain genes, in a parent-of-origin 613 

dependent manner (see Barlow and Bartolomei for a general review on this 614 

phenomenon (Barlow and Bartolomei, 2014). These genes are thus called 615 

imprinted genes. Currently, about 100 imprinted genes have been identified. 616 

Many of them are essential for embryo development and growth (especially 617 

during gestation and post-partum) and genetic mutations at imprinted regions 618 

can cause various pathologies, particularly growth disorders (Azzi et al., 2014) 619 

and cancers (Kim et al., 2015). Most imprinted genes are grouped in large 620 

clusters with coordinated expression (Abramowitz and Bartolomei, 2012). It 621 

has been hypothesized that the regulation of these clusters is directed by 622 

lncRNAs that operate locally in cis by interacting with chromatin modifiers, or 623 

in trans by controlling gene expression (Autuoro et al., 2014; Kanduri, 2016). 624 

Moreover, many imprinted genes share some common features with 625 

lncRNAs, for example their tissue and temporal specific expression, 626 

suggesting that they could be regulated by lncRNAs, or that they share similar 627 

regulating mechanisms in differentiated tissues (Prickett and Oakey, 2012).  628 
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KCNQ1OT1 is a lncRNA that is transcribed in the opposite direction of the 629 

protein-coding gene KCNQ1 (potassium voltage-gated channel, KQT-like 630 

subfamily, member 1). KCNQ1 can be silenced by KCNQ1OT1 (Kanduri, 631 

2011; Thakur et al., 2004). This lncRNA is expressed only from the paternal 632 

allele (Khoueiry et al., 2008) and contributes to the repression of transcription 633 

of at least four neighbouring genes via interaction with chromatin modifiers, 634 

such as the PRC2 complex (Magistri et al., 2012), and with histone-modifying 635 

enzymes, such as histone methyltransferases and deacetylases (Otte and 636 

Kwaks, 2003). Mouse Air (Sleutels et al., 2002) (or Airn for Antisense Igf2r 637 

RNA Noncoding) shares some characteristics with KCNQ1OT1. It is 638 

expressed only from the paternal allele and its expression silences 639 

neighbouring protein-coding genes present on the maternal Insulin-like growth 640 

factor 2 receptor (Igf2r) locus. Igf2r is expressed from the maternal 641 

chromosome (Barlow and Bartolomei, 2014), but can be repressed by Air by 642 

limiting RNA polymerase II access to the Igf2r promoter. An orthologue of Air, 643 

named AIR, was found in human cells, but its function is unknown because 644 

IGF2R is expressed by both paternal and maternal alleles in humans (Yotova 645 

et al., 2008). H19 is a maternally-expressed lncRNA (Brannan et al., 1990) 646 

that acts in conjunction with the protein-coding Insulin Growth Factor (IGF2) 647 

gene that is expressed from the paternal allele (Smits et al., 2008). H19 is 648 

involved in the regulation of foetal growth (Gabory et al., 2010) by limiting 649 

body weight increase, whereas IGF does the opposite. It also acts as an 650 

oncogene in various cancer types (Matouk et al., 2007) and is deregulated in 651 

many growth disorders (Wojdacz et al., 2008).  652 
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Mouse orthologues of these lncRNAs have been identified, suggesting an 653 

important functional and evolutionarily conserved role. Finally, it must be 654 

noted that deregulation of these lncRNAs leads to various forms of cancer 655 

(Higashimoto et al., 2006; Li et al., 2014) and are therefore considered as new 656 

druggable targets (Fatemi et al., 2014). 657 

 658 

X chromosome inactivation 659 

Human female cells possess two X chromosomes, whereas male cell possess 660 

one X and one Y. In female cells, the overexpression of X-linked genes is 661 

inhibited via a dosage compensation mechanism, called X chromosome 662 

inactivation (XCI) (Gartler et al., 1992). XCI leads to the random silencing of 663 

one of the two X copies (either maternal or paternal), after embryo 664 

implantation in the uterus wall. Once silenced, the same inactive X 665 

chromosome is transmitted to all daughter cells. XCI is a well-studied 666 

mechanism that helped highlighting the functional role of the mammalian 667 

lncRNA XIST (Brockdorff et al., 1992; Penny et al., 1996). A specific locus on 668 

the X chromosome contains several lncRNAs among which X-inactive specific 669 

transcript (XIST), which is a 19kb transcript, and XIST antisense transcript 670 

(TSIX), which is 40kb-long and negatively regulates XIST (Stavropoulos et al., 671 

2001). The mechanism whereby XIST transcription is promoted at the X 672 

chromosome to be silenced (Xi) and TSIX transcription at the future active X 673 

chromosome (Xa) is unknown. XIST transcripts form a coat around the Xi and 674 

promote the recruitment of chromatin remodellers, such as PRC2 (Lee, 2012) 675 

that deposits inactive chromatin marks. Another recently identified lncRNA, X-676 

Active Coating Transcript (XACT), might coat the Xa to protect it from 677 
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inactivation (Vallot et al., 2013). XACT is very long transcript (252kb) that is 678 

only expressed on the Xa and only in pluripotent stem cells.  679 

 680 

Regulation of developmental gene expression  681 

Beside early embryonic development, lncRNAs have also been involved in the 682 

subsequent steps of embryonic and foetal development, ranging from the 683 

regulation of HOX genes via the lncRNA HOTAIR (Rinn et al., 2007) to cell 684 

differentiation (Fatica and Bozzoni, 2014). For instance, modulation of the 685 

expression of brain-specific lncRNAs affects the differentiation capacity of 686 

neural progenitors. MALAT1 dysregulation influences synapse density and 687 

dendrite growth (Bernard et al., 2010) by controlling the localization of key 688 

neuronal transcription factors, while BDNF-AS controls neurite formation 689 

(Modarresi et al., 2012). Forced overexpression of the lncRNA NKX2.2AS 690 

(Tochitani and Hayashizaki, 2008) in neural stem cells induces differentiation 691 

of oligodendrocytes. LncRNAs are also involved in heart development. The 692 

mouse-specific lncRNA Braveheart (Bvht) controls differentiation of 693 

mesodermal precursors into cardiomyocytes by regulating the expression of 694 

mesoderm posterior basic helix-loop-helix transcription factor 1 (MesP1) 695 

through its interaction with the PRC2 histone modifier (Klattenhoff et al., 696 

2013). Bvht is required for proper development of cardiomyocytes because its 697 

depletion affects the expression of cardiac-specific genes and prevents 698 

cardiomyocyte maturation. Table 2 lists other examples illustrating the major 699 

contribution of lncRNAs in gene expression regulation during mammalian 700 

development. 701 

 702 
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Potential applicability of lncRNAs for non-invasive testing of 703 

oocyte/embryo quality  704 

Assisted reproductive technologies (ART) include the selection of the 705 

embryos with the best developmental potential before their transfer in the 706 

uterus. Currently, the method of choice to evaluate embryo quality is based on 707 

the microscopic observations of various morphological parameters (Ahlström 708 

et al., 2011; Lundin et al., 2001; Racowsky et al., 2010). However, 709 

morphological criteria might be insufficient for predicting embryo quality and 710 

pregnancy outcome (Assou et al., 2011; Mastenbroek et al., 2011) and 711 

adjunctive technologies for the assessment of embryo potential are currently 712 

investigated (Hillier, 2008). These new approaches include the identification of 713 

molecular biomarkers based on the analysis of the oocyte microenvironment 714 

(specifically cumulus cells) using sophisticated and high-performance 715 

technologies, such as quantitative RT-PCR, microarray and RNA sequencing. 716 

Several groups have proposed to use mRNAs expressed in cumulus cells, as 717 

a non-invasive biomarker to predict oocyte quality and embryo competence 718 

and/or pregnancy outcome (Anderson et al., 2009; Assidi et al., 2011; Assou 719 

et al., 2008, 2010; Fragouli et al., 2012; Gebhardt et al., 2011; McKenzie et 720 

al., 2004). Other groups investigated the role of miRNAs in cumulus cells and 721 

tried to link their expression profile in cumulus cells with oocyte maturation 722 

and polycystic ovarian syndrome (PCOS) (Assou et al., 2013; Huang et al., 723 

2016a; Liu et al., 2015; Tong et al., 2014). Similarly, lncRNA expression 724 

profile might not only reflect the developmental stage of the embryo, but also 725 

that of granulosa and cumulus cells (Burnik Papler et al., 2015). Indeed, 726 

differential cumulus cell expression of specific lncRNAs was reported in 727 
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germinal vesicle (GV) and mature (MII) oocytes (Yerushalmi et al., 2014) and 728 

in pre-implantation embryos of high and poor quality (Xu et al., 2015). 729 

Moreover, lncRNAs are aberrantly expressed in cumulus cells of patients with 730 

polycystic ovary syndrome (PCOS) compared with women without PCOS, 731 

suggesting that lncRNA expression may influence oocyte competence (Huang 732 

et al., 2016b). Thus, like for mRNAs and miRNAs, the analysis of lncRNAs 733 

expressed in cumulus cells using quantitative RT-PCR might also be used for 734 

the development of a non-invasive test for the selection of the oocytes to be 735 

fertilized and/or of good-quality embryos for transfer during in vitro fertilization 736 

