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Resumo 

As células estaminais pluripotentes induzidas (iPSCs) estão sujeitas a erros provenientes das 

alterações epigenéticas significantes aquando da sua reprogramação. 

O imprinting parental, um fenómeno epigenético que resulta na expressão monoalélica definida 

pela metilação diferencial dos dois alelos parentais, encontra-se frequentemente afectado em iPSCs. 

Esta alteração compromete a pluripotência destas células. No entanto, até hoje, nenhum estudo 

avaliou sistematicamente a manutenção do imprinting parental durante o processo de reprogramação. 

Neste projecto, usamos um sistema de reprogramação que nos permite avaliar a evolução da 

metilação dos dois alelos parentais, baseado na presença de polimorfismos ao nível do DNA. Três 

loci de diagnóstico foram avaliados durante a reprogramação, na presença e na ausência de Ácido 

Ascórbico (AA), implicado na protecção do imprinting.  

No locus Peg3 não foram detectadas alterações no imprint na presença de AA. Já no caso do 

Igf2-H19, a instabilidade inicial não afectou o estabelecimento correcto do imprinting no final da 

reprogramação. No caso da região Dlk1-Dio3, só os estadios intermédios puderam ser avaliados e 

revelaram erros de imprinting causados por hipermetilação, em linha com resultados anteriormente 

publicados. 

Estes resultados preliminares indicam que erros de imprinting ocorrem durante a 

reprogramação, com variações de locus para locus. Futuros estudos serão necessários para avaliar o 

imprinting parental e entender o panorama geral destes erros durante a reprogramação. Tal 

informação é fulcral para o desenvolvimento de novos protocolos que tenham como objectivo 

salvaguardar a preservação dos imprints, de forma a melhorar a qualidade e segurança das iPSCs 

nas suas mais diversas aplicações. 

 
Palavras Chave: Células Estaminais Pluripotentes Induzidas (iPSCs); Imprinting Genómico; 

Metilação de DNA; Tratamento com Bisulfito; Reprogramação; Peg3; Igf2-H19; Dlk1-Dio3 
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Abstract 

Reprogramming of the differentiated state into an Induced Pluripotent Stem Cells (iPSCs) 

involves major epigenetic rewiring, which is highly susceptible to errors. 

Genomic Imprinting, an epigenetic phenomenon that renders genes monoallelically expressed, 

is frequently disrupted in iPSCs. Moreover, disruption of imprinting compromises pluripotency of 

iPSCs. However, up to now, no systematic monitoring of imprinting has been performed during 

reprogramming.  

In this project, we used a reprogramming system whereby the donor cell contained both an 

integrated inducible reprogramming cassette and DNA polymorphisms to distinguish both parental 

alleles to assess imprinting maintenance of the Peg3, Igf2-H19 and Dlk1-Dio3 diagnostic imprinted loci 

during reprogramming (with or without ascorbic acid – AA) by allele-specific methylation analysis. For 

the Peg3 locus, imprinted defects were not found in the presence of AA. For Igf2-H19 locus, a non-

allelic methylation assay showed that, at most, imprinting is labile early during reprogramming, but 

resolves on itself resulting in miPSCs with normal imprinting. For Dlk1-Dio3, evaluation of imprinting 

status could only be evaluated for early stages of reprogramming, where errors were found as 

previously reported.  

Our preliminary results points out that imprinted defects do occur, varies from locus to locus and 

might occur from early stages of reprogramming. Genome-wide assessment of imprinting status will 

be required to fully understand the extent to which imprinting defects occur. We believe this 

knowledge is valuable for future development of new reprogramming protocols aiming at preventing 

imprinting disruption and guarantee the safety of use of iPSCs in their various applications. 

 
Key Words: Induced Pluripotent Stem Cells (iPSCs); Genomic imprinting; DNA Methylation; Bisulfite 

Treatment; Reprogramming; Peg3; Igf2-H19; Dlk1-Dio3 
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Introduction 

The differentiated state of a somatic cell was, for a long time, considered to be stable and 

irreversible. However, seminal work from Takahashi and Yamanaka (2006) proved that the associated 

epigenetic barrier could be surpassed by simple addition of defined transcription factors1. Indeed, 

these scientists were able to obtain pluripotent stem cells from differentiated cells, which were named 

Induced Pluripotent Stem Cells (iPSCs)1. These cells represented a scientific breakthrough, with 

possible significant medical applications, due to the possibility of obtaining patient-specific stem cells 

and sequentially differentiate them into specific cell types. iPSCs could be used for disease modelling 

approaches and drug screening, besides being a promise for future personalized regenerative 

medicine therapeutics. 

Notwithstanding, iPSCs have failed, so far, to accomplish their promised holy grail role in 

biomedical research. Despite protocol improvements, using mainly amenable mouse iPSC (miPSC) 

reprogramming systems, dedifferentiation strategies still present low efficiencies and reprogrammed 

cells are still likely to present genetic and epigenetic errors2. The origin of such anomalies is still poorly 

understood, as well as their effects on pluripotency and differentiation in specific lineages. 

 

1. Stem Cells (SCs)  

1.1. Classification and Sources 

Stem Cells (SCs) are defined as cells capable of dividing indefinitely and generating identical 

cells, while being able to differentiate in other types of cells3. Classification of SCs is done according 

to their developmental potential (i.e., the range of cells they can differentiate into). 

 

Figure 1 - Stem cells hierarchy (adapted from Hayes M. et al. (2012)) 
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Totipotent SCs can differentiate into all cell types plus extraembryonic tissues. These cells can 

only be found in vivo, spanning from the zygote to 4-cell stage blastomeres4. Pluripotent SCs, like 

Embryonic Stem Cells (ESCs) that are obtained from the blastocyst’s Inner Cell Mass, can 

differentiate into all cell types, except extraembryonic membranes. Multipotent SCs, on the other hand, 

can only differentiate into a more restrained range of cells, usually a germ layer or a given organ 

(Figure 1). An example of Multipotent SCs is Mesoderm SCs, which only give origin to the tissues of 

the mesoderm, like skeletal or cardiac muscle. Finally, Unipotent SCs are the cells that can only 

differentiate into a single type of cell, contributing only to tissue homeostasis.5 Multipotent and 

unipotent SCs have been found on several tissues, where they play a role in the maintenance of 

organs function and morphology. Even though these cells allow correct aging and functioning of 

tissues, their regenerative potential is limited, which makes in vitro obtained cells an essential element 

for new therapies and approaches to disease and aging6. 

 

1.2. Pluripotent Stem Cells 

Pluripotent Stem Cells (PSCs) can be defined as cells that are both able to self-renew without 

losing potential and differentiate into cells of the three germ layers7 as well as the germline. More 

specifically, PSCs include two main types of cells: Embryonic and Induced Pluripotent Stem cells. 

 

1.3. Embryonic Stem Cells 

Embryonic Stem Cells (ESCs) were firstly described in the mouse, in the 1980s, upon isolation 

of the cells from the Inner Cell Mass and subsequent observation that they could differentiate in vitro 

into cells from the three germ layers8. It was also noted that mouse ESCs (mESCs) could be 

expanded in vitro without losing pluripotency. From that moment on, mESCs started being used as the 

main working tool for stemness research as well as an in vitro developmental model system. Indeed, 

studies with mESCs lay foundation to current knowledge about pluripotency and development. 

Human counterparts, human ESCs (hESCs), were only isolated almost 20 years later, when, in 

1998, Thomson and colleagues plated and kept in culture spare embryos from in vitro fertilization 

clinics until they reached blastocyst stage9. Again, these cells proved to be pluripotent by expanding in 

vitro without differentiation and by having the potential to, under differentiation conditions, give origin 

into all three germ layers. 

Mouse and human ESCs share several characteristics, namely core pluripotency factors: 

OCT4, SOX2 and NANOG.10 Regardless of this, mESCs and hESCs are very distinct in what 

concerns cell shape, surface markers, growth rate and culture conditions required for pluripotency 

maintenance. In fact, hESCs might bear more resemblance with mouse epiblast stem cells derived 

later in mouse development, since they both depend on the same signalling pathway (TGFβ/Activin) 

for self-renewal and share similar epigenetic status (e.g., presence of an already inactive X-

chromosome)11  

Both mESCs and hESCs do not require genetic manipulation or extremely specific culture 

conditions, thus representing a good source of stem cells and a good model for embryogenesis. 

However, up to this day, isolating and culturing ESCs in totally defined conditions is still on-going 
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research, and the use of hESCs is ethically questionable7. Therefore, a different source of cells with 

ESC-like phenotype was much anticipated.  

 

1.4. Induced Pluripotent Stem Cells 

In order to avoid ESCs’ disadvantages, efforts have been made to obtain stem cells from 

differentiated cells. The first attempt, in 1962, was by Nuclear Transfer, also termed Cloning. This 

technique is based on the transplantation of a nuclei from a differentiated cells to enucleated cells, 

such as oocytes or zygotes, creating a proper embryo with the possibility to develop into a full 

organism12,13. The technique was first described by Sir John Gurdon, who transplanted nuclei from 

differentiated frog cells into enucleated frog eggs and was able to obtain normal tadpoles.12 Even 

though the use of Nuclear Transfer is limited and poses ethical concerns, it demonstrates that potency 

does not rely on the information of the genome, but on the external factors that regulate its expression. 

