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Induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs

) are two types of pluripotent stem cells that hold great promise for biomedical research and medical applications. iPSCs were initially favorably compared to ESCs. This view was first based on ethical arguments (the generation of iPSCs does not require the destruction of an embryo) and on immunological reasons (it is easier to derive patient HLA-matched iPSCs than ESCs). However, several reports suggest that iPSCs might be characterized by higher occurrence of epigenetic and genetic aberrations than ESCs as a consequence of the reprogramming process. We focus here on the DNA integrity of pluripotent stem cells and examine the three main sources of genomic abnormalities in iPSCs: (1) genomic variety of the parental cells, (2) cell reprogramming, and (3) cell culture. Recent reports claim that it is possible to generate in vitro mouse or human iPSC lines with a mutation level similar to that of the parental cells, suggesting that genome-friendly " " reprogramming techniques can be developed. The issue of iPSC DNA integrity clearly highlights the crucial need of guidelines to define the acceptable level of genomic integrity of pluripotent stem cells for biomedical applications. We discuss here the main issues that such guidelines should address.

INTRODUCTION

Embryonic stem cells (ESCs), which can theoretically differentiate into any cell type, have become a key cellular tool in biology and have paved the way for cell-based treatments of human diseases 1 . However, human ES cells (hESCs) have two major drawbacks. The [ ] first one is the ethical issue concerning the destruction of human embryos to generate hESCs, although these embryos were doomed to destruction anyway 2 . The second barrier to their potential medical use is the need of Human Leukocyte Antigen (HLA)-compatible [ ] hESC lines. Both issues are circumvented by induced pluripotent stem cells (iPSCs) as they are directly reprogrammed from adult cells 3 , [ ] thus opening the way to the derivation of patient-specific pluripotent stem cell (PCS) lines 4 . Moreover, by carefully selecting donor [ ] cells, for instance from donors who are homozygous for HLA, it will be possible to set up PSC banks that cover a large part of the genetic diversity of a population 5 . As iPSC derivation allows the production of cells from potentially any tissue in an unlimited supply [ ] in vitro and from any genetic background, many applications can therefore be foreseen, particularly: (i) modeling of human development, in vitro (ii) modeling of human genetic diseases, (iii) supply of normal or diseased cells for drug testing, (iv) supply of cells for cell in vitro therapies, including patient-specific cells, and (v) rejuvenation of old/senescent cells for regenerative medicine 6 . In addition, the iPS [ ] technology can be mastered with a reasonable amount of training and costs and is now successfully used in many laboratories worldwide (for a discussion on the iPS technology and its applications we refer the readers to other recent reviews 3,7 ). However, several reports are [ ] raising concerns about the potential weaknesses of iPSCs, such as the appearance of genetic or epigenetic abnormalities linked to the process of cell reprogramming. By altering the iPSC biological behavior or threatening their therapeutic safety, these defects could undermine their use for modeling diseases and medical applications. This problem might tip the balance back towards ESCs. In this review, we will focus on the genetic alterations observed in iPSCs and ESCs and discuss the fact that cell reprogramming is only one of the possible sources of genetic variation in PSCs.

TRACKING THE GENETIC DAMAGE PRODUCED BY CELL REPROGRAMMING

The generation of iPS by cell reprogramming opens the way to two potential sources of mutations. First, insertional mutagenesis due to the use of integrative vectors for cell reprogramming is an obvious cause of DNA damage (Figure 1). In the initial reports, Southern blot analyses showed that each iPSC clone was characterized by the presence of more than 20 integration events (about half a dozen integration events for each transcription factor) 8 . Although aberrant transcription of an oncogene following the integration of a retroviral vector in [ ] its proximity has been already described in gene therapy trials 9 , similar examples of insertional mutagenesis with functional [ ] consequences on endogenous genes are not a typical finding in iPSCs. Nonetheless, the definitive insertion of reprogramming vectors in the iPSC genome is a serious concern and the reactivation of the c-MYC transgene might have fatal consequences, as illustrated by the development of tumors in germline-competent adult chimeras, which were obtained using iPSCs generated with retroviral vectors, and in their progeny 10 . Safer reprogramming strategies have been developed and are now available, such as the use of non-integrating viral [ ] vectors, or the direct delivery of reprogramming transcription factor proteins or synthetic mRNAs (discussed below).