(IVF) procedures. Further studies are required to validate the suitability and 737 

value of cumulus cell lncRNA expression testing in ART. Moreover, as the 738 

expression patterns of lncRNAs in pre-implantation embryos suggest a 739 

potential role of lncRNAs during human early embryonic development, 740 

specific embryonic lncRNAs released in the culture medium after IVF are 741 

potentially attractive biomarkers for the prediction of embryo quality and 742 

pregnancy outcomes.  743 

 744 

CONCLUSION 745 

LncRNAs are a group of recently identified RNA molecules involved in many 746 

important biological processes in virtually all life forms. The total number of 747 

lncRNAs is still unknown, but is steadily increasing and has already 748 

surpassed that of protein-coding genes. They have been recognized as major 749 

regulators of mammalian tissue physiology and disease processes, including 750 

cancer. Moreover, lncRNAs are strongly expressed in the early human 751 

embryo, with a rapidly changing expression pattern, and some of them 752 
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contribute to critical aspects of early human development. These lines of 753 

evidence show that lncRNAs are still widely unexplored in early human 754 

development and strongly suggest that they may become a mean of 755 

intervention in ART. 756 
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FIGURES LEGENDS 1706 

Figure 1. General classification of lncRNAs and mechanisms of action. 1707 

(A) Sense lncRNAs overlap with a protein-coding gene on the same DNA 1708 

strand and antisense lncRNAs overlap on the opposite strand. Bidirectional 1709 

lncRNAs are transcripts in which the transcription start site is located at less 1710 

than 1kb away from the neighboring protein-coding gene. Intronic lncRNAs 1711 

are located within an intron of a protein-coding gene, while intergenic 1712 

lncRNAs (or lincRNAs) are located more than 5kb away from a protein-coding 1713 

region. Intragenic lncRNAs include sense and antisense overlapping, 1714 

bidirectional and intronic lncRNAs. 1715 

(B) LncRNAs can act via different mechanisms of actions: 1716 

Scaffold: LncRNAs can serve as adaptors by bringing together multiple 1717 

components, such as proteins, RNAs or DNAs, to form ribonucleoprotein 1718 

complexes (examples: HOTAIR, ANRIL, MALAT1, TUG1, NEAT1). 1719 

Guide: via standard base pairing, lncRNAs can guide ribonucleoprotein 1720 

complexes to a specific genomic location (examples: HOTTIP, XIST, AIR, 1721 

KCNQ1ot1, lincRNA-p21, HOTTIP). 1722 

Molecular decoy: lncRNAs can bind to protein complexes and prevent their 1723 

interaction with their natural targets (examples: GAS5, PANDA, NEAT1). 1724 

miRNA sponge: ceRNAs can bind to and sequester miRNA, leading to the 1725 

active transcription of their mRNA targets (examples: MD1, H19, ROR). 1726 

Enhancer: eRNAs are derived from enhancer regions and regulate 1727 

neighboring gene expression in cis and trans, being often implicated in 1728 

creating chromatin loops for stabilization and activation of the promoter region 1729 

of their target gene (examples: lncRNA-CSR, HOTTIP). 1730 
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Figure 2: LncRNA expression in early human embryos, embryonic stem 1731 

cells (ESC), foetal and adult tissues and cancer samples. 1732 

(A) Pie charts representing the proportion of lncRNAs and protein-coding 1733 

genes at each stage of human early embryonic development. Embryonic 1734 

genome activation (EGA) takes place at the 4 to 8-cell stage and is 1735 

accompanied by a shift in the proportion of these three RNA categories. 1736 

During and after EGA, lncRNAs become predominant over protein-coding 1737 

genes. (B) Coverage plots of RNA-seq reads of selected lncRNA genes that 1738 

are differentially expressed in early embryos and foetal/adult tissues, and in 1739 

early embryos and cancer tissues. Emb: Embryo; Foe: foetal; Ad: adult.  1740 

BCAR4 is detected specifically during early development in pre-implantation 1741 

embryos, PTENP1 in early embryos and also in foetal/adult tissues, while 1742 

COLCA1 is expressed only in foetal/adult tissues. AFAP1-AS1, HOTAIR, 1743 

AACSP1, LUCAT1 are all expressed during embryo development and in 1744 

cancer samples, whereas they are absent in foetal/adult tissues. 1745 
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TABLES 1747 

Table 1: Examples of lncRNAs to illustrate their variety of mechanisms 1748 

of action. 1749 

Table 2: Examples of lncRNAs with demonstrated functionality. 1750 
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Table S1: Samples included in the mRNAseq data meta-analysis 1753 
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Résumé – La reprogrammation cellulaire permet d’obtenir des cellules souches pluri-
potentes induites (iPSC) par l’expression forcée, et limitée dans le temps, de quatre
facteurs de transcription embryonnaires. La découverte de cette technologie permet-
tant de convertir une cellule différenciée en une cellule pluripotente a conduit à un
profond changement de paradigme dans la notion d’identité cellulaire, puisqu’il est
dorénavant possible de produire in vitro n’importe quel type cellulaire à partir d’un
prélèvement d’un donneur sain ou d’un patient. Le champ d’applications des iPSC
est très large, et comporte notamment la modélisation in vitro de tissus normaux ou
pathologiques, y compris pour le criblage à haut débit de petites molécules pour le
développement de nouveaux médicaments. La technologie des iPSC ouvre également
de nouvelles voies thérapeutiques dans le domaine de la médecine régénératrice.

Mots clés : Cellules souches / cellules souches pluripotentes induites / pluripotence / médecine
régénératrice / modélisation de tissus

Abstract – Induced pluripotent stem cells: a new paradigm to study human tissues.

Induced pluripotent stem cells (iPSCs) are obtained by reprogramming differentiated
cells through forced expression of four embryonic transcription factors. The discovery
of this technology, able to transform a differentiated cell into a pluripotent cell, has
profoundly shifted the paradigm of the concept of cell identity, since it is now possible
to obtain in vitro any cell type from an initial sample of skin or blood cells from a
healthy volunteer or patient. Applications of iPSCs are exceedingly large, and com-
prise the in vitro modeling of normal or pathological tissues, including for massive
drug screening. They also open new therapeutic avenues in the field of regenerative
medicine.