Later, it was discovered the influence of Transcription Factors (TFs), proteins that bind to 

specific DNA sequences and regulate their expression14, which consequently motivated researchers to 

find TFs that could induce pluripotency on differentiated cells. This research led to the discovery of 

such factors and to the creation of iPSCs. 

iPSCs3, firstly described by Takahashi and Yamanaka in 2006, can be obtained by transduction 

of four TFs: Oct3/4, Klf4, Sox2, and c-Myc (OKSM).1 The initial discoveries were made in mouse 

embryonic fibroblasts (MEFs), but soon after it was proven that adult human fibroblasts could also be 

reprogrammed into a pluripotent-like state15. 

The discovery of such possibility brought along a new chapter in stem cells’ applications. With 

the arrival of iPSCs, disease modelling and regenerative medicine could be patient-specific and ethical 

problems related to ESCs would not arise. In spite of this, efficiency of reprogramming has been far 

from impressive and concerns on the genetic and epigenetic safety of iPSCs have been raised1,15. 

Therefore, there is a need to understand how these problems arise during reprogramming. 

 

1.4.1.  Reprogramming Strategies 

Yamanaka’s initial method to reprogram embryonic and adult somatic cells used retroviral 

transduction to obtain expression of the four factors1,15. With this approach, the active retroviral DNA 

fragment with the four factors is introduced into the host genome and, subsequently, the cell 

dedifferentiates into an iPSC. The expression of the factors gradually decreases as the 

reprogramming occurs, leading to either a full reprogramming with complete retroviral silencing or a 

blockage of the process altogether1. A disadvantage of this retroviral transfection is a possible late 

activation of c-Myc, a proto-oncogene factor that, even though it is necessary in the initial steps of 

reprogramming, if expressed in later stages of reprogramming leads to an increased risk for 

tumorigenesis and, therefore, may be inadequate for transplantation aims16. 

With the intention to improve Yamanaka’s method, Sommer and colleagues used a lentiviral 

vector with the four factors17. This method presented an approximately ten-fold increase in efficiency 

(Table 1), compared with retroviral transfection, due to a better cell infection and the possibility for the 

vector to have a polycistronic cassette. In spite of this, lentiviral transfection has a weaker silencing 
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effect of the TFs, representing an overall worse outcome, since effective silencing of TFs is absolutely 

necessary for iPSCs to be used safely with no risk of uncontrolled reprogramming or oncogenic 

behaviour. Both lentiviral and retroviral transfections also lead to multiple integration sites, which can 

disrupt endogenous gene expression. 

In order to control the expression of the Yamanaka factors, lentiviral vectors inducible by 

Doxycycline (Dox) were used to reprogram somatic cells18,19. This approach allowed the controlled 

silencing of the TFs, resulting in iPSCs with no possibility of re-activation of the Yamanaka cassette. 

However, it still causes multiple integrations in the genome. 

Taking advantage of this vector, “reprogrammable mice” strains that possess a single 

Doxycycline (Dox)-inducible polycistronic cassette encoding the OKSM factors20,21 were created. 

These strains solve the issue of unknown and multiple insertions as well as providing a source for all 

types of somatic cells to be easily reprogrammed. Such reprogrammable strains enable studies 

focusing on reprogramming mechanisms, representing an easy way to obtain and reprogram 

differentiated cells, mainly due to the possibility to control TFs expression by simple addition/removal 

of Dox using a single OSKM cassette inserted in single well-studied site. 

There are other two kinds of reprogramming strategies that use DNA fragments while avoiding 

insertion into the host genome. The first strategy uses integration-free techniques such as non-

integrating adenoviral vectors22 or plasmids23 that induce the transient expression of the OKSM. Other 

approaches include self-replication episomes24 and polycistronic mini-circles25. These non-insertional 

approaches have the advantage of not altering genetically the host genome but, overall, they remain 

very inefficient (Table 1). 

Still regarding the use of DNA, excisable DNA methods have been designed, namely taking 

advantage of loxP sites (loxP flanked fragments, also called Floxed Lentivirus) that can be cleaved 

with Cre recombinase26 or using piggyBac transposons, that can be removed by the transposase 

enzyme27. These strategies achieve both transient and sufficient TF expression while avoiding multiple 

and random insertions. Notwithstanding this, for piggyBack transposons, insertion sites must be 

characterized both before and after reprogramming, while for LoxP sites, short sequences of DNA 

remain in the host genome even after excision. Even though they assure good efficiencies (Table 1), 

excisable methods are not flawless in reprogramming somatic cells. 

Lastly, recombinant proteins28 and ESCs  extracts29 have been used to reprogram differentiated 

cells, with the advantage of not using DNA, but with low efficiencies (Table 1). Modified RNA 

molecules that encode the OKSM factors30 have also attempted. This strategy has a high efficiency 

(Table 1), but these RNAs need to be administrated in several rounds in order to sustain enough 

OKSM expression. 

  



 5 

Table 1 - Efficiencies of several factor delivery methods (adapted from Stadtfeld, M. & Hochedlinger, K. (2010)) 

Factor Delivery Strategy Efficiency 

Integrating 

Retrovirus ~0.01% - 0.5% 

Lentivirus ~0.1% - 1% 

Inducible Lentivirus ~0.1% - 1% 

Excisable 
Transposons ~0.1% 

Floxed Lentivirus ~0.1% - 1% 

Non-Integrating 
Adenovirus 

~0.001% 
Plasmid 

DNA-Free 
Recombinant Proteins / ES Cell Extracts ~0.001% 

RNA Molecules ~1% 

 

Table 1 summarizes different efficiencies for iPSC generation from all the methods described 

above. Overall, the very low efficiencies reflect our poor understanding of the mechanisms underlying 

reprogramming.  

 

1.4.2.  Reprogramming Process 

The process of somatic reprograming into iPSCs takes at least 2 – 3 weeks1,31. During this 

process, the differentiated program of the somatic cells needs to be rewired into the undifferentiated 

state. This process is highly inefficient (Table 1) and the reasons behind this are still not well 

understood. 

Every differentiated cell has, theoretically, the possibility to become pluripotent. Due to their 

availability and simplicity, fibroblasts have been the most reprogrammed cell type and the molecular 

processes undergoing their stem-like transformation have been described in more detail.  

Indeed, a study that used MEFs with a Dox-inducible OKSM-cassette monitored gene 

expression alterations during the reprogramming protocol32. Different time-points were analysed and 

cells undergoing reprogramming were separated by Fluorescence-Activated Cell Sorting (FACS) 

based on the expression of PS marker (SSEA-1) and lack of expression of fibroblast marker (Thy1). 

The authors reported two distinct waves regarding gene expression: firstly, there was an upregulation 

of genes related to cell proliferation and cytoskeleton organization; secondly, an abrupt increase in 

expression of pluripotent-related genes (e.g. Nanog)32. Pluripotency was confirmed at late stages 

(from day 12 on), when cells started expressing an Oct4-GFP reporter gene. This points out to a 

biphasic dedifferentiation process, where, at first, there is a change in cell physiology, with stable 

pluripotency only coming with the second transcriptional wave.  

Another study using a similar system, concluded that Thy1 downregulation is the first noticeable 

genetic change, with following activation of SSEA-1.19 Besides these conclusions, the authors also 

noticed that activation of OKSM lasts for about 10 days and is a temporary requirement. After such 

time-point, cells that are destined to become iPSCs internally activate genes related to pluripotency, 

becoming independent of Dox. Cells that rely on Dox to maintain pluripotency markers expression do 

not sustain OKSM expression and enter apoptosis after Dox withdrawal. Additionally, the same study 
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also concluded that it is only after cells become independent of Dox that reactivation of telomerase or 

silencing X chromosome (in female cells) occurs19. (see Figure 2) 

 

Figure 2 - Gene expression dynamics during iPSC reprogramming (adapted from Stadtfeld, M. et al. (2008)) 

 

1.4.3.  Characterization of iPSC Pluripotent Potential 

Functionally, there is a myriad of protocols to assess pluripotency of iPSCs (and ESCs), both in 

vitro and in vivo.7 Still, it is important to note that while in vitro tests can be done with every type of 

cell, regardless of origin, in vivo testing for human cells poses ethical issues, restricting possible 

methods to assess these cells potency. 

As for in vitro assessment of pluripotency of iPSCs, the first characterization consists in the 

evaluation of expression of pluripotency-related genes and surface markers. A common and easy 

method is to screen for Alkaline phosphatase (AP) expression by a colorimetric assay33. After AP 

expression is confirmed, immunostaining is used to check for expression of markers associated with 

pluripotency, such as OCT4, SOX2, NANOG and of surface markers SSEA-1, in miPSC, and SSEA-4, 

in hiPSC33. 

 A second in vitro test consists in the differentiation into cells of the three embryonic layers - 

ectoderm, mesoderm and endoderm. iPSCs are subjected to a cocktail of factors that favour 

differentiation and Embryoid Body (EB) formation, emulating embryonic differentiation. The presence 

of cells from the embryonic layers can be assessed using immunohistochemistry or flow cytometry, 

targeting tissue-specific markers7. 

Besides in vitro pluripotency methods, there are also in vivo pluripotency tests, such as 

teratoma formation. Teratomas are tumours formed by cells of the three germ layers, resembling 

incomplete and disorganized embryonic development7. This test consists in injection of candidate 

iPSCs into immunocompromised mice, allowing cells to propagate and differentiate for 6 - 8 weeks34. 

For that period, mice are checked for mass growth. The mass is then explanted upon mice’s sacrifice 

and used for immunohistochemistry to assess presence of the three germ layers. Importantly, this test 

is the most stringent test available for hiPSCs.  