Second, the reprogramming process itself could also cause genomic alterations. expense of DNA integrity 26 28 .

[ -]

NOT ALL iPS CELLS HARBOR GENETIC DAMAGE

These findings rise the possibility that cell reprogramming might cause genomic damage and that, as a consequence, all iPSCs harbor genetic defects that may compromise their use for disease modeling or cell therapy. Several studies challenge this view. The karyotype analysis of more than 1700 human ESC and iPSC cultures (40 ESC and 219 iPSC lines) from 97 investigators in 29 laboratories did not reveal major differences between ESCs and iPSCs 14 . The overall incidence of karyotype abnormalities was 12.5 in human iPSCs and [ ] %

12.9 and hESCs, suggesting that cell reprogramming is not a significant source of karyotype abnormality. On the other hand, there were % differences concerning the occurrence of some abnormalities, such as higher incidence of trisomy 12 in hESCs and of trisomy 8 in iPCs, and most strikingly almost 10 of trisomy 17 in hESCs, but none in iPSCs. Interestingly, in this very large data set, recurrent % translocations were not found, differently from what is observed in many cancers. This is, however, a retrospective analysis and it is not clear whether the observed differences relate to the methods used to generate these PSC lines or whether they only reflect biases in the in cell expansion protocols. vitro

The idea that subkaryotypic abnormalities are unavoidable during cell reprogramming was also recently questioned. Qinlan et al. used whole-genome paired-end DNA sequencing to compare three iPSC lines that were generated by reprogramming mouse embryonic fibroblasts (MEF) with four lentiviral constructs coding for OCT4, SOX2, CMYC and KLF4 under the control of a doxycycline inducible promoter 29 . These low-passage iPSC lines were previously used to generate viable mice in tetraploid embryo complementation assays, [ ] undisputedly demonstrating that complete reprogramming had occurred. Unexpectedly, the authors found only one or two de novo structural genomic variations in each iPSC line. As a matter of fact, the most important source of genomic alteration was the de novo insertion of endogenous retroviral elements from the mouse leukemia virus (MLV) family that most likely originated from the CF-1 MEFs which were used as feeder cells. In another study, Young et al. analyzed by whole genome sequencing iPSC clones that were obtained using an OCT4, SOX2 and KLF4 polycistronic lentiviral vector and their parental fibroblasts. Their findings suggest that the single-nucleotide variations and the rare structural variations (SV) detected in the iPSC lines reflected the parental genomic background rather than the consequences of reprogramming 30 . These findings have been extended in human iPSC generated by using the canonical captures pre-existing mutations in the parental cell line during cloning, which is a necessary consequence of reprogramming. These data " obtained by whole genome sequencing of mouse iPSC lines were extended to human iPSC lines that were obtained using non-integrating Epstein-Barr nuclear antigen-1 (oriP/EBNA1) episomal vectors. Although more than 1,000 single nucleotide variations (SNVs) were found in each iPSC line, very few were within coding sequences 32 . Among those, 50 were synonymous changes, whereas SNVs that [ ] % modify the coding sequence were not enriched for known cancer-associated genes. Moreover, no CNV was found in the analyzed iPSC lines.

Overall, the studies suggesting that cell reprogramming may be inherently linked to DNA damage are counterbalanced by other works

showing that the mutation status of iPSC lines is similar to that of their parental cells. Nevertheless the reports about the occurrence of genome alterations during cell reprogramming are alarming as they highlight DNA damage. These contradictory reports could be bona fide explained mainly by two reasons: (1) different reprogramming techniques and/or primary cell types could result in dramatic differences in genome integrity; (2) different cell culture conditions could differentially affect PSC integrity and therefore be an important in vitro confounding variable. For instance, comparison of sequencing data of different iPSC lines derived by different groups, as done by Quinlan et al, demonstrated the huge variability in mutation frequency of such cells, strongly suggesting that some reprogramming protocols/culture conditions might more easily result in DNA damage 29 . From the data published to date, it is not possible to conclude [ ] whether the source cell type, the nature of the reprogramming vector (for instance with viral integration versus without integration) or the choice of the reprogramming gene combination, are correlated with the incidence of genomic abnormalities. In one report, some of these factors could be evaluated but none of these factors influenced the results 20 but these results are too preliminary to reach any [ ] conclusion.