Key words: Stem cells / induced pluripotent stem cells / cell reprogramming / pluripotency /
regenerative medicine
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CSE cellules souches embryonnaires

CSP cellules souches pluripotentes
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FdT facteurs de transcription
iPSC cellules souches pluripotentes induites
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Les cellules souches pluripotentes

Les cellules souches pluripotentes (CSP) sont des
cellules souches capables de se différencier en tout
type cellulaire de l’organisme. La découverte des cel-
lules souches pluripotentes découle de l’étude dans
les années 70 des tératomes, ces tumeurs bénignes
comportant de nombreux tissus matures, y compris,
de manière spectaculaire, des phanères tels que des
dents et des cheveux. Des CSP ont pu être iden-
tifiées et isolées à partir de l’embryon au début de
son développement – le stade blastocyste – d’abord
dans la souris puis chez l’homme (Evans & Kaufman,
1981 ; Thomson et al., 1998). Les CSP isolées à par-
tir de l’embryon prolifèrent in vitro et constituent
des lignées de cellules souches embryonnaires (CSE).
Les applications des CSE sont nombreuses, permet-
tant de produire une très large diversité de tissus, ou-
vrant ainsi la porte à l’étude de leur développement
in vitro, de leur physiologie ainsi qu’à la produc-
tion en quantité théoriquement illimitée de cellules
et tissus pour une médecine régénératrice (Ramirez
et al., 2010). Il convient de souligner que l’utilisa-
tion des CSE de souris a permis la création des sou-
ris knock-out (KO) et transgéniques qui ont apporté
une contribution majeure à la biologie contemporaine
(Vogel, 2007). Cependant, les CSE posent notamment
le problème de la difficulté de choisir le génotype de la
lignée ES. Cette difficulté peut être résolue par le clo-
nage thérapeutique, qui a été proposé comme stratégie
d’avenir pour la médecine régénératrice (Wakayama,
2004). Cependant, cette technique est très difficile à
mettre en œuvre sur le plan technologique, et n’a fi-
nalement été appliquée à des cellules humaines qu’en
2013, après près de 10 ans de tentatives infructueuses
(Tachibana et al., 2013). De plus, elle requiert un
grand nombre d’ovules ce qui pose des problèmes
éthiques spécifiques. Elle est interdite en France car
elle comporte une étape de création d’embryons pour
la recherche. Et enfin, elle n’évite pas la destruc-
tion d’un embryon humain et les questions éthiques
spécifiques liées à cette recherche.

Les cellules souches pluripotentes induites

Partant du constat qu’une cellule spécialisée est
capable d’être reprogrammée par transplantation
nucléaire dans un ovule, le japonais Shinya Yamanaka
a proposé de forcer l’expression d’un nombre li-
mité de facteurs de transcription (FdT) associés à
la pluripotence dans une cellule différenciée, pour la
dédifférencier vers la pluripotence. Par élimination, il
a pu montrer que l’expression du quatuor minimum de
FdT Oct4, cMyc, Klf4 et Sox2 pendant environ deux

semaines peut entrâıner la reprogrammation complète
d’une cellule différenciée en cellule pluripotente. Les
cellules obtenues sont appelées induced Pluripotent
Stem Cells (iPSCs) (Takahashi & Yamanaka, 2006 ;
Yamanaka, 2009). L’épigénome, le transcriptome et le
protéome de la cellule spécialisée de départ ont été
intégralement transformés d’un état spécialisé vers un
état pluripotent. La physiologie et les propriétés fonc-
tionnelles des iPSC sont typiquement celles des cel-
lules souches pluripotentes : expression des FdT ca-
ractéristiques tels que Oct4 et Nanog, expression des
marqueurs de surface tels que SSEA3, SSEA4, TRA-
1-60 et TRA-1-81, pousse en colonies à bord net,
dépendance au bFGF, prolifération intense, et capa-
cité à se différencier en tout type cellulaire. La plu-
ripotence des iPSC a été démontrée aussi bien in vi-
tro par des tests de différenciation dirigée qu’in vivo
dans la souris immunodéprimée NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) par la formation de tératomes
comportant des tissus issus des trois feuillets germi-
naux (cf . infra) (Ramirez et al., 2013). Certaines va-
riations dans le nombre et la nature de ces facteurs
ont permis de généraliser cette technologie en la ren-
dant applicable à partir de nombreux types cellulaires
y compris ceux issus de personnes très âgées et même
centenaires (Lapasset et al., 2011). La démonstration
qu’il était possible, par une technique relativement
facile à mettre en œuvre, d’obtenir des CSP à par-
tir d’un prélèvement d’un individu adulte, a été une
découverte majeure. La technologie des iPSC permet
donc de produire en laboratoire n’importe quel type
cellulaire à partir de cellules de n’importe quel in-
dividu, y compris des patients porteurs d’anomalies
génétiques, en quantité théoriquement illimitée.

La simplicité et la robustesse de la technologie
des iPSC, ainsi que les perspectives scientifiques et
médicales des iPSC, ont valu à S. Yamanaka de re-
cevoir le prix Nobel de Physiologie et de Médecine
en 2012, conjointement avec John Gurdon (Science,
2012).

Différenciation des iPSC

Les CSP se caractérisent par leur capacité à se
différencier en tout type cellulaire. Aussi, dès leur
découverte, un enjeu majeur fut d’identifier des pro-
tocoles pour guider les CSP à se différencier dans la
direction recherchée. On peut schématiquement clas-
ser les méthodes pour promouvoir la différenciation
des CSP en deux catégories : celles basées sur une
différenciation spontanée et désordonnée et celles dites
✭✭ dirigées ✮✮. La première catégorie repose sur l’ob-
servation que lorsque des CSP forment des agrégats
cellulaires, elles se différencient spontanément. Cela
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peut être obtenu in vitro par culture en suspen-
sion et en l’absence de facteurs de croissance. On
parle alors de corps embryöıdes (embryoid bodies, EB),
qui sont constitués de divers tissus mélangés (tissu
nerveux, tissu cardiaque, cellules hématopöıétiques,
différents épithéliums, etc.) (Martin & Evans, 1975).
Une autre manière de promouvoir une différenciation
spontanée est d’injecter des CSP chez une souris im-
munodéprimée NSG, ce qui induit la croissance d’un
tératome en quelques semaines. Le tératome ainsi ob-
tenu est composé d’un mélange de tissus issus des
trois feuillets germinaux, notamment du cartilage, des
structures cylindriques tapissées d’épithélium digestif
et pulmonaire et des structures neurales, ainsi que de
nombreux autres tissus (Figure 1A) (Prokhorova et
al., 2009). La formation de tératomes reste la tech-
nique de référence pour démontrer formellement la
pluripotence d’une lignée de CSP.

La différenciation spontanée est donc avantageuse
pour montrer les propriétés de pluripotence, mais
cette technique présente l’inconvénient de ne pou-
voir conduire à l’obtention majoritaire que d’un seul
type cellulaire. La production in vitro d’un tissu à
partir de CSP et notamment des iPSC tente en ef-
fet de récapituler le développement humain normal.
C’est pourquoi se sont développées des approches de
différenciation dirigée, dont l’ambition est de repro-
duire in vitro les étapes successives du développement
d’un tissu en mimant les voies de signalisation aux-
quelles ces tissus sont physiologiquement soumis au
cours de leur développement. Les protocoles initiaux
faisaient appel à une première étape de formation
d’EB, à des co-cultures avec des cellules fœtales (Roy
et al., 2006) ou à des surexpressions de gènes (Kim
et al., 2002). Pour simplifier les protocoles et éviter
les contaminations par des cellules indésirables ou
des modifications génétiques des cellules produites, les
protocoles actuels privilégient l’usage exclusif de com-
binaisons successives de facteurs de croissance, d’inhi-
biteurs chimiques de certaines voies de transduction
et de composants de la matrice extracellulaire. Il est
par exemple relativement simple d’obtenir une popu-
lation quasi pure de cellules de l’endoderme définitif
exprimant FoxA2 (Figure 1B) par l’ajout d’activine A
et de WNT3A. Un autre exemple est apporté par le
système nerveux central, pour lequel une amélioration
majeure a été apportée par l’équipe de Lorenz Studer
qui a montré que l’inhibition duale de la signalisation
SMAD – en bloquant la voie du TGFβ et des BMP –
conduisait à une différenciation massive et rapide vers
des cellules neurales (Chambers et al., 2009). Des pro-
tocoles pour la production de très nombreux tissus, y
compris des gamètes, ont été publiés. Une synthèse de
ces protocoles a été compilée en 2012 par Kevin Eggan
(Williams et al., 2012).