For miPSCs, chimaera formation is another test for pluripotency and its result reveals the 

degree of maturity of the cells. iPSCs are injected in one of two pre-implantation embryonic stages: 

cleavage-stage morulas or blastocysts7. True pluripotent iPSCs will contribute greatly to tissues of 
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different germ layer origin in the chimaeric mouse. Furthermore, if the chimaera can produce fertile 

progeny totally constituted by donor iPSCs, it can be said that the cells are capable of germline 

transmission and, therefore, do not possess significant genomic defects. 

A more strict pluripotency test is tetraploid complementation7. This consists in the introduction of 

miPSCs in a tetraploid blastocyst. Since tetraploid cells will only contribute to extraembryonic 

membranes, the formation of a conceptus relies entirely in the miPSCs. True pluripotent stem cells are 

able to form a healthy and fertile conceptus. 

The ultimate pluripotent test consists in the injection of a single miPSC to form a chimaera7. 

Since true pluripotency is characteristic of a single cell, it is expected that a genuinely pluripotent 

miPSC is able to contribute to a widespread number of tissues. 

Even though there is a wide range of pluripotency tests for hiPSC and, mostly, miPSC, tests 

must be performed taking into account the increasing order of stringency, to allow early detection of 

low quality miPSCs before expensive and complex tests are performed.  
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2. Epigenetics and iPSC Reprogramming 

Epigenetics focuses on changes in gene expression and function that are not related to 

modifications in genetic sequences35. These changes are mostly caused by variations in DNA 

methylation and chromatin conformation, leading to diversified expression. Reprogramming of somatic 

cells requires intense and drastic changes in the epigenetic landscape of a cell. Some of those 

alterations are well documented such as the demetlylation and concomitant activation of pluripotent 

genes (e.g., Oct4, Nanog)1, or late reactivation of the epigenetically inactive X-chromosome19, which 

are landmarks of the stem-like state. However, epigenetic memory of the donor somatic cell is not 

always completely erased. Additionally, forced expression of the Yamanaka TFs in a somatic 

background could also lead to errors in sensible epigenetically regulated loci, such as imprinted 

clusters36. 

Even though these defects have been detected, they remain scarcely documented, and their 

effects on pluripotency and downstream applications are a concern36. 

 

2.1. Genomic Imprinting 
2.1.1.  Definition 

Genomic imprinting is an epigenetic phenomenon that leads to differential expression according 

to parental origin of the allele,37 being only observed for a small subset of genes.  

The first hint of the process of genomic imprinting came with the observation, in the 1970s, that  

X-chromosome inactivation in the extraembryonic lineages in female mammalian cells always 

occurred in the paternal allele37. However, only in the 1980s seminal studies using nuclear transfer 

allowing the generation of diploid embryos with two genome sets of the same parent, clearly 

demonstrated genomic imprinting and extended it to autosomes37. Such embryos, termed 

gynogenetic, in case of two maternal pronuclei, and androgenetic, in case of two paternal pronuclei, 

did not reached full development. Moreover, the results were very different in each case. In 

androgenetic embryos, there was a lack of embryonic tissue and embryogenesis, while for 

gynogenetic embryos, development failed due to lack of extraembryonic tissues (Figure 3)37. Such 

outcomes demonstrated the existence of parental-specific differences between chromosomes that 

made them both essential for embryogenesis. Such findings led to the later discovery of the first 

imprinted mouse genes, Igf2 and H1938–40, in early 1990s.   
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Figure 3 - Nuclear transfer experiments with male and female pronuclei (Barlow, D. & Bartolomei, M. (2014)) 

 

Imprinted genes have been associated with growth and development since the first experiments 

with androgenetic and gynogenetic embryos. Further studies on the biological role of imprinted regions 

extended their importance beyond embryonic development. While regions like Igf2 and Igfr2 have 

been linked to cooperative regulation of fetal growth39, other imprinted regions seem to play a role in 

post-natal physiology and brain function. For example, Ube3a encodes for a ubiquitin ligase that plays 

an important role in brain function41, while Plagl1 overexpression is linked to transient neonatal 

diabetes mellitus42,43.  
 

2.1.2.  Imprinted Regions  

 Soon after the discovery of the first imprinted genes, it became apparent that they tend to be 

physically linked, being found in the same genomic regions, commonly known as imprinted clusters. In 

these regions, genes exclusively expressed from the paternal allele are found along with genes 

exclusively expressed from the maternal allele. 

 
Figure 4 - Map of mouse imprinted genes, regions and phenotypes  

from http://www.mousebook.org/all-chromosomes-imprinting-chromosome-map) 
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Furthermore, many Non-Coding RNAs (ncRNAs) have been found within these imprinted 

clusters. Such an organization is suggestive of the existence of common regulatory elements capable 

of regulating imprinted expression of several genes across the cluster. Indeed, genetic dissection in 

the mouse has found DNA elements known as Imprinting Control Regions (ICRs) that are essential for 

imprinting regulation. These regions present different epigenetic marks in the two parental alleles and 

carry an “imprint” originally established in the germline44. The list of imprinted regions already 

discovered in the mouse genome contains around 150 genes that are mostly clustered in 17 

chromosomes44 (Figure 4). Studies of many clusters have found that ICRs are, usually, a Differentially 

DNA-Methylated Region (DMR). The epigenetic status of these regions determines the imprinting 

status and, therefore, gene expression of the whole cluster. 

 

2.1.3.  Imprinting Life-Cycle 

In molecular terms, imprints are defined by DNA methylation in CpG dinucleotides that is 

established by de novo methyltransferases and maintained in somatic cells throughout life44. As for 

germline cells, they suffer erasure of imprints in early gametogenesis upon genome-wide 

demethylation observed at this stage. In later stages of gametogenesis, imprints are established 

according to the sex37. During fertilization and subsequent embryonic development, imprints are 

protected from both initial genome-wide demethylation and de novo methylation that occurs after 

implantation. 

This sequence of “Erasure – Establishment – Maintenance” forms the Imprinting Life Cycle 

(Figure 5) and assures not only proper gene expression in somatic cells, but also correct imprint status 

in gametes. 

 
Figure 5 - Imprinting life cycle (Reik, W. & Walter, J. (2001)) 
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2.1.4. Mechanisms of Imprinting Regulation 

ICRs are known to regulate the imprinting status of several genes across a cluster. However, 

the molecular mechanism underlying this regulation is not fully understood and might differ amongst 

imprinted clusters. Two models have been put forward to explain regulation at ICRs: the insulator 

model and the ncRNA model45. The insulator model has been proposed for the Igf2-H19 locus (Figure 

6 a), whereby the reciprocally imprinted genes Igf2 (paternally expressed) and H19 lncRNA 

(maternally expressed) compete for common downstream enhancers. The unmethylated maternal ICR 

serves as the binding site for the insulator protein CTCF that impedes access of Igf2 to the 

downstream enhancers, and therefore they become available for the H19 gene. On the paternal allele, 

the methylation-sensitive CTCF insulator protein is incapable to bind the methylated ICR and Igf2 is 

capable to bind the downstream enhancers through a promoter-enhancer looping interaction46. 

The second model, in which a ncRNA cis regulates the expression of the imprinted gene, is the 

one that describes better the reading mechanism of the Airn-Igf2r locus47. (Figure 6 b) On this region, 

the paternal chromosome is unmethylated which leads to the expression of the long ncRNA (lncRNA) 

encoded by Airn. The lncRNA will then interfere with the transcription of downstream gene Igf2r, 

silencing it. Moreover, and specifically in the placenta, Airn targets the H3K9 histone 

methyltransferase G9a to the Slc22a3 promoter chromatin, resulting in cis-silencing of Slc22a2 and 

Slc22a3 genes48. On the maternal allele, Airn is repressed and therefore Igf2r is expressed49.  

 
Figure 6 - Proposed reading mechanism of imprinted regions44,47,50 

 

 

 
 



 12 

2.1.5.  Imprinted Diseases 

Physiologically, imprinted genes play several important roles, namely in fetal and neonatal 

development, metabolism and brain function42. Accordingly, disruption in the expression of imprinted 

genes is linked to several growth, neurodevelopmental and metabolic disorders (Table 2). Additionally, 

imprinted genes have also been related with cell transformation and cancer51. Apart from natural-

occurring diseases, in vitro fertilization techniques have been reported to increase the prevalence of 

imprinting-related conditions. Namely, assisted reproductive technologies have been associated with 

an increase of children affected by Beckwith-Wiedemann Syndrome, a disease caused by imprinting 

defects at the H19-Igf2 locus51,52. 

 
Table 2 - Diseases caused by imprinting defects (adapted from Plasschaert, R. & Bartolomei, M. (2014)) 

Imprinted Cluster/Genes 

Affected 
Correspondent Disorder Clinical Presentation 

IGF2-H19, CDKN1C Beckwith-Wiedemann 

Syndrome 

Overgrowth, abdominal wall 

defects, increased risk for 

embryonic tumours 

IGF2-H19, PEG3, GRB10, 

PEG1 

Silver-Russel Syndrome  Undergrowth and asymmetry 

DLK1-DIO3 Uniparental Disomy Chr14 Scoliosis, early puberty, 

developmental delay 

SNRPN-UBE3A Angelman Syndrome  Developmental delay, speech 

impairment, poor motor 

control, seizures, ataxia, 

microcephaly 

Prader-Willi Syndrome Hypotonia, hypothalamic 

disorders, intellectual 

impairment, hyperphagia 

obesity  

 

As it was described, imprinting regions and their respective disorders affect correct cell function 

and overall development (Table 2). Thus, upon reprogramming cells, a process that forces intense 

epigenetic remodelling, imprinting status must be considered and assessed before real applications of 

iPSCs can be made. This issue is of key importance when defining safety and correct physiology of 

reprogrammed cells, hence, its whole purpose and importance. 