CELL CULTURE-INDUCED GENOMIC ALTERATIONS

It will not be possible to precisely quantify the genetic abnormalities generated by cell reprogramming without knowing the role played by the cell culture conditions in the mutational process. Indeed, a cell culture protocol that favors the appearance of DNA alterations in PSCs will also do so during cell reprogramming and during the first passages which are required to amplify newly derived human iPSCs. In this regard, much can be learned from ESCs. ESCs are karyotypically normal at derivation 33,34 and the occurrence of sub-karyotypic abnormalities even faster when using single-cell dissociation passaging (unpublished data). These findings in ESCs indicate that the culture conditions used for cell reprogramming and cell expansion are a critical factor for DNA integrity during iPSC generation. Moreover, as several studies on genomic alterations in iPSCs were based on DNA samples isolated from cells before passage 20, it is not possible to exclude a contribution of the cell culture conditions to the DNA abnormalities that were ascribed to cell reprogramming 22 . Many issues need to be addressed to prevent these deleterious mutational events, particularly: (1) to identify the [ ] optimal culture conditions for PSC expansion and (2) to understand the mechanisms that drive the generation of genomic alterations.

Therefore, a quantitative assay is required to measure the genomic integrity of PSCs in order to compare the impact of different parameters on the incidence of mutational events.

IMPROVING CELL REPROGRAMMING

Overall, the genome integrity of human iPSCs and ESCs is comparable, although some differences have been reported. We will focus here on the measures that can be taken to diminish DNA damage during cell reprogramming.

To avoid insertional mutagenesis, several non-integrating approaches are currently available (see 3 for a discussion on these [ ]

The other concern is reprogramming-induced DNA damage. As its causes are still not clearly understood, the solution of this type of damage is still speculative. One direction could be to improve the reprograming transcription factor cocktail. Combinations that may improve cell reprogramming could associate the classical reprogramming factors with genes coding for components of the ATP-dependent BAF chromatin-remodeling complex 51 , or the use of the PSC-specific microRNAs miR-302 and miR-372 52 . To reduce PSC DNA integrity is still mainly assessed by karyotype analysis. Other approaches have been tested to overcome the obvious resolution limitations of the classic karyotyping techniques, for example CGH arrays or SNP microarrays; however, there is no consensus on the method to use to discriminate between the really worrying, possibly carcinogenic mutations and the DNA modifications with no or barely any impact on the biological behavior of PSCs, or the simple polymorphisms. For instance, in the preliminary report on the only published clinical trial based on human PSCs, the DNA integrity of the ESC line was confirmed by karyotyping of 20 G-banded metaphase cells and FISH analysis of chromosomes 12 and 17 in 200 interphase nuclei 54 .

[ ]

As highlighted by Prockop and Keating, the assessment of genomic stability in cultured cells is an old issue that was raised more than 50 years ago for cells in culture 55,56 . Indeed, genomic instability is a general feature of cultured cells and has been observed in many of the whole PSC genome will be available at a reasonable price.

PSCs without genome damage are obviously required for tissue modeling or medical applications. Next-generation sequencing technologies may be the solution to demonstrate that PSC lines are free of deleterious mutations 25 . However, a 100 undamaged DNA [ ] %

may not be necessary. The notion that only cells with pristine genetic information should be considered for use is certainly a preconception. Not only because the massive occurrence of polymorphisms in normal cells precludes a strict definition of pristine genetic information, but also because of the cell/tissue DNA information heterogeneity. DNA modifications arise continuously from early embryo development to adulthood and their occurrence increases during aging, leading to various degree of cell mosaicism 59 61 . The causes of [ -] these lesions are multiple and include, but are not limited to, random events promoted notably by reactive oxygen species (ROS), retrotransposition, UV (for skin fibroblasts) or senescence. Cell mosaicism can be readily observed in primary fibroblasts used for cell reprogramming when these cells are analyzed by using high-throughput techniques 22, 31 . As this genetic heterogeneity is uncovered by

[ ]
whole genome sequencing, there is an acute need to set up a demarcation line between acceptable and off-limit DNA alterations in the primary parental cells as well as in the freshly reprogrammed PSCs and long-term cultured PSCs. To this aim, the lesions that alter the cellular physiology or that pose a risk of malignant transformation must be identified 19 . As there is no means to assess the functionality Mutations that target a coding region and that are predicted to alter the protein sequence by giving rise to a new stop codon, a frameshift or a new splicing event.