(A)

DAPI FOXA2-Cy3 MERGE

(B)

Fig. 1. Tératome obtenu à partir d’une lignée
d’iPSC. (A) Tératome. Analyse immuno-hisotchimique
d’une section de tératome généré par l’injection de la
lignée iPSC humaine M4C7 dans une souris immu-
nodéprimée NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG).
Marquage par GFAP, marqueur astrocytaire (en haut), par
TTF1/NKX2.1, marqueur de progéniteurs bronchiques et
neuraux (en bas à gauche) et par CDX2, marqueur no-
tamment de l’épithélium intestinal sous-diaphragmatique
(en bas à droite). (B) Marquage FOXA2 par immunofluo-
rescence de CSP différenciées en endoderme définitif par
traitement pendant 5 jours par activine A et Wnt3a. Co-
loration de l’ADN par DAPI.

Les iPSC, un nouveau système modèle

pour l’étude des tissus humains

L’immense majorité des tissus primaires ne peut être
cultivée in vitro. En effet, la mise en culture d’un
explant tissulaire se traduit le plus souvent par sa
dégénérescence rapide ou au mieux par une croissance
limitée dans le temps. Pour ces raisons, l’étude du
développement des tissus humains, de leur physiolo-
gie et de leurs fonctions au sein des organes dans le
cadre de pathologies génétiques provenait essentielle-
ment d’analyses statiques issues de biopsies humaines
prélevées à différents stades du développement ou chez
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Tableau 1. Applications potentielles des iPSC et comparaison avec celles des CSE.

iPSC CSE

Étude de la modification du destin cellulaire X

Étude in vitro du développement humain normal X X

Étude in vitro du développement humain dans le contexte d’une

pathologie génétique ou d’un génotype particulier (exemple : X

individus acétyleurs lents ou rapides)

Étude in vitro des tissus humains normaux X X

Étude in vitro des pathologies génétiques X

Criblage pharmacologique à grande échelle sur du tissu humain X X

Criblage pharmacologique à grande échelle sur des tissus humains
X

du génotype souhaité

Production de cellules et de tissus pour de la thérapie cellulaire X X

Production de cellules et de tissus autologues pour de la thérapie cellulaire X

Rajeunissement cellulaire X

l’adulte, complétées par l’étude du développement
des tissus in vivo chez l’animal, notamment sur les
modèles génétiques des souris knock-out et des sou-
ris transgéniques. Les cellules ES puis les iPSC ont
bouleversé ce paysage en apportant une solution tech-
nique au développement des tissus humains in vi-
tro. Les perspectives apportées par ce bouleversement
peuvent-être classées en trois grandes catégories :
(i) étude in vitro du développement et du fonctionne-
ment des tissus normaux et pathologiques humains ;
(ii) production de cellules et de tissus, potentielle-
ment autologues, pour une médecine régénérative;
(iii) un rajeunissement extrême de la cellule âgée
et/ou sénescente. Les applications potentielles des
iPSC sont précisées et comparées avec celles ap-
portées par les ES dans le Tableau 1. Plusieurs revues
détaillent ce potentiel, notamment dans le domaine
de la pharmacologie pour déterminer l’efficacité ou
la toxicité des molécules chimiques candidates à un
usage clinique (Kolaja, 2014), ou l’utilisation des iPSC
pour la médecine régénératrice (Fox et al., 2014).
La technologie CRISPR/Cas9 a ajouté un potentiel
supplémentaire en permettant de produire, à partir
des iPSC issues d’un donneur porteur d’une mutation
génétique, la lignée iPSC témoin isogénique dans la-
quelle la mutation a été réparée (Chang et al., 2015).

L’étude des tissus via les iPSC se heurte cependant
à deux limitations : (i) le degré de maturité des tissus
obtenus et (ii) la possibilité de produire un tissu com-
plexe (point abordé au chapitre suivant). La produc-
tion in vitro d’un tissu à partir de CSP tente en effet
de récapituler, comme nous l’avons pointé plus haut,
le développement humain normal. Pour la majorité
des tissus, les protocoles de différenciation in vitro ac-
tuels parviennent à un stade fœtal mais pas à un stade
adulte. Il est ainsi notoire que les CSP se différencient
en cellules hépatocytaires ou plutôt hepatocyte-like qui

expriment un niveau d’albumine inférieur à celui des
hépatocytes adultes et un profil de cytochrome p450
de type fœtal (Funakoshi et al., 2011). Un autre
exemple illustrant ce point est l’impossibilité, en l’état
actuel des protocoles de différenciation, d’obtenir in
vitro le basculement d’une hémoglobine fœtale vers
une hémoglobine adulte au cours de la production
de globules rouges à partir d’iPSC alors que l’in-
jection de progéniteurs issus d’iPSC dans la ✭✭ niche
hématopöıétique ✮✮ adulte murine permet cette conver-
sion (Kobari et al., 2012).

Production de tissus en 3D in vitro

La majorité des protocoles actuels de différenciation
est basée sur une culture des tissus en deux dimen-
sions (2D), comportant une ou un nombre limité de
couches cellulaires. Or les tissus sont des ensembles
cellulaires plus complexes, se développant et fonction-
nant en trois dimensions (3D). Même les épithéliums
les plus simples, monocouche cellulaire reposant sur
une lame basale, développent une relation étroite avec
le tissu sous-épithélial et leur fonctionnement nor-
mal est lié à ce tissu sous-jacent. Les protocoles de
différenciation actuels des CSP aboutissant à des tis-
sus en 2D ne reproduisent donc qu’imparfaitement les
tissus humains. Les EB sont une exception, mais leur
différenciation diversifiée et chaotique limite leur uti-
lisation pour produire un tissu précis.

Pour répondre à cette insuffisance, des protocoles
visant à produire une réplique de petite dimension
d’organes complexes ont été développés. Ces struc-
tures 3D flottantes dans le milieu de culture sont ap-
pelées ✭✭ organöıdes ✮✮ et sont devenues une technique
majeure pour mimer in vitro le développement nor-
mal et pathologique (Takasato et al., 2015). Parmi
les exemples les plus spectaculaires, on citera le
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développement in vitro de la rétine humaine, re-
produisant celui de la cupule optique puis de la
vésicule optique, et aboutissant à une rétine compor-
tant l’épithélium pigmenté de la rétine, une couche
de photorécepteurs comportant cônes et bâtonnets et
une couche neuronale incluant cellules ganglionnaires
et interneurones (Nakano et al., 2012). Ces struc-
tures rétiniennes complexes et organisées peuvent être
congelées et décongelées ultérieurement pour étude
physiologique. Un autre exemple est le développement
in vitro d’une structure mimant certaines parties du
cerveau. Ces structures, appelées ✭✭ mini-brain ✮✮, re-
produisent plusieurs régions du cerveau humain, no-
tamment un cortex comportant différents sous-types
de neurones corticaux, et une zone sous-jacente conte-
nant des progéniteurs sous forme de cellules gliales
radiales (Lancaster et al., 2013). Le mimétisme du
développement cérébral est attesté par la reproduction
in vitro, grâce à cette approche, de la microcéphalie,
une pathologie humaine se traduisant par un défaut
prononcé du développement cérébral. En effet, la
génération de mini-brain à partir d’iPSC dérivées d’un
patient atteint d’une forme sévère de microcéphalie
par mutations dans le gène CDK5RAP2 résulte en
des mini-brains réduits en taille en raison d’une ma-
turation prématurée des progéniteurs neuronaux, et
donc un déficit final en neurones matures. De plus, ce
phénotype a été reproduit en réalisant un knock-down
du gène CDK5RAP2 par shRNA à partir d’iPSC is-
sues d’un donneur sain. D’autres exemples, reflétant
le développement d’autres organes, ont été rapportés
dans la littérature récente, notamment la production
de sphéröıdes pulmonaires comportant un épithélium
alvéolaire et mimant les structures distales du pou-
mon et comprenant des cellules alvéolaires de type
II porteuses de corps lamellaires dans lesquels est
stocké le surfactant (Gotoh et al., 2014). Un autre
exemple est la génération d’organöıdes mimant le
développement et la physiologie de la muqueuse gas-
trique. Ces organöıdes gastriques peuvent être infectés
par Helicobacter pylori et reproduire ainsi in vitro une
pathologie gastrique d’importance clinique majeure
(McCracken et al., 2014). Des organöıdes dérivés des
CSP reproduisant des parties d’organes ont également
été décrits pour le rein (Takasato et al., 2015), l’intes-
tin grêle (Watson et al., 2014), ou le foie (Takebe et al.,
2013) et le pancréas exocrine (Huang et al., 2015).

Production de tissus humains in vivo

dans l’animal

Cependant, malgré l’intérêt considérable que suscitent
les organöıdes dérivés des CSP, certaines différences
persistent par rapport aux tissus in vivo. Le défaut
le plus notable est l’absence de microvascularisation.
En effet, tout tissu, à l’exception du cartilage et des

tissus transparents de l’œil, est parcouru d’un réseau
plus ou moins dense de capillaires. Ces vaisseaux ap-
portent oxygène et nutriments au cœur des tissus
et permettent l’évacuation du gaz carbonique et des
déchets métaboliques, mais pourraient également di-
rectement contribuer au développement de certains
tissus (Armulik et al., 2011). L’absence de microvas-
cularisation est donc un frein au développement d’or-
ganöıdes de grandes tailles, en raison de la nécrose qui
survient en leur centre. Pour pallier cette insuffisance,
certains auteurs ont proposé d’utiliser l’impression cel-
lulaire 3D, afin de déposer de manière précise des cel-
lules de différents sous-types, y compris des cellules en-
dothéliales (Collins, 2014). La faisabilité à court terme
de cette approche, qui mérite d’être explorée, reste
cependant incertaine pour plusieurs raisons : (i) les
connections intercellulaires, qui se mettent en place
au cours du développement, pourraient avoir du mal
à se mettre en place a posteriori ; (ii) les différents
sous-types cellulaires et les différents degrés de ma-
turité qui sont impliqués dans un tissu donné sont
complexes et seront difficiles à reproduire ; et (iii) il
sera difficile de rendre fonctionnelle la microcircula-
tion. Pour ce dernier point, il convient de souligner
que pour produire une microcirculation fonctionnelle,
il faudrait non seulement construire les capillaires,
structures cylindriques étanches – ce qui parâıt déjà
un obstacle difficile à franchir par impression cellu-
laire 3D – mais il faudrait, en outre, positionner des
globules rouges (GR) à l’intérieur de ces vaisseaux, les
oxygéner et les faire circuler sous pression. Répondre
à ce quadruple cahier des charges (créer le vaisseau,
le remplir, oxygéner le contenu et le faire circuler
sous pression) est un défi qui sera très difficile à re-
lever in vitro. En revanche, c’est exactement ce qui
se produit au cours de tout développement normal
d’un organe chez le vivant. Aussi, l’environnement le
plus adapté à une différenciation des CSP humaines
– mis à part l’être humain lui-même – est l’ani-
mal. Comme décrit précédemment, la différenciation
de CSP dans l’animal se fait classiquement par l’in-
duction de tératomes en les injectant à des souris
profondément immunodéprimées NSG. Mais des ap-
proches plus sophistiquées permettent d’orienter la
différenciation dans une voie spécifique, et par exemple
d’obtenir des organöıdes hépatiques humains vascu-
larisés et connectés à la circulation murine (Takebe
et al., 2013). Les perspectives dans le traitement des
insuffisances hépatiques sont notables. Récemment,
une autre stratégie a été proposée, qui vise, via la
création d’organismes chimères animal/humain, à pro-
duire des organes humains structurés dans des ani-
maux porteurs. La preuve de concept a été apportée
chez le petit animal à faible divergence évolutive par
l’équipe de Hiromitsu Nakauchi en 2010 en injectant
des iPSC de rat à des embryons de souris au stade
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de blastocyste (Kobayashi et al., 2010). Les souris
obtenues par cette approche comportent un contin-
gent significatif de cellules de rats. Ce qui est parti-
culièrement remarquable est que ces iPSC de rat sont
capables de permettre la survie des souris pdx1−/−

dont le gène pdx1, nécessaire au développement du
pancréas a été invalidé, en complémentant la fonction
défaillante. Les souriceaux vivants produisent alors de
l’insuline et leur pancréas est formé de cellules de rat.
Ce travail montre qu’il est possible de créer un ani-
mal porteur d’un organe d’une autre espèce animale.
Si on extrapole cette stratégie au couple porc/humain,
il serait concevable de créer des porcs porteurs d’or-
ganes humains tels qu’un pancréas, un cœur ou un
foie (Rashid et al., 2014). Les applications médicales
d’une telle approche sont nombreuses, en particulier
la production d’organes humains pour la transplanta-
tion d’organes. Bien sûr, de nombreux obstacles res-
tent à lever, notamment s’assurer que les voies de
signalisation développementales soient suffisamment
conservées entre le porc et l’humain, développer des
stratégies pour prévenir le risque de transmission de
zoonoses à l’homme, en particulier des rétrovirus por-
cins (Yang et al., 2015), et bien sûr résoudre les ob-
jections éthiques que cette approche soulève, notam-
ment prévenir les risques d’humanisation de certaines
parties du porc (cerveau, face, gonades, etc.) (Giquel
et al., 2015).

Critiques de la technologie iPSC

Après l’euphorie qui a suivi la découverte de la tech-
nologie des iPSC (Cibelli, 2007), des critiques se sont
élevées, accusant les iPSC de biais épigénétiques pou-
vant modifier leurs propriétés (notamment leurs capa-
cités de différenciation) mais également d’altérations
de leur patrimoine génétique (Kim et al., 2010 ; Pera,
2011 ; Bai et al., 2013). Avec le recul, il apparâıt que les
variations épigénétiques ou les anomalies génomiques
ne sont pas systématiquement retrouvées, et pour-
raient dépendre de la qualité des protocoles de repro-
grammation (Carey et al., 2011 ; Yamanaka, 2012 ; Bai
et al., 2013). S’il existe une grande variabilité dans les
capacités de différenciation des CSP, cette variabilité
n’est pas spécifique aux iPSC mais partagée avec les
CSE (Osafune et al., 2008) et semble relever du po-
lymorphisme génétique (Rouhani et al., 2014 ; Choi
et al., 2015). Ainsi, les iPSC apparaissent aujourd’hui
comme l’équivalent biologique des CSE, ne différant
que par leur origine, sous réserve d’utiliser des proto-
coles optimisés de reprogrammation (Vallier, 2015).

Conclusion

Les iPSC représentent une technologie révolutionnaire
de la biologie. Sur le plan fondamental, elles ont

démontré que le destin cellulaire imposé par la
différenciation ou le vieillissement sont entièrement
réversibles par la simple surexpression transitoire de
gènes de la pluripotence. Sur le plan des biotechnolo-
gies, les iPSC apportent des outils profondément inno-
vants, pour la modélisation in vitro des tissus normaux
ou pathologiques porteurs de maladies génétiques, ou
encore pour la production de cellules voire de tissus ou
d’organes pour la médecine régénératrice. Certaines
applications telles que la production de tissus in vitro
à des fins de recherche sont déjà bien établies, tan-
dis que d’autres, telles que le criblage de nouveaux
médicaments ou la production de cellules et de tissus,
pour la thérapie cellulaire, sont encore au stade du
développement.

Références
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Abstract 1 

Human induced pluripotent stem cells (hiPSC) are obtained by 2 

reprogramming differentiated cells into a pluripotent state. As they can 3 

differentiate in vitro into numerous (if not all) human cell types, hiPSC are a 4 

promising source of cells for modeling normal and diseased organs/tissues. 5 

However, in vitro, hiPSC differentiation is limited by the fact that only 6 

monolayers or oligo-layered structures are produced, mainly because of the 7 

absence of vasculature. By contrast, injection of hiPSC in immunosuppressed 8 

mice induces teratomas, which are 3D structures that include tissues from the 9 

three germinal layers, including endoderm. Here, we report that within 10 

teratomas, hiPSC formed typical endodermal tubes that comprised patches of 11 

airway epithelium. These epithelia showed strong expression of CK7, 12 

TTF1/NKX2.1 and CC10 that was mutually exclusive with that of CD20 and 13 

CDX2. These results show that hiPSC-derived teratomas are a promising tool 14 

to study airway development and to model hereditary lung diseases. 15 

  16 
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Introduction 1 

For obvious ethical issues, human development can be studied in utero only 2 

with non-invasive techniques, such as echography, or in vitro in cultured 3 

embryos but only until the blastocyst stage. Human pluripotent stem cells 4 

(hPSC) have the capacity to differentiate into all the body cell types (12). They 5 

are derived from the blastocyst inner cell mass (human embryonic stem cells, 6 

hESC), or by reprogramming differentiated cells into human induced 7 

pluripotent stem cells (hiPSC) through forced expression of reprogramming 8 

factors, such as OCT4, SOX2, c-MYC and KLF4 (3, 15). However, 9 

differentiation of cultured hPSC produces only monolayers of cells or oligo-10 

layered structures, in part because of the absence of vasculature. By contrast, 11 

Teratoma formation by xenografting hPSC into immunosuppressed mice 12 

produces 3D systems that can help studying human development. Indeed, 13 

teratomas benefit from mouse’s vasculature to form relatively large structures. 14 

This conveys two main benefits: (1) allow a 3D development mimicking the 15 

physiological development, including complex interactions between different 16 

cell types, (2) promote a differentiation during a long time period, i.e. at least 17 

two month. Indeed, teratomas comprise numerous tissues, from all three 18 

germ layer, with often the microscopic aspects of equivalent adult fetal or 19 

human somatic tissues. However, the contribution to teratomas of lung tissue, 20 

though a major organ of endodermal origin, has only rarely been mentioned 21 

(5, 6, 10). Here we investigated into more details the extent of airway 22 

development in teratomas derived from hiPSC.  23 

Materials and method 24 



 5 

Cell culture 1 

Human foreskin fibroblasts (HFF) and adult fibroblasts (FMO2) were cultured 2 

with DMEM supplemented with 10% KO-SR (Gibco, Life Technologies). 3 

M4C7 was cultured under standard feeder conditions on irradiated HFF. 4 

iPCD02-30 was cultured under feeder-free conditions on Matrigel (BD 5 

Biosciences) in mTESR1 (StemCell Technologies) or on Geltrex in E8 (Gibco, 6 

Life Technologies).  7 

hiPSC generation  8 

We used the two different hiPSC lines: M4C7 and iPCD02-30. M4C7 was 9 

obtained by reprogramming human foreskin fibroblasts (hFFs) using lentiviral 10 

vectors that encode for the open reading frames (ORFs) of human POU5F1, 11 

SOX2, NANOG and LIN28 (14). We generated and characterized ten hiPSC 12 

clones, including M4C7. iPCD02-30 was obtained by reprogramming human 13 

adult fibroblasts FMO2 from a patient with PCD (primary ciliary dyskinesia) - 14 

with a mutation in the CCDC39 gene, as described in (7). We generated thirty 15 

hiPSC clones, including iPCD02-30. 16 

FACS and QRTPCR analysis demonstrated that both M4C7 and iPCD02-30 17 

had the typical hiPSC expression profile characterized by expression of cell 18 

surface pluripotency markers (TRA-1-60, TRA-1-81, SSEA3, SSEA4) and key 19 

transcription factors (for instance, OCT4 and NANOG). After injection in 20 

immunocompromised mice, they produced teratomas that included tissues 21 

from all three germ layers (13).  22 

Teratoma formation 23 

Undifferentiated cells were dissociated (Trypsin or Versen), suspensions 24 

(1x107) were mixed with Matrigel (BFD Biosciences) and injected 25 

subcutaneously into NOD – SCID – Gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, 26 
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NSG) mice under anesthesia (11). Mice were sacrificed after seven to ten 1 

weeks after the injection. Teratoma were collected, fixed in 4% 2 

paraformaldehyde and embedded in paraffin. 3 

Immunohistochemistry 4 

Paraffin-embedded teratoma sections were deparaffinised with xylene and 5 

rehydrated using an alcohol gradient (100% ethanol, 95% ethanol, 70% 6 

ethanol, 50% ethanol). The IHC slides were subjected to heat-induced antigen 7 

retrieval in Tris-EDTA buffer (Tris 100 mM, EDTA 1mM and Tween20, pH = 8 

9.0), blocked and incubated 1hr with primary antibodies (NKX2.1/TTF1, Dako 9 

M3575; CC10, Biovendor RD181022220; CK20, Abcam ab15205). 10 

Immunohistochemical staining was visualized using the avidin-biotin system 11 

(Dako, LSAB2 System-HRP) in combination with 3-3'-diaminobenzidine 12 

(DAB). Ki67 xxxx   AML xxxx 13 

Results 14 

Teratomas exhibit numerous tubular structures surrounded by 15 

mesenchymal tissue 16 

All hiPSC-derived teratomas displayed tubular structures (Figure 1A) 17 

composed of cuboidal or pseudostratified columnar epithelium as indicated by 18 

the tightly packed cells that formed continuous sheets. The simple or 19 

pseudostratified columnar epithelium organization and the frequent presence 20 

of goblet cells indicated that these structures were of endodermal origin. The 21 

number of tubes varied from 3 to 59 per section, depending on the teratoma 22 

and the section position within the teratoma. These tubes were apparently 23 

randomly associated with other tissues types such as cartilage (Figure 1C). 24 



 7 

Noteworthy, cartilage is an important component of the upper respiratory tract 1 

The endodermal tubes were mostly positive for the Ki67 markers, indicating 2 

an intense proliferation, witness of immature, developing structure (Figure 3 

1D). In line with this immaturity, we noted that neural tissue appeared 4 

frequently and was immature, consisting of neural rosette (Figure 1B). These 5 

epithelia developed on an underlying, vimentin-positive connective tissue 6 

layer (Figure 2). The interface between the epithelium and the subjacent 7 

mesenchymal tissue was very well delimited, demonstrating the highly 8 

organized developing tissue (Figure 2B). Moreover, a smooth muscle actin 9 

labeling showed that smooth muscle cells surrounded the endodermal tubes, 10 

as typically observed in airway and digestive tracts (Figure 2D). 11 

 12 

Opposing expression patterns of airway and digestive markers 13 

As endoderm gives rise to the epithelia that line the digestive and respiratory 14 

tracts, we studied the expression of cytokeratin-7 (CK7), a cytoplasmic marker 15 

expressed in various epithelia, such as simple ductal epithelium, mesothelium 16 

and pseudostratified epithelium, but not in intestinal epithelium (8), 17 

cytokeratin-20 (CK20), a cytoplasmic marker of the gastrointestinal tract (1), 18 

thyroid transcription factor-1 (TTF1/NKX2.1) involved in lung, thyroid and 19 

forebrain specification and CDX2, a nuclear homeobox transcription factor 20 

expressed from the proximal duodenum to the distal rectum (midgut and 21 

hindgut) from week 8 of gestation and in postnatal life (17). CDX2 and CK20 22 

are considered good markers of intestinal origin of metastatic 23 

adenocarcinoma, and CK7 of pulmonary origin in TTF1/NKX2.1-24 

positive/CK20-negative tumor samples (16, 17). In a first analysis of four 25 
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M4C7-derived teratomas, most tubes expressed at least one or both 1 

cytokeratins (74.0%) as well as TTF1/NKX2.1 or/and CDX2 (75.6%) (Table 1). 2 

Specifically, 41.8% were CK7-positive and 22% were TTF1/NKX2.1-positive, 3 

while 47.2% were CK20-positive and 70.7% CDX2-positive. CK7 often 4 

overlapped with TTF1/NKX2.1 and CK20 with CDX2, indicating the bronchial 5 

nature of the CK7/TTF1-positive epithelia and the digestive tract nature of 6 

CK20/CDX2-positive epithelia (Figure 3 and 4). Strikingly, we repeatedly 7 

observed the simultaneous, but not overlapping expression in the same tube 8 

of CDX2 and TTF1/NKX2.1 (Figure 4A) or of CK20 and CK7 (Figure 3). 9 

However, CK7 or TTF1/NKX2.1 never overlapped with CK20 or CDX2. 10 

Furthermore, CK7 and CK20 expression were always mutually exclusive 11 

(Figure 3). The proportion of CK7-positive, CK20-positive or CK20/CK7-12 

positive tubes varied greatly within each and among teratomas, suggesting a 13 

chaotic determinism of the dominant differentiation direction in the endoderm 14 

tubes. 15 

 16 

Expression of mature airway markers in teratomas 17 

We next tested the expression of SCGB1A1/CC10, a mature bronchial marker 18 

of club cells. SCGB1A1/CC10 specifically stained epithelial cells in 19 

TTF1/NKX2.1-positive, but never in TTF1/NKX2.1-negative areas (Figure 5A). 20 

Finally, we observed the expression of the mucin family member epithelial 21 

membrane antigen (EMA)/MUC1 in CK7 positive tubes (Figure 5B). Thus, 22 

teratomas included endoderm-derived epithelia simultaneously engaged in 23 

digestive tract and also in airway differentiation with high frequency. 24 
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Discussion 1 

Thus, hiPSC-derived teratomas can be used for 3D modelling of human 2 

bronchial epithelium differentiation as they include highly organized airway 3 

epithelial structures surrounded by vascularized mesenchyme and cartilage. 4 

As the hiPSC technology allows choosing the genetic background of the 5 

starting cell donor, or using the CRISP/cas9 technology to knock down 6 

developmental genes, it will be possible to mimic human embryonic airway 7 

development defects or the early steps of genetic diseases. Modeling normal 8 

or diseased human tissues is one of the nine applications of hiPSC (3), and 9 

teratoma offers some advantages over common 2D differentiation protocols. 10 

The 3D architecture obtained in teratoma is notably closer to that of human 11 

tissues than that obtained by the 2D models. Its microscopic architecture 12 

resembles that of their normal tissue counterpart. The complex and organized 13 

interconnection between the endodermal epithelium and its underlying 14 

mesenchymal vimentin positive tissue is a good illustration of this feature of 15 

teratomas. While organoids offer interesting 3D, in vitro differentiated tissues, 16 

including examples of airway cells mixed with mesenchymal cells (4), the 17 

volume of tissue offered by teratomas is notably bigger, suggesting a better 18 

differential potential. 19 

These observations suggest that teratomas recapitulate the dynamic of the 20 

early human development, such as gastrulation and the formation of 21 

endodermal tubes. Indeed, the intimate development of vimentin-positive 22 

mesenchymal tissue with the endodermal tubes recalls the normal airway 23 

structure development in which the mesenchyme plays a crucial role (18). 24 

Hence, hiPSC-derived teratomas will be a precious tool to study these 25 
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essential early steps of the airway development, for instance by using hiPSC 1 

for which specific growth factors or transcription factors have been genetically 2 

deleted. 3 

Though we observed numerous places of lung differentiation initiation, and 4 

though we observed differentiated cell types such as club cells and goblets 5 

cells, we did not observe ciliated cells. These observations are in line with the 6 

fact that most often, the tissues observed in PSC-derived teratomas are 7 

immature (2). This is illustrated, for instance, by the occurrence of neural 8 

tubes. Therefore, we were not able to evaluate whether the PCD hiPSC line 9 

iPCD02-30 recapitulated the cilia defect of the patient from whom the line was 10 

generated. Nevertheless, though such a terminal differentiation into ciliated 11 

cells is rare, it has nonetheless already been reported by Lensch et al. (6).  12 

However, as pointed by Damjanov and Ahrlund-Richter, bona fide 13 

organogenesis is not taking place in teratomas (2). The different tissues are 14 

scattered with no global organization. We observed the immediate 15 

cohabitation of immature neural tubes with endodermal tube. One teratoma 16 

often contains many different endodermal tubes while only one tube is 17 

generated during normal development – though it cannot be excluded that 18 

these tubes pertain to a unique tube that meanders in the tumor and is thus 19 

observed several time on the same section. In line with the absence of the 20 

global organization that govern embryogenesis, we observed the expression 21 

of NKX2.1, a transcription factor of the foregut and that of CDX2, a 22 

transcription factor expressed in the mid- and hindgut in the close proximity in 23 

the same tube. Therefore, unless it is possible to manipulate the global 24 

organization of the differentiation processes, it will not be possible to use 25 
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hiPSC-derived teratomas to model complex developmental stem such lung 1 

branching.  2 

Evidently, teratoma formation is not easily amenable to experimental 3 

intervention to guide the differentiation process, in contrast to the 2D or the 4 

organoids models. Nonetheless, it is conceivable to guide teratoma formation 5 

toward the lung pathway by at least two means. Firstly, instead of injecting 6 

undifferentiated PSC to immunodeficient mice, prior differentiation into a 7 

specific organ direction can be carried out. This strategy was used by Mou et 8 

al. (9). They differentiated hiPSC (mice or human) into NKX2.1+ cells that 9 

were injected subcutaneously in immunodeficient mice and formed 10 

“tracheospheres” containing terminally differentiated CC10+ club cells, 11 

FOXJ1+ ciliated cells or MUC5A1 goblet cells (for mice cells) or P63+ 12 

progenitor, basal cells (for human cells). Secondly, it is may be possible to 13 

use soaked microbeads as a device to deliver over time specific growth 14 

factors or chemical inhibitors. Such signal may reproduce some early events 15 

taking place during embryonic life and direct organogenesis towards a desired 16 

tissue type. 17 

In conclusion, we have showed that human hiPSC-derived teratomas 18 

recapitulate early steps of lung development. The histology of these airways 19 

display a marked analogy with their counterpart found during normal 20 

development. Teratomas are therefore tools to study the mechanism of 21 

normal and altered early airway development.  22 

 23 
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 1 

Figure Legend 2 

Figure 1 3 

General organization of endodermal tubes in hiPSC-derived teratomas. 4 

All sections were counterstained with hematoxylin, eosin and safran 5 

(HES). When indicated, antibody binding was visualized using the avidin-6 

biotin system (Dako, LSAB2 System-HRP) in combination with 3-3'-7 

diaminobenzidine.  8 

A. Whole section of teratoma 13F0358 stained with an anti-CDX2 antibody.  9 

B. Neural fetal tubes. Teratoma 104. 10 

C. Proximity of cartilage with an endodermal tube. Teratoma 13F0358  11 

D. An endodermal tube stained with an anti-Ki67 antibody showing intense 12 

cell proliferation. Teratoma 13F0358 13 

 14 

Figure 2 15 

Interplay between endodermal tubes epithelium and their underlying 16 

mesenchymal tissue. 17 

A. B. C. Sections from teratoma 13F0358, stained with an anti-vimentin 18 

antibody. B is an enlargement of the tube displayed in A. 19 

D. Section from teratoma 13F0517 stained with an anti-actin smooth muscle 20 

(AML) antibody to highlight smooth muscle. 21 

 22 

 23 

Figure 3 24 
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Opposing patterns of expression of airway and digestive cytokeratins 1 

A. B. Consecutive sections of teratoma 13F0358 were stained, respectively, 2 

with anti-CK20 (Dako M7019) and -CK7 (Dako M7018) antibodies. They 3 

show the mutually exclusive expression patterns of CK7 (as marker of 4 

airway tissue differentiation) with CK20 (as marker of digestive tissue 5 

differentiation). 6 

 7 

Figure 4 8 

CDX2 and NKX2.1 expression in endodermal tubes.  9 

A –C: Consecutive sections stained with anti-CDX2 and -TTF1/NKX2.1 10 

antibodies. They show the non-overlapping expression of TTF1/NKX2.1 (as 11 

marker of airway tissue differentiation) and CDX2 (as marker of digestive 12 

tissue differentiation) in the same endodermal tube or exclusive expression in 13 

other tubes. Teratoma 103: A; Teratoma 104 : B and C. 14 

 15 

Figure 5 16 

Late airway marker expression 17 

A: Two consecutive sections of teratoma 13F0517 stained with anti-18 

TTF1/NKX2.1 and anti-CC10 (a mature bronchial marker of club cells) 19 

antibodies. CC10 staining is evidenced in the TTF1/NKX2.1 positive zone. 20 

B: Two consecutive sections of teratoma 13F0351 stained with an anti-EMA 21 

antibody, showing the expression of mucin in a CK7 positive endodermal 22 

tube.  23 

 24 

 25 

   26 
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Table 1 

Table 1 2 

Number (and percentage) of tubular structures that express CK7 or/and CK20 3 

(in all four M4C7-derived teratomas), or TTF1/NKX2.1 and/or CDX2 (only in 4 

teratomas 13F0351 and 13F0353). Tubular structures were counted in one 5 

representative section for each teratoma. The percentages indicate the 6 

fraction of tubes that express a specific protein relative to all the tubes in that 7 

representative section 8 

Staining 13F0351 13F0353 13F0355 13F0358   TOTAL   

CK7+/CK20 -  1 

(33.3%) 

15 

(75.0%) 

7 

(15.6%) 

11 

(18.6%) 

  34 

(26.8%) 

  

CK7-/CK20+ 1 

(33.3%) 

1 

(5.0%) 

20 

(44.4%) 

19 

(32.2%) 

  41 

(32.2%) 

  

CK7+/CK20+ 0 

(0.0%) 

3 

(15.0%) 

6 

(13.3%) 

10 

(16.9%) 

  19 

(15.0%) 

  

CK7-/CK20- 1 

(33.3%) 

1 

(5.0%) 

12 

(26.7%) 

19 

(32.2%) 

  33 

(26.0%) 

  

Total tubes 3 20 45 59   127   

TTF1+/CDX2 

-  

- - 1 

(9.1%) 

1 

(3.3%) 

  2  

(4.9%)  

  

TTF1-/CDX2+ - - 6 

(54.5%) 

16 

(53.3%) 

  22 

(53.6%) 

  

TTF1+/CDX2+ - - 1 

(9.1%) 

6 

(20.0%) 

  7 

(17.1%) 
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TTF1-/CDX2- - - 3 

(27.3%) 

7 

(23.3%) 

  10 

(24.4%) 

  

Total tubes - - 11 30   41   

 1 
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Nom Description Clonal Host Cible Fournisseur 
No. 

Cat./Ref. 
Dilution 

CK20 mouse monoclonal 
Monoclonal 
[SPM140] 

Mouse 
Semi-purified cytokeratin 

preparation (Human) 
Abcam ab1520 1/50 

FOXA2 = 
HNF-3B 

Human HNF-3 
beta/FoxA2 Affinity 

Purified Polyclonal Ab, 
Goat IgG 

Polyclonal 
Goat 
IgG 

Human HNF-3 
beta/FoxA2 

R&D AF2400 1/100 

OCT4 Oct-3/4 Antibody (H-134) Polyclonal 
Rabbit 

IgG 

amino acids 1-134 of 

Oct-3/4 of human origin 
Santa Cruz sc-9081 1/300 

SOX2 
Human SOX2 Affinity 

Purified Polyclonal Ab, 
Goat IgG 

Polyclonal 
Goat 

IgG 
human SOX2 R&D AF2018 1/20 

TTF1 = 
NKX2.1 

mouse monoclonal 
Monoclonal 
[8G7G3/1] 

Mouse 
TTF-1 humain, de rat et 

de souris 
Dako 8G7G31 1/50 

CC10 rabbit polyclonal Polyclonal Rabbit human CC10 BioVendor 
RD 

181022220 
1/10 000 

Cy™3-
conjugated* 
AffiniPure 
Donkey Anti-

Goat 

Secondaire Donkey Goat  
Jackson 

Immunoresearch 
705-165-

147 
1/1 000 

Alexa Fluor® 
488 Donkey 
Anti-Mouse 
IgG (H+L) 

Secondaire Donkey Mouse 
Molecular Probes / 

Invitrogen 
A-21202 1/2 000 
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Les cellules souches pluripotentes (CSP) incluent les cellules souches embryonnaires (ES) et les celles souches pluripotentes 

induites (iPS). Elles sont définies par deux propriétés fondamentales : l’auto-renouvellement et la capacité à se différencier 

dans tous les types cellulaires. Les ES sont dérivées de la masse cellulaire de l’embryon. Elles soulèvent l’intérêt de la 

communauté scientifique du fait de leur capacité à générer tous les tissus. Il s’agit d’un outil biotechnologique majeur dont les 

applications thérapeutiques et pharmacologiques comporteront notamment la médecine régénératrice, la modélisation in vitro 

de maladies humaines et le criblage de candidat-médicaments. Cependant l’utilisation d’embryons humains pour générer les 

ES soulève des problèmes éthiques. Les iPS contournent ces difficultés car elles sont dérivées de cellules somatiques 

différenciées. En effet, S. Yamanaka, qui a reçu le prix Nobel en 2012, a découvert en 2006 une technique simple de 

reprogrammation cellulaire. L’expression transitoire de quatre gènes (OCT4, SOX2, c-MYC and KLF4) est suffisante pour 

reprogrammer des fibroblastes murins en iPS. Ces cellules iPS ont la même morphologie et les mêmes propriétés que les 

cellules ES. L’année suivante, S. Yamanaka a appliqué avec succès son cocktail à des fibroblastes humains pour produire des 

iPS humaines (hiPS). Les hiPS peuvent également dépasser les problèmes immunologiques soulevés par l’utilisation d’ES 

dans la thérapie cellulaire, par le simple fait que les hiPS pourront être dérivées du patient à traiter. De plus, parce qu’il est 

possible de choisir les cellules du donneur à reprogrammer selon son génotype, il est plus facile de modéliser des maladies 

génétiques à partir d’hiPS que d’ES. Enfin, d’un point de vue pharmaceutique, les hiPS peuvent fournir une plateforme quasi-

infinie pour le criblage de molécules afin de traiter diverses pathologies.   

Le but de mon projet de recherche est l’utilisation de la technologie hiPS afin de modéliser le développement de l’épithélium 

bronchique. Premièrement, in vivo, des tératomes ont été générés après injection d’hiPS dans des souris immunodéficientes. 

Les tératomes démontrent la capacité de nos hiPS à se différencier en épithélium bronchique. Secondairement, in vitro, 

reproduire le développement embryonnaire et fœtal permet d’offrir une méthode simple pour modéliser l’épithélium bronchique 

dans un puits.  

Cette technologie ouvre la voie vers de nombreuses recherches, du criblage de molécules à la production de cellules souches 

pour réparer l’épithélium bronchique, et in fine à la promotion de nouveaux traitements pharmacologiques ou de thérapie 

innovante pour les maladies respiratoires.  
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Pluripotent stem cells (PSC) include embryonic stem cells (ES) and induced pluripotent stem cells (iPS). They are defined by 

two fundamental properties: self-renewal and the capacity to differentiate into all cell types. ES cells are derived from the inner 

cell mass of embryos. They arouse the interest of the scientific community in particular for their ability to generate all tissues. 

They provide major therapeutic and pharmacological applications, including regenerative medicine, in vitro modelling of human 

diseases and molecular screening. However, the use of human blastocysts to generate ES cells raises many ethical problems. 

iPS circumvent these ethical issues as they can be derived from differentiated somatic tissues. Indeed, S. Yamanaka, Nobel 

Prize in 2012, discovered in 2006 a simple technique of cellular reprogramming. The transient expression of four genes (OCT4, 

SOX2, c-MYC and KLF4) is sufficient to reprogram mouse fibroblasts into iPS. These iPS cells have the same morphology and 

the same properties than ES cells. The following year, S. Yamanaka applied successfully his cocktail to human fibroblasts to 

produce human iPS (hiPS). hiPS may also overcome immunological problems raised by the use of ES cell for cellular therapy, 

as hiPS can be derived from the patient to be treated. In addition, it is easier to model genetic diseases from hiPS than ES, 

because it is possible to choose the donor cells to reprogram according to its genotype. Finally, from a pharmacological point of 

view, hiPS can provide a broad platform of molecular screening to treat various diseases.  

The aim of my research project is to use the hiPS technology to model the development of bronchial epithelium. First, in vivo, 

teratomas were formed by the injection of hiPS into immunodeficient mice. Teratomas highlight the ability of differentiation of our 

hiPS into bronchial epithelium. Second, in vitro, reproducing embryonic and foetal bronchial development provides a way to 

model bronchial epithelium in a dish. 

These techniques open the door to many potential research avenues from screening small molecules to engineering stem cells 

to repair bronchial epithelium, and will in fine promote new pharmacologic or cell-based treatments for respiratory diseases. 