 

2.1.6.  Imprinting Errors in Pluripotency and Reprogramming 

Epigenetic state of PSCs has been a concern and has been analysed on several cell lines. For 

instance, mouse and human PSCs have been compared in terms of epigenetic stability and some 

differences have been reported, as a general more stable status on hPSCs than mPSCs53. 
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When comparing mESCs and miPSCs, it has been found that mESCs are usually more 

protected from imprinting errors. Imprinting errors manifest in changes of the normal differential 

methylation status at ICR and could be due to either hypermethylation or hypomethylation54. Imprinting 

errors in miPSC are several and could affect several imprinted clusters; however the affected clusters 

could vary greatly among independent miPSC lines. In fact, imprinting errors in miPSCs and when 

they occur during reprogramming have not been carefully assessed. Simultaneously, there is a higher 

rate of imprinted defects in female cells which might be linked to lower overall levels of DNA 

methylation seen in these cells55. Examples of imprinted defects have been documented at loci like 

Rasgrf1 or Peg3 and were associated to hypomethylation, while imprinting at the Igf2-H19 locus is 

mostly maintained36. Interestingly, imprinted defects at the Dlk1-Dio3 locus are very prominent in 

miPSCs and are caused by hypermethylation of the maternal allele37,36,56. 

This last region has been one of the most extensively studied regions regarding reprogramming 

and imprinting maintenance, as well as its role in pluripotency57. 

 

 

Figure 7 - Schematic representation of the Dlk1-Dio3 gene cluster50,58 

 

As pointed out in Figure 7, gene expression in this cluster is governed by methylation status 

of the ICR, known as Intergenic DMR (IG-DMR) for this region. In normal imprinting situations, the 

paternal allele is normally methylated, while the maternal IG-DMR stays unmethylated. This will lead 

to the allelic expression profile depicted in Figure 7. Three protein-encoding genes are expressed from 

the paternal allele: Dlk1, Rtl1 and Dio3. From the maternal side, transcription produces several 

ncRNAs, such as Gtl258.  

Imprinted errors at the Dlk1-Dio3 cluster were first noticed when comparing trancriptome of 

mESCs and miPSCs. Indeed, it was observed that the maternal non-coding transcripts, such as Gtl2, 

were downregulated in miPSCs and this was caused by the aberrant acquisition of methylation on the 

maternal allele59. Moreover, loss of correct imprinting maintenance at the Dlk1-Dio3 locus clearly 

compromised the pluripotent potential of this miPSCs, as assessed by chimaera formation and 

tetraploid complementation in mice59.  

 For this reason, Dlk1-Dio3 cluster is a possible candidate to distinguish true miPSCs from 

partially reprogrammed ones. Additionally, this clearly points out for an important role of the correct 

dosage of imprinted genes in the Dlk1-Dio3 locus in pluripotency. 

Due to the importance of correct gene dosage at Dlk1-Dio3 locus, several strategies have 

been attempted to reduce imprinted defects at this locus during dedifferentiation. These strategies use 

molecules like Ascorbic Acid60 or induced expression of pluripotency-related genes like Dppa357 which 
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significantly avoid incorrect hypermethylation at IG-DMR. The rationale behind this strategy relies on 

inhibiting methylation enzymes like DNA methyltransferase Dnmt3a, which promotes methylation. 

 
Table 3 - Imprinting defects in miPSCs for Dkl1-Dio3, Peg3 and Igf2-H19 loci36,53,61 

Loci Imprinting defects in miPSCs Imprinting defects in hiPSCs 

Dlk1-Dio3 Hypermethylation Hypermethylation 

Peg3 Hypomethylation Hypermethylation 

Igf2-H19 Variable levels of methylation Variable levels of methylation 

 

Similarly to miPSCs, hiPSCs are also prone to present epigenetic errors in imprinting 

regions. In fact, imprint disruption in hiPSCs has also been found to be variable among cell lines2,36. 

Imprinting errors in the Dlk1-Dio3 cluster are also found in hiPSCs due to hypermethylation2, and this 

has been linked to delay in neuronal differentiation62. Imprinting errors due to hypermethylation are 

also frequent for the Peg3 locus, while for the Igf2-H19 cluster, imprinted defects are also observed, 

but less frequent2. Table 3 summarizes the imprinting defects on three diagnostic clusters that we 

assess in this study. While Dlk1-Dio3 imprinting cluster is commonly found hypermethylated in both 

miPSC and hiPSC, Peg3 locus tends to be hypomethylated in miPSC, but hypermethylated in hiPSC. 

Igf2-H19 locus, on the other hand, is less prone to defects that can also occur in a subset of both 

miPSCs and hiPSCs.  

In summary, imprinting defects are frequent in iPSCs. The origin of such errors and why they 

vary from line to line remain to be elucidated. Furthermore, imprinted defects can have a direct impact 

on pluripotency and differentiation potential of the iPSCs, as exemplified by the case of the Dlk1-Dio3 

locus. This points out for the importance to study imprinting maintenance during reprogramming. A 

better understanding of how imprinting behaves during reprogramming will gives us useful information 

to rethink and redesign reprogramming protocols, targeting possible epigenetic actors that can avoid 

errors in methylation and genomic imprinting. Epigenetically safe iPSCs will be crucial for their secure 

use in disease modelling and in cell-replacing regenerative therapies.  
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Motivation and Aims of the Project 

iPSCs appeared, back in 2006, as a promising solution for many medical problems, due to their 

patient-specific nature and to their easily accessible source. Nonetheless, low efficiencies and safety 

issues still hold off daily use of iPSCs. 

Reprogramming somatic cells requires a shift from a differentiated status to a pluripotency 

setting of gene expression. Such shift occurs at the cost of an epigenetic change, which does occur, 

but very inefficiently and susceptible to errors. These defects are not fully understood and neither are 

the sources behind them. Indeed, incomplete epigenetic remodelling or accidental inaccuracies during 

the process are though to be in the origin of the shortcomings of reprogramming2. These flaws impact 

significantly epigenetic processes like genomic imprinting, an example of mammalian epigenetic 

control and a phenomenon of paramount significance when assessing reprogramming. Indeed, some 

of these epigenetic problems have been observed in imprinted regions36 and have been correlated 

with loss of pluripotency.63 Understanding how and when they happen are crucial to develop new 

reprogramming strategies with improved efficiencies and genetic/epigenetic safety. 

In the current project we tried to unveil the time point(s) in the reprogramming process at which 

these disturbances occur. To do so, we monitored specific imprinted regions that have been reported 

as sensible to the epigenetic remodelling that occurs during reprogramming, namely, Dlk1-Dio3, Peg3 

and Igf2-H19. 

The reprogrammed cells were obtained from crossings between two different strains of mice, 

allowing detection of polymorphisms, with one of them containing a Dox-inducible cassette in the 

genome, which allowed a control of the reprogramming induction. 

Throughout reprogramming, we collected cells undergoing reprograming and we assessed 

imprinting status in an allelic-specific manner, taking advantage of SNPs. With this approach, we were 

able to start unveiling the occurrence of imprinting errors during reprogramming, their extent and 

origin. 

Our specific aims are: 

1. Optimization of allele-specific methylation assessment protocols for Dlk1-Dio3, Peg3 and Igf2-

H19 regions; 

2. Establishment of a controlled reprogramming system allowing assessment of allelic-specific 

DNA methylation and expression during reprogramming; 

3. Assessment of methylation status at the ICRs of the Dlk1-Dio3, Peg3 and Igf2-H19 regions 

during reprogramming. 

 

Imprinting errors have never been systematically addressed, even though their effects on the 

physiology and pluripotency of iPSCs might impede their possible applications. Studying these flaws 

and understanding their causes and effects to a full extent, will allow designing improved 

reprogramming protocols and improving the current applications of iPSCs. 
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Materials & Methods 

1. Crossings and Embryo Collection 

Two different strains of mice were used in this study: 

• the “reprogrammable mice”, usually termed i4F-BL6, which is of the C57BL6 mouse 

strain and contains one Dox-inducible cassette with the four Yamanaka factors inserted 

at the Pparg gene20 and was a kind gift from Dr. Manuel Serrano (CNIO/Madrid); 

• the Mus musculus castaneus (Cast) strain – an wild-derived outbred strain64.  

Maintenance of mice was performed according to current guidelines and Portuguese legislation.  

Time-mated breedings were established using i4F-Bl6 females and Cast males and vice-versa. 

Females were monitored for oestrus cycle and, when positive, were mated with the males. For 

assessment of pregnancy, two strategies were employed: plug verification and weight monitoring. The 

day of the vaginal plug was considered day E0.5. 

Pregnancies were carried out until day 13.5, at which time the female mice were sacrificed. 

After this, the ventral part of the female was opened and the uterus containing the embryos was 

removed to a Petri dish with sterile Phosphate Buffered Saline (PBS). Then, the uterus was cut open 

and embryos were extracted to a second Petri dish containing sterile PBS. From this point on, all 

operations were carried out in a laminar flow chamber and all instruments were cleaned with 70% 

ethanol between each embryo to avoid contamination. 

Embryos were dissected from the uterus, and isolated from extraembryonic tissues (yolk sac 

and placenta) and transferred into separated Petri dishes containing sterile PBS and 0.5% 

Penicillin/Streptomycin (Pen/Strep) (Gibco™ DMEM, Thermo Fisher Scientific). Embryos’ heads were 

removed and remaining parts were transferred to new Petri dishes containing 1 mL of 2X trypsin 

(Gibco) in PBS. Chopped heads were put in 1.5 mL tubes and stored in -80ºC until used for 

genotyping. 

Using scissors and pipettes, each embryo was minced separately and incubated for 10 min in 

an incubator at 37 ºC with a humidified atmosphere with 5% Carbon Dioxide (CO2). This step was 

repeated until an homogenous cell dispersion was obtained, at which point 4 mL of MEFs medium 

(see composition below) were added and the cell suspension was transferred to a T75 flask (Thermo 

Fisher Scientific) already containing 10 mL of the aforementioned medium. Cells were then cultured in 

an incubator at 37 ºC with a humidified atmosphere with 5% CO2. Next day, medium was changed. 

Fibroblasts were then passaged two times (P2) in a 1:3 ratio (or 1:4) into T175 flasks every time 70-

80% confluency was reached. 

 

MEFs Medium Composition 

• 500 mL of DMEM (Gibco™ DMEM, Thermo Fisher Scientific) 

• 5 mL of 200 mM L-Glutamine (Gibco™ DMEM, Thermo Fisher Scientific) 

• 2.5 mL of 5000 U/mL Pen/Strep (Gibco™ DMEM, Thermo Fisher Scientific) 

• 50 mL of Fetal Bovine Serum (FBS) 
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After reaching 70-80% confluency at P2, cells were trypsinized and frozen using MEF freezing 

medium [MEFs Medium with 10% of Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich)]. For each T175 

flaks, three cryovials of cells containing 1 ml of freezing medium were frozen in -80ºC and after testing 

for the presence of mycoplasm, they were moved to a liquid nitrogen tank. Also, cells corresponding to 

1/3 of a T175 flask were also pelleted and snap-frozen for further DNA extraction.  

 

1.1. Genotyping for the Yamanaka cassette and Gender 
DNA was extracted from embryo’s heads using a standard extraction protocol. Briefly, the 

procedure started by an initial incubation with Lysis Buffer (composition below). at 56 ºC overnight 

 

Lysis Buffer Composition (500 µL per sample) 

• 100 mM NaCl 

• 10 mM Tris pH 8.0 

• 25 mM EDTA pH 8.0 

• 0.5% SDS 

• 0.2 µg/µL of Proteinase K 

 

This step was followed by addition of 55 µL of 3M Sodium Acetate (pH 5.2) and 500 µL of 

Phenol:Chloroform:Isoamyl Alcohol, in order to denature proteins, clear possible debris, such as lipids 

or RNA molecules, and improve precipitation. After mixing and centrifugation, the top phase was 

transferred into new tubes and 500 µL of Chloroform were added to remove Phenol residues. The 

mixtures were shook and centrifuged and the resultant top phase was transferred into new tubes. 

Then, 450 µL of Isopropanol were added to precipitate DNA and the mixture was incubated at -20 ºC 

for at least an hour. After centrifugation and removal of the supernatant, the DNA pellet was washed 

with 700 µL of freshly made 70% Ethanol. After two centrifugations and subsequent removal of 

supernatant, tubes were air dried for 10 min. Finally, the dried pellet was resuspended in 200 µL of 

DNAse/RNAse free H2O and DNA concentration was measured using a Nanodrop (Thermo Fisher 

Scientific). 

The assessment of the presence of Yamanaka’s cassette was done with a PCR reaction using 

primers that flanked the region where the cassette is inserted within the Pparg gene. (See Table 4 and 

Figure 8) The Polymerase Chain Reaction (PCR) steps and reaction mix composition can be observed 

in Table 4. 
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Figure 8 - Lentiviral insertion into Pparg gene and flanking primers (in blue) for PCR (adapted from Abad, M. et al. 

(2013)) 

 
Table 4 – Genotyping for Lentiviral Insertion: Primers, PCR Reaction Steps and Mix 

Forward Primer (PParg Fw) 5’-CAGCATCAAATGGCTCGGTA-3’ 

Reverse Primer (PParg Rv) 5’-AGCCAAGAGGAGCTGTGAAC-3’ 

PCR Steps 95 ºC for 45s 

95 ºC for 45s 

40 cycles 59 ºC for 45s 

72 ºC for 1min 

72 ºC for 5min 

Fragment Expected Size 440 bp 

PCR Reaction Mix  
(per sample; in �L) 

DNAse/RNAse Free H2O 12.6 

NH4  Reaction Buffer (10x) (Bioline) 
2 

Magnesium Chloride (MgCl2) (50mM) (Bioline) 1 

dNTPs 10mM (NZYTech) 0.4 

PParg Fw 10µM (Sigma) 0.3 

PParg Rv 10µM (Sigma) 0.3 

BioTaq 2500 U/µl) (Bioline) 
0.4 

DNA Sample (~15 ng/µL) 3 

Total Volume 20 

 

Besides assessing the presence of the Dox-inducible cassette, gender of the embryos was also 

assessed. To do so, we performed PCR for Ube1X and Ube1Y sequences65. (see Table 5) The first 

one is present in X chromosome, while the second one is only present in the Y chromosome, yielding 

PCR products of different lengths. This way, for the male cells 2 bands were present (Ube1X – 217 

bp; Ube1Y – 198 bp), while for female cells only a band (Ube1X) was amplified, allowing us to 

distinguish males from female embryos.  
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Table 5 - Gender Assessment PCR Primers, Steps and Reaction Mix 

Forward Primer (Ube1 Fw) 5’-TGGTCTGGACCCAAACGCTGTCCACA-3’ 

Reverse Primer (Ube1 Rv) 5’-GGCAGCAGCCATCACATAATCCAGATG-3’ 

PCR Steps 95 ºC for 5min 

95 ºC for 30s 

40 cycles 58 ºC for 30s 

72 ºC for 30s 

72 ºC for 10min 

PCR Reaction Mix  
(per sample; in �L) 

DNAse/RNAse Free H2O 34.6 

NH4  Reaction Buffer (10x) (Bioline) 5 

MgCl2 (50mM) (Bioline) 3 

dNTPs 10mM (NZYTech) 1 

PParg Fw 10µM (Sigma) 2 

PParg Rv 10µM (Sigma) 2 

BioTaq 2500 U/µl (Bioline) 0.4 

DNA Sample (~15 ng/µL) 2 

Total Volume 50 

  



 20 

2. iPSC Reprogramming  

Female MEFs containing the Yamanaka cassette were selected from reprogramming. Frozen 

vials were thawed and plated to a 50% confluency on 0.1% porcine gelatine coated surfaces (37ºC 

with 5% CO2). Next day, cells were passaged to 40% confluency. On the following day, medium was 

changed to miPSC medium containing 1 µg/mL of Dox (BDClontech) –  (see composition below)  to 

start  reprogramming. Two independent reprogramming protocols were used which only differ by the 

absence or presence of 500 ng/mL Ascorbic Acid (AA) in the culture media. In order to supplement the 

medium with AA, 10mg of AA powder (Sigma-Aldrich) was dissolved in 20 ml of MiliQ water and 

filtered using 0.80 µm syringe filter units (Merck Millipore). This solution was made fresh every time 

due to the stability issues of prolonged storage of soluble AA. From this solution, 1 µL per mL was 

added to the culture medium. 

  

miPSC Medium Composition 

• 500 mL of DMEM (Gibco™ DMEM, Thermo Fisher Scientific) 

• 75 mL of Knockout-Serum Replacement 

• 5 mL of 5000 U/mL Pen/Strep (Gibco™ DMEM, Thermo Fisher Scientific) 

• 5 mL of MEM Non-Essential Amino Acids 100X (Gibco™ DMEM, Thermo Fisher 

Scientific) 

• 900 µL of 2-Mercaptoethanol 50 mM (Thermo Fisher Scientific) 

• 50 µL of 10 million units/1 mL LIF (Merk Millipore) 

 

Medium was changed every two days for 12 days, after which miPSC-like colonies were picked 

using glass cloning cylinders (Sigma-Aldrich) and 0.05% Trypsin-EDTA 1X (Thermo Fisher Scientific). 

Collected reprogrammed cells were then individually transferred to 24-well plates coated with 0.1% 

porcine gelatine that had been plated with mitomycin C inactivated fibroblasts (known as feeders) two 

days prior to colony transfer. Upon transferring, cells were culture with miPSC medium without Dox, 

while AA was kept on cells reprogrammed under the presence of this compound. 

When reaching confluency, each well was transferred to a single well of a 6-well plate, also 

plated with feeders and 0.1% porcine gelatine. Due to different growth rates among the different 

colonies, cell passage was performed on different days. 

Medium changed continued to be performed every two days and, upon reaching confluency, 

cells were passaged to T25 flasks (Thermo Fisher Scientific) coated with 0.1% porcine gelatine, with 

no feeder layer. From this point on, cells were passaged every time 80% confluency was reached to 

T75 flasks (Thermo Fisher Scientific). Several passages were needed to dilute and to get rid of 

feeders. As soon feeders were unnoticeable, cells were trypsinized using 0.05% Trypsin-EDTA 1X 

(Thermo Fisher Scientific) and frozen in miPSC medium with 10% DMSO (Sigma-Aldrich). 

Colonies could be pelleted and frozen after an average of 45 days after induction of 

reprogramming, with passages ranging from P4 to P11 and the last colony being processed after 51 

days in culture at P11. 
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Among all colonies picked, the last colony to be pelleted and frozen was at P11 when 

passaged, after 51 days in culture. 

These different miPSC colonies were frozen in miPSC medium with 10% DMSO (Sigma-

Aldrich). Besides this, part of the collected cells were pelleted and snap-frozen for further DNA 

extraction. 

A schematic representation for the reprogramming protocols can be seen on Figure 9. 

 

 
Figure 9 - Schematic representation of the two independent reprogramming protocols used 

 

 

2.1. Fluorescence Activated Cell Sorting of Reprogramming Intermediates 

Reprogramming intermediates were obtained using Fluorescence Activated Cell Sorting 

(FACS). FACS takes advantage of fluorescent labels conjugated with antibodies targeting the desired 

markers and, in this case, we sorted pre-miPSC intermediates by targeting two different cell surface 

markers: Thy1.2, characteristic of differentiated mouse fibroblasts; SSEA-1, a marker associated with 

mouse pluripotent stem cells.32  

During the reprogramming protocol, a first round of consecutive sortings were performed from 

days 3 to 8 of reprogramming, to asses the efficiency of the protocol and chose the time-points for 

recovering the reprogramming intermediates. After that, we sorted two different cell populations at two 

different stages of the reprogramming protocol. The first sorting was done at day 6 (D6) after Dox 

addition, allowing isolation of early intermediates, while the second was performed of day 12 (D12) of 

reprogramming.  

Cells were collected using 0.05% Trypsin-EDTA 1X (Thermo Fisher Scientific), pelleted and 

resuspended in PBS. Since culture medium contained phenol red, a second pelleting and 

resuspension in PBS was required, in order to avoid interference in fluorescence due to phenol red. 

After washing a second time, cells were pelleted and resuspended in 200 µL of FACS Buffer (2% FBS 

in PBS) in 1.5 mL tubes. Then, antibodies were added: 5 µL of Brilliant Violet 421™ anti-mouse 

CD15/SSEA-1 (Biolegend, Catalog N. 125613); 1 µL PE anti-mouse CD90.2/Thy1.2 (Biolegend, 

Catalog N. 105307 ). Incubation was performed at 4 ºC for 20 min. Then, tubes were centrifuged for 3 

min at 1000 rpm and the supernatant was removed. Stained cells were then resuspended in 400 µL of 

FACS Buffer and transferred to cytometry tubes. 
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Sorting was performed in FACSAria IIu (BDBiosciences), with SSEA-1+/Thy1.2- cells being 

sorted into tubes containing cell culture medium. Computational analysis of the sorted cells was 

performed with FlowJo ©. After sorting, the suspension of cells was transferred into 1.5 mL tubes, 

which were, then, centrifuged for 3 min at 1000 rpm. Supernatant was then removed and pellets were 

snap-frozen and stored until further processing. 

  



 23 

3. Allelic Specific Imprinting Assessment 

3.1. DNA Extraction 

In order to analyse methylation status, DNA from the different cell populations was obtained. 

Given the low cell numbers of the sorted D6/D12 reprogramming intermediates, a specific protocol for 

DNA extraction was used, in order to ensure enough DNA yield for posterior use and analysis. The 

protocol, Quick-gDNA™ MiniPrep (Zymo Research, Catalog N. D3024), consists in a kit that uses a 

spin column and does not rely on organic solutions to isolate DNA, leading to overall higher recovery 

ratios. DNA extraction for all the other samples was done by Phenol-Chloroform extraction as 

mentioned previously.  

 

3.2. DNA Methylation Status 

3.2.1.  Bisulfite Treatment 

Genomic DNA was treated with bisulfite ion (HSO3
-), which converts cytosines into uracils, but 

not methylated cytosines (Figure 10).  

 
Figure 10 - Bisulfite conversion process66 

 

 

Bisulfite treatment was performed with the EZ DNA Methylation-Gold™ kit (Zymo Research), 

following the manufacturers’ instructions. Briefly, this comprehends a conversion step in a thermal 

cycler and the use of spin columns to clean and desulphonate DNA. After this procedure, 11 µL of 

Bisulfite treated DNA were obtained for each sample. This treated DNA samples were then amplified 

by nested PCR reactions designed for the different regions.  

 

3.2.2.  Nested PCR 
Due to the high content in thymine of DNA after bisulfite treatment, which could compromise 

specificity of downstream PCRs, a Nested PCR approach was devised. For the two rounds of PCR, 

primers were chosen taking into account that they included the regions under study and allow for SNP 

detection.  
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Table 6 - Peg3 locus nested PCR primers and conditions 

Primer Primer Sequence PCR Steps 

1st PCR 

mPeg3DMR Nested 

F1 

5’-GGTTTTGGATTGGTTAGAGAGGAAGTT-3’ 95 ºC/5min 

95 ºC/30s 

35 cycles mPeg3DMR Nested 

R1 
5’-TCCCTATCACCTAAATAACATCCCT-3’ 

56 ºC/30s 

72 ºC/45s 

Source Customized 72 ºC/10min 

2nd PCR 

mPeg3DMR Nested 

F2 
5’-TTTTGTAGAGGATTTTGATAAGGAG-3’ 

95 ºC/5min 

95 ºC/30s 

25 cycles mPeg3DMR Nested 

R2 
5’- CAACCTTATCAATTACCCTTAAAAA-3’ 

60 ºC/30s 

72 ºC/45s 

Source Customized 72 ºC/10min 

Fragment Expected 

Size 
352 bp 

 

 
Table 7 - Igf2-H19 locus nested PCR primers and conditions 

Primer Primer Sequence PCR Steps 

1st PCR 

mH19 DMR 

outF 
5’- GAGTATTTAGGAGGTATAAGAATT -3’ 

95 ºC/5min 

95 ºC/4min 

2 cycles mH19 DMR 

outR 
5’-ATCAAAAACTAACATAAACCCCT -3’ 

55 ºC/2min 

72 ºC/2min 

Source Nakamura et al., 2007 

95 ºC/1min 

35 cycles 55 ºC/2min 

72 ºC/2min 

72 ºC/10min 

2nd PCR 

mH19 DMR inF 5’- GTAAGGAGATTATGTTTTATTTTTGG -3’ 
95 ºC/5min 

95 ºC/30s 

25 cycles 
mH19 DMR inR 5’- CCTCATAAAACCCATAACTAT -3’ 

55 ºC/30s 

72 ºC/45s 

Source Nakamura et al., 2007 72 ºC/10min 

Fragment 

Expected Size 348 bp 
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Table 8 - Dlk1-Dio3 locus nested PCR primers and conditions (Primer Set #1) 

Primer Primer Sequence PCR Steps 

1st PCR 

IG-DMR Nested F1 
5’-GTGTTAAGGTATATTATGTTAGTGTTAGG-

3’ 

95 ºC/5min 

95 ºC/40s 
35 

cycles 
IG-DMR Nested R1 

5’-TACAACCCTTCCCTCACTCCAAAAATT-3’ 53 ºC/40s 

72 ºC/1min 

72 ºC/10min 

Source Ferron et al., 2011 

2nd PCR 

IG-DMR Nested F2 
5’- GTGGTTTGTTATGGGTAAGTTT-3’ 95 ºC/5min 

95 ºC/40s 
25 

cycles IG-DMR Nested R1 
5’-ATATTATGTTAGTGTTAGGAAGGATTGTG-

3’ 

55.5 ºC/40s 

72 ºC/1min 

Source Ferron et al., 2011 72 ºC/10min 

Fragment Expected 
Size 

426 bp 

 

 
Table 9 - Dlk1-Dio3 locus nested PCR primers and conditions (Primer Set #2) 

Primer Primer Sequence PCR Steps 

1st PCR 

IG-DMR Nested F1 
5’-GTGTTAAGGTATATTATGTTAGTGTTAGG-3’ 95 ºC/5min 

95 ºC/40s 

35 

cycles IG-DMR Nested R1 

5’-TACAACCCTTCCCTCACTCCAAAAATT-3’ 53 ºC/40s 

72 

ºC/1min 

Source Ferron et al., 2011 72 ºC/10min 

2nd PCR 

mIG-DMR F 
5’- GTGGTTTGTTATGGGTAAGTTT-3’ 95 ºC/5min 

95 ºC/40s 

25 

cycles mIG-DMR R 

5’- CCCTTCCCTCACTCCAAAAATTAA-3’ 54 ºC/40s 

72 

ºC/1min 

Source Nakamura et al., 2007 72 ºC/10min 

Fragment Expected 

Size 
318 bp 
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Table 10 - PCR reaction mix 

PCR Reaction Mix Per sample (in µL) 

DNAse/RNAse Free H2O 34.6 

NH4 Reaction Buffer (10x) (Bioline) 5 

MgCl2 (50mM) (Bioline) 3 

dNTPs 10mM (NZYTech) 1 

Forward Primer 10µM  2 

Reverse Primer 10µM (Sigma) 2 

BioTaq 2500 U/µl (Bioline) 0.4 

DNA Sample (~15 ng/µL)  

Total Volume 50 

 

Conditions and primers used for the three nested PCRs can be observed on Table 6 - Table 9. 

The PCR mix for all reactions respected the composition on Table 10. For the second PCR of these 

nested approaches, 2 µL of the first PCR reaction were used.   

PCR products were separated by electrophoresis in 1% TAE agarose gels, stained with 3 µL of 

Midori Green Advance DNA Stain (Grisp) per 100 mL of solution. Upon completion, bands were cut 

out with clean scalpels and downstream purification was done with NZYGelpure (NZYTech) kit, which 

allows direct isolation of PCR products from TAE Agarose gels. 

Following amplification and purification of DNA fragments containing the regions of interest, 

assessment of methylation status was carried out either by Combined Bisulfite Restriction Analysis 

(COBRA) or Bisulfite Sequencing. 

 

3.2.3.  Combined Bisulfite Restriction Analysis 

Combined Bisulfite Restriction Analysis (COBRA) uses restriction enzymes to target bisulfite-

treated DNA, taking advantage of the fact that action of such enzymes is influenced by the original 

methylation status of the sequence.67 For example, BstBI cuts at CG/CG, which means that, when 

used for COBRA, it will only cut sequences in which original DNA was methylated and, therefore, 

preserved the cutting site through bisulfite treatment. 

After analysing the sequences for our three regions of interest, we devise a COBRA assay for 

the Igf2-H19 locus. Restriction digest with the Bsu15I of purified bands should cut the sequence 

CG/CG which will cut the PCR product into fragments of 87 bp and 335 bp, This sites are only kept 

after bisulfite treatment if originally methylated, but not if they were originally unmethylated. 

Upon completion of digestions, electrophoresis on a 2% TAE Agarose gel was performed. The 

bands were posteriorly stained with Midori Green Advance DNA Stain (Grisp). 

 

3.2.4.  Bisulfite Sequencing 

To clone purified PCR fragments, adenine overhangs at 3’, resultant of Taq polymerase activity, 

were taken into account. Fragments were ligated to a plasmid using pGEM®-T Easy Vector System 
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(Promega) following manufacturer’s instructions using a vector to insert ratio of 1:2 and incubated for 2 

hours at room temperature. 

On the following day, DH5-α competent cells were transformed with the ligation products, using 

95 µL of competent cells and 5 µL of ligates. 

The transformation was performed using heat shock at 42 ºC. Transformed cells were then 

platted into LB Agar with 100 µg/mL of Ampicillin, since pGEM®-T Easy Vector allows selection with 

this antibiotic. After overnight incubation in an incubator at 37 ºC, colonies were picked (~15 for each 

transformation) and incubated overnight in 3 mL of LB with 100 µg/mL of ampicillin in a shaking 

incubator at 37 ºC. 

From that point, plasmid DNA was purified using NZYMiniprep Kit (NZYTech) following 

manufacturer’s instructions. Briefly, this starts by lysing bacteria with an alkaline lysis buffer and then 

purifies plasmid DNA using spin columns. 

After plasmid purification, digestion was performed to confirm whether the plasmid contained 

the PCR product. For that, NotI Fast Digest (Thermo Fisher Scientific) was chosen since it cuts at both 

sides of the inserted PCR product. Plasmid DNA (1 µg) was digested following the protocol of the 

manufacturer. 

Finally, after electrophoresis of digested plasmids, positive samples were sent to Sanger 

sequencing at GATC Biotech, using 5 µL of 20ng/µL of plasmid DNA and 5 µL of 5 mM pUC/M13 

Reverse and/or Forward primers (as recommended by the pGEM®-T Easy Vector System protocol). 

Sequences was analysed by the QUMA (Quantification tool for Methylation Analysis) online tool for 

analysis of bisulfite sequence (http://quma.cdb.riken.jp/), which allows both assessment of methylation 

status and multiple alignment of sequences for SNP detection. 
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Results and Discussion 

No systematic study on imprinting stability during iPSC reprogramming has ever been 

performed. In order to evaluate the stability of imprints we needed a system where the donor cell 

harbours both an inducible Yamanaka cassette for controlled reprogramming induction and also 

Single Nucleotide Polymorphisms (SNPs) to distinguish between the two parental alleles. For this 

purpose, we thought of obtaining embryonic fibroblasts from a cross between a mouse model with a 

Doxycycline (Dox)-inducible cassette encoding the four Yamanaka factors inserted on its genome, 

called i4B-F mouse (kind gift from Dr. Manuel Serrano, CNIO/Madrid), to the Mus Musculus 

Castaneus mouse strain. In these highly polymorphic MEFs, reprogramming could be induced by 

simple Dox administration. We believe this system will allow us to determine imprinting errors in 

different loci during the process of reprogramming. 

 

1. Optimization of the Methylation Assessment Protocols 

Before proceeding with reprogramming experiments, the methylation assessment protocols had 

to be optimized for each of the three loci: Peg3, Igf2-H19 and Dlk1-Dio3. Our goal was to assess the 

methylation status of the ICR at these regions while being able to discern between the two parental 

alleles.  

For optimization, already available DNA from Tx1072 ESC and the commercially available Jmj8-

F6 and E14 ESCs, grown in both standard ESC medium and in the ground state two inhibitor (2i) ESC 

medium, were treated with bisulfite. Tx1072 was used since it is an ESC derived from crossings 

between male Cast and female Bl655,68, similar to the cross used in this project.   
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1.1. Optimization of the methylation assay for the Peg3 ICR 

 
Figure 11 - Optimization of the methylation assay for the Peg3 ICR; A) Schematic representation of the  expression 
profile at imprinted gene Peg3; B) Gradient nested PCR for the ICR of Peg3; C) Bisulfite sequencing results for the  

Peg3 ICR in Tx1072 cells 
 

The Peg3 locus is characterized by the paternal-specific expression of the gene. Methylation of 

the maternal ICR, located upstream of the gene blocks the expression of Peg3 in cis69. (Figure 11 A) 

Using the customized primers (Table 6) a Gradient Nested PCR was performed using samples 

from Tx1072 and JmjF6 ESCs, in order to amplify bisulfite-treated Peg3 ICR. For the first PCR, three 

melting temperatures (Tm) were tried: 50 ºC, 53.6 ºC and 56 ºC; while for the second PCR, the chosen 

Tm were 53 ºC, 55.5 ºC and 60 ºC. Figure 11 B shows that all Tm could amplify the bisulfite-treated 

Peg3 ICR. For further amplifications, 56 ºC and 60 ºC were chosen as Tm for the first and second 

PCRs, respectively, to ensure specificity. 

Bisulfite sequencing (Materials and Methods) for the PCR products of the Tx1072 ESCs was 
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performed. As we can see in Figure 2C, both Bl6 and Cast alleles were sequenced. The normal 

methylation pattern was kept in this ESC line, with the maternal allele, from the Bl6 origin, being 

mostly methylated, while the paternal allele (Cast) exhibiting lower methylation of the CpG 

dinucleotides for the low number of sequenced single PCR products . In conclusion, this customized 

assay worked and, in principle, allowed parental-specific analysis of DNA methylation at the Peg3 

ICR. 

 
1.2. Optimization of the methylation assay for the Igf2-H19 ICR  

 
Figure 12 - Optimization of the methylation assay for the Igf2-H19 ICR; A) Schematic representation of the expression 

profile at the Igf2-H19 region; B) Nested PCR for the ICR of Igf2-H19 (* wells to which the content of the other wells 
overflew); C) COBRA results for Tx1072 and E14 in 2i medium; D) Bisulfite sequencing for the Igf2-H19 ICR in Tx1072 

cells 

 

Imprinted expression in Igf2-H19 region is controlled by paternal-specific methylation of an ICR 

located between the two genes. This situation leads to a paternal expression of Igf2, that is upstream 

of the ICR, and a maternal expression of H19, downstream of the methylation region46. (Figure 12 A)  

For Igf2-H19, bisulfite-treated DNA from Tx1072 and E14 in 2i ESC medium cells was used to 

amplify the bisulfite-treated ICR. To do so, we used the nested PCR steps with the primers described 

by Nakamura (2007) (Table 8). Figure 12 B shows that such PCR design worked for this region, with 

correct bands being observed upon electrophoresis. 
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Next, and in line with what was planned for this locus, COBRA (Materials and Methods) was 

performed. After nested PCR, we digest with the Bsu15I that specifically cleaves previously 

methylated DNA. Figure 12 C shows a fragment that has the size of the original PCR product. Such 

result reveals that no digestion occurred and, therefore, the locus is mostly unmethylated for both 

Tx1072 and E14 grown in 2i medium. We could not completely exclude inefficient digestion by Bsu15I, 

however, the same batch of enzyme had previously used and worked as expected (data not shown). 

In any case, , these results were further confirmed by bisulfite sequencing results, for Igf2-H19 ICR in 

Tx1072, on Figure 12 D, where all the 11 PCR products analyzed corresponding to 6 maternal and 5 

paternal alleles  mostly unmethylated. As for samples from E14 grown in 2i medium, this is an 

expected result, since 2i medium has been reported to cause genome-wide demethylation, due to 

repression of de novo methyltransferases54. 

We believe these approaches could be use to assess methylation at this locus both in an allelic-

specific manner (by bisulfite sequencing) and by a non-allelic manner (COBRA). 