Genetic defects that occur recurrently in cultured PSCs. To this aim, the creation of a PSC sequence database should be a key objective of scientists working on human PSCs. These recurrent mutations could be driving mutations (as opposed to passenger " " " " mutations) that confer a growth advantage to the cells. In addition, integration of these data with metabolic and phenotypic information will be instrumental for hierarchizing the abnormalities. Validation of these recurrent genetic abnormalities on large series of samples by independent techniques, for instance by digital droplet PCR for CNV, will be necessary 31 . In addition, measuring the impact of these

[ ]
abnormalities on the expression of the genes present in the vicinity by expression analysis will help in determining their functional consequences on the biology of PSC.

High-resolution, whole-genome sequencing data are ideally needed for the implementation of these guidelines, but they are not routinely available at the moment due to the actual costs of sequencing and the still complex pipeline analysis of such massive amount of data. Meanwhile, karyotyping will still be the reference test together with FISH analysis of chromosome 12, 17 and 20, and/or low-resolution CGH to exclude gross karyotype abnormalities.

CONCLUSION

The genetic integrity of iPSCs has been questioned and invoked as an argument against their medical use. However, these results have been challenged by reports that described the generation of iPSCs with low incidence of DNA sequence variations. Two factors may be central to PSC genetic stability: (i) the culture conditions, which can rapidly affect PSC genomic stability and (ii) the reprogramming protocols. As specific culture conditions are associated with very different rates of genetic variations, it can be anticipated that different starting cell types, reprogramming transcription factors and vectors, reprogramming protocols and early culture/passaging conditions can specifically affect the type/load of genomic damage linked to cell reprogramming. We therefore call for a careful quantification of the impact on genome integrity of all these factors in order to optimize the reprogramming protocols and ultimately provide safe iPSCs, both for research and clinical applications. 

  [ ] retroviral method. The authors analyzed the iPSC lines by whole genome sequencing and digital droplet PCR and found that most of the iPSC CNVs reflect somatic mosaicism in the human skin 31 . These observations are in line with the hypothesis that cell reprogramming [ ] "

  has been thoroughly investigated. Aneuploid hESC clones can appear during cell culture. Such chromosomal abnormalities are often recurrent and gains of chromosome 12 (most frequently 12p), 17 (particularly 17q), 20 (most frequently 20q) or X have been often detected35 37 . These abnormalities might bestow a growth advantage and, as a consequence, cells carrying mutations[ -] are often selected during cell culture. The biological repercussions comprise increased proliferation capacity and decreased growth factor-dependence as well as modifications of the physiological differentiation capacities of such cells 38 . It must be noted that trisomy of [ ] chromosome 12, 17 or X is also detected in germ cell tumors and embryonal carcinoma cells. The same survival and/or cell proliferation pathways that are involved in germ and pluripotent cell tumor development could thus be involved also in the selection of aneuploid hESC clones during cell culture. As reported above, the extensive study of 40 hESC lines in which 1163 karyotypes were analyzed concluded that 12.9 of the hESC cultures displayed chromosomal aberrations 14 . This frequency could still increase if more sensitive methods % [ ] were used, such as microarrays 19,39,40 . Several factors could influence the incidence of these genetic aberrations, particularly the [ ] duration and the type of culture conditions. Enzymatic passaging might favor clonal selection of aneuploid clones, but this hypothesis has not been formally proven 39,41 . We recently observed that karyotypic abnormalities in hESCs can occur rapidly within ten passages and [ ]