 

1.3. Optimization of the methylation assay for the Dlk1-Dio3 ICR  

 
Figure 13 – Optimization of the methylation assay for the Dlk1-Dio3 ICR; A) Schematic representation of the expression 

profile at the Dlk1-Dio3 imprinted regions; B) Gradient nested PCR for the ICR of Dlk1-Dio3; C) Bisulfite sequencing 
results for the Dlk1-Dio3 ICR in Tx1072 

 

The ICR at the Dlk1-Dio3 locus is paternally methylated and is known as IG-DMR (Intergenic - 

Differentially Methylated Region). This epigenetic state leads to paternal expression of Dlk1 and Dio3, 
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coding genes and  maternal expression of the Gtl2 lncRNA58. (Figure 13 A)  

The initial optimization for the methylation assessment protocol for this region used the nested 

PCR steps previously described by Ferron et al. (2011), using the Primer Set #1 in Table 8. However, 

such PCR design was unable to produce the fragment of interest. In order to overcome that problem, 

we performed a Gradient PCR for the second PCR, with three different melting temperatures: 60 ºC, 

55.5 ºC and 53 ºC. According to the results on Figure 13 B, we decided to use 55.5 ºC as Tm for the 

second PCR, since, when compared to 53 ºC, the band obtained was very similar but a higher Tm 

assures higher specificity. (see final conditions for this nested PCR on Table 8) It is important to note 

that, even though we were able to purify the fragments, there was still a significant presence of primer-

dimers (marked with * on Figure 13 B) 

Bisulfite sequencing showed that the imprinting status of this locus correlates with the normal 

status for the locus, with the only maternal allele sequenced (Bl6), being unmethylated, while the 

paternal (5 PCRs sequenced) presented high levels of methylation. In conclusion, this optimized 

assay worked and allowed for parental-specific analysis of DNA methylation at the Dlk1-Dio3 ICR.  
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2. Time Mated Breedings 

 

 
Figure 14 - Time Mated Breedings between i4F-Bl6 and Cast mice; A) Summary of successful crossings between i4F-
Bl6 females and Cast males; B) PCR for Yamanaka cassette for Crossing #1 embryos; C) PCR for Yamanaka cassette 

for Crossing #2 embryos; D) PCR for Yamanaka cassette for Crossing #3 embryos; E) Gender assessment for Crossing 
#3 embryos 

 

In order to obtain E13.5 polymorphic MEFs with a Dox-inducible cassette, time-mated reciprocal 

crossings were established between i4F-Bl6 and Cast mice. From these time-mate crossings, only the 

crossings between i4F-Bl6 females and Cast males produced progeny. Figure 14 A summarizes the 

progeny of the 3 successful crossings. Out of the 3 crossings, we were able to obtain 21 embryos. 

Due to the fact that i4F-Bl6 mouse are heterozygous and Cast strain does not have the cassette, we 

needed to genotype the offspring for the presence of the Dox-inducible cassette. To do so, we 

performed PCR for the Pparg region in which the cassette is inserted20. (Materials and Methods) Upon 

genotyping it was verified that 9 of the embryos contained the fragment of interest. (Figure 14 B, C 

and D) After selecting the embryos from the crossing #3, gender was verified through PCR for the 

Ube1X and Ube1Y regions. (Figure 14 E)  
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3. Experimental Design and Assessment 

 

 
Figure 15 - Experimental design and assessment; A) Percentage of Thy1- SSEA-1+ cells for days 3 to 8 of 

reprogramming; B) AP staining for cells at D12 of culture in the presence (wells 1 and 3) and absence (wells 2 and 4) of 
AA; C) AP staining number positive colonies for cells at D12 of culture 

Assessing the methylation status during reprogramming required collecting intermediate cells 

that were undergoing dedifferentiation at two different points of the process besides the initial MEFs 

and the final miPSCs. One of the intermediates would have to be at an early point of the method and, 

the second one, would be at the last day of Dox-induction. To obtain those samples, cells were sorted 

from the whole cell population using FACS, isolating Thy1.2- SSEA-1+ cells. (see Materials and 

Methods) 

In order to choose the earliest day of reprogramming at which we could collect enough cells to 

extract DNA, we sorted cells consecutively from days 3 to 8 of reprogramming using MEFs from Emb 

2a and Emb 9c. 

Besides this information, which was important for the rest of the methylation assessment 

protocol, these consecutive sortings also provided information about the reprogramming evolution for 

our system. 

Figure 15 A shows the evolution in percentage of Thy1.2- SSEA-1++ cells. According to these 

results, early intermediates were set to be sorted at day 6 of reprogramming, since it was the earliest 
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time-point where enough cells could be obtained from two T145 plates for further methylation 

assessment. 

In order to determine whether the cells possessed early markers of pluripotency and if there 

were immediate differences due to the presence/absence of AA, AP staining was performed ad D12 of 

reprogramming (Figure 15 B) in two independent wells for both conditions. Upon counting and 

averaging, the number of AP positive colonies did not differ between AA+ and AA- conditions, with an 

average of 80 AP positive colonies per well. (Figure 15 C)  
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4. Reprogramming Experimental Design 

 

 
Figure 16 - Outline of the final approach followed to assess imprinting status at the regions of interest 

 

Time-mated crossings were established between two strains of mice: i4F-BL6 and Mus 

Musculus Castaneus (Cast). These strains were used due to their phylogenetic distance, which allows 

the generation of progeny and simultaneous detection of Single Nucleotide Polymorphisms (SNPs). 

From these crossings, we chose MEF from the 2c female embryo which positive for the Yamanaka 

cassette (Figure 14 E). We chose female cell since imprinting errors have been more associated to 

imprinted errors during reprogramming. MEFs were reprogrammed by addition of miPSC medium 

supplemented with Dox. Two different settings were used to dedifferentiate cells, a first one, where 

Ascorbic Acid was also supplemented with Dox, and a second one where only Dox was added to 

miPSC medium. AA was previously shown to be important for the maintenance of imprinting at the 

Dlk1-Dio3 region, the most well documented regions harbouring imprinting errors in iPSCs. Cells were 

reprogrammed for 12 days in the presence of Dox. At day 12, miPSC colonies were picked and plated 
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in feeders in iPSC medium devoid of Dox, and subsequently passaged and diluted until feeders were 

absent. After around 50 days after reprogramming induction, cells were collected. (see Materials & 

Methods for more details) 

From this protocol, 6 cell populations were collected for DNA extraction. The first population 

consisted in the initial MEFs, while the next two populations were intermediate cells undergoing 

reprogramming in two different stages: early intermediates (D6) and late intermediates (D12) in both 

presence and absence of AA (D6 and D6 AA & D12 and D12 AA). To obtain these intermediates from 

the bulk populations, reprogramming intermediates were selected based on Thy1.2- and SSEA-1+ 

markers, a well-described signature of cells undergoing reprogramming32. The final miPSC colonies 

picked were used as the last population (miPSC 1 and miPSC 2 & miPSC 1 AA and miPSC 2 AA) 

(Figure 16 A). 

These different cell populations, spanning through the dedifferentiation protocol, allow 

systematic analysis of the methylation status (Figure 16 B). 
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5. Isolation of Early and Late Reprogramming Intermediates  

 

 
Figure 17 - Isolation of early and late intermediates of the reprogramming process; A) FACS of a pure MEFs 

populations and populations at D6 and D12 of culture in the absence and presence of AA; B) Summary of FACS yields 
for the different time-points 

 

At day 6 of reprogramming, a total of 4 p150 plates were used, 2 for each condition. As for day 

12 of reprogramming, only 1 plate of reprogramming cells was used for each condition, due to higher 

content of Thy1.2- SSEA-1+ cells per plate. Cell populations were sorted according to their 

fluorescence, as it can be seen on Figure 17 A. There was an initial screening on a pure population of 

MEFs (see first graphic of Figure 17 A) that show that no SSEA-1+ cells were presented before 

reprogramming has been induced. 

Upon sorting of the aforementioned plates, it was possible to sort 6400 cells for D6, 10200 for 

D6 AA, 93200 cells for D12 and, finally, 161300 for D12AA. (Figure 17 B) Interestingly enough, FACS 

sorting yielded very different number of cells in AA- vs. AA+ conditions for both D6 and D12, revealing 
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a higher efficiency in reprogramming in the presence of AA, as it has been published60. Even though 

these results do not comply with those on Figure 17 C, FACS sorting has a higher accuracy when 

compared to AP staining regarding identification of pluripotent cells or cells undergoing 

reprogramming. Besides that, AP staining counts numbers of colonies, while FACS data count cells. 

This might also suggest that perhaps the initial number cells that reprogram are the same, but cells 

undergoing reprogramming divided faster in AA+ conditions.  
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6. Methylation Imprinting Assessment during Reprogramming  

After collecting the six cell populations, DNA was extracted. For MEFs, miPSC 1, miPSC 2, 

miPSC AA 1 and miPSC AA2, DNA was extracted using the protocol described on page 17. As for the 

intermediates (D6, D6 AA, D12 and D12 AA) genomic material was extracted as described on page 

23, due to the lower number of cells and the need to have the highest yield possible.  

After extraction, all samples were treated with bisulfite (see page 23 for more information) and 

the methylation assessment protocol was performed to analyze the methylation status of the ICRs of 

the regions of interest: Peg3, Igf2-H19 and Dlk1-Dio3. 

 

6.1. Peg3 ICR Methylation Status during Reprogramming 

 

 
Figure 18 - Methylation status at Peg3 ICR during reprogramming; A) Schematic representation of the expression 

landscape at imprinted Peg3 locus; B) Nested PCR results for Peg3 ICR during reprogramming; C) Bisulfite 
sequencing results for the Peg3 ICR at D12 in AA+ conditions; D) Summary of the bisulfite sequencing results at the 
two  parental alleles at the Peg3 ICR; E) Percentage of mean methylation levels for Peg3 ICR at maternal and paternal 

alleles during reprogramming (plotted with SEM values) 

MEFs

MEFs
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Using the primers and PCR steps on Table 6, it was possible to amplify the ICR of Peg3 and 

obtain fragments with the correct size, 352 bp. (Figure 18 B) After isolation of such fragments, we 

proceeded to bisulfite sequencing