  They include transient transfection 42 or the use of adenoviral vectors 43 , non-integrating viral vectors such as the [ ] [ ] oriP/EBNA1 episomal vectors 12 , non-integrating lentiviral vectors 44 and temperature-sensitive Sendai virus vectors 45 . Another removing the reprogramming vectors in the selected iPSC clones by using the piggyBac 46 or the Cre-LoxP excision " " [ ] system 47 after a transient integration step. Nevertheless, even when the vectors do not usually integrate into the DNA, or are excised [ ] after cell reprogramming, their insertion in the genome cannot be totally excluded. Thus, techniques that avoid DNA should preferred, such as the direct delivery of reprogramming cell-permeant proteins 48 , or of synthetic modified mRNAs 49 , which seem to have higher [ ] [ ] reprogramming efficacy. Direct protein delivery is less efficient probably because the innate immunity program needs to be activated via induction of the TLR3 pathway for effective cell reprogramming 50 . Indeed, in the classical reprogramming protocols, TLR3 is activated [ ]by the viral particles. Interestingly, addition of polyinosinic-polycytidylic acid (Poly I:C) to the culture medium as an alternative non-viral approach to activate TLR3, significantly improves and accelerates cell reprogramming of both mouse and human cells by cell-permeant proteins 50 .

  replication stress, c-MYC should be avoided. Of note, strategies that employ genes coding for viral oncoproteins (SV40) or inhibition of the p53 or p16 tumor suppressor pathways are clearly inacceptable when trying to minimize DNA damage 25 . As [ ] somatic-cell nuclear transfer and cell fusion, two other cell reprogramming techniques, are considered more efficient than the iPS technique 53 , these approaches might shed light on the molecular mechanisms underlying cell reprogramming and serve as a blue print to [ ] improve iPSC generation protocols. Finally, culture conditions are critical for the maintenance of PSC genome integrity. It will therefore be important to focus on how to improve PSC expansion . in vitro SETTING GUIDELINES TO ASSESS iPS CELLS Currently, there is no consensus on the extent of DNA damage that can occur during PSC generation/culture, the underlying mechanisms and the methods to avoid it. Therefore, a technique to analyze DNA integrity in PSCs and guidelines to interpret DNA variations are mandatory.

  including adult stem cells 57 . Yet, standards or guidelines about what should be considered as acceptable genome integrity of [ ] normal cells in culture are still lacking. As DNA sequencing technologies and their resolution (whole genome maps at single-base resolution) are improving very fast and their price rapidly decreasing 58 , it is time to anticipate the near future when the routine analysis [ ]

Figure 1

 1 Figure 1 Causes of genome alterations in iPSCs Genome alterations in iPSCs can be the consequence of: (A) variations or mutations that are present at high or low frequency in the parental cells; clonal selection during iPSC generation can select and/or fix these variants; (B) insertional mutagenesis, replicative stress, caused for example by forced expression of an oncogene, can result in DNA damage that might not be properly repaired; (C) iPSCs could be intrinsically genetically unstable, and sub-optimal culture conditions might favor the generation and/or the selection of clones that are fitter for in vitro culture conditions.

  Although iPSC lines have often normal karyotypes at early passages 11,12 , recent reports show that iPSCs, like ESCs, can display chromosomal aberrations 13 16 . The proportion of

	[	]	[ -]
	karyotype abnormalities may vary between iPSCs and ESCs, but most aberrations can be found in both PSC types 14 . In addition, [ ]
	detailed analyses, by using CGH microarrays 17,18 , SNP microarrays 19,20 or next-generation sequencing techniques 21,22 , suggest [ ] [ ] [ ]
	that more subtle abnormalities, such as copy number variations (CNV) and mutations, occur in iPSCs at much higher frequency than
	originally thought. These findings have raised serious concerns about the functional reliability and safety of iPSCs 23,24 . The involved [ ]
	mechanisms are multiple. The reprogramming process, particularly the forced expression of oncogenes, such as c-MYC which is often
	included in the reprogramming gene cocktail 18 , could cause replicative stress and consequently DNA damage. This can be repaired by [ ]
	the pathways which are normally used in metazoan cells to avoid malignant transformation, but if the repair machinery is defective,
	genetic aberrations might arise 25 . Indeed, inhibition of the p53 or p16 pathways greatly improves reprogramming efficiency, but at the [ ]

  of every known gene or to test the tumorigenicity of cultured cells, the only way is to make some assumptions about what kind of abnormalities could affect the physiology or safety of PSCs. Ideally, a PSC line should not display:

	Karyotype abnormalities, either in number or structure
	Genetic defects that have been reported in cancer cells, such as activating mutations of known oncogenes or inactivation of tumor
	suppressor genes (the COSMIC catalogue of somatic mutations in cancer database may help) 62 [ ]

[ ]
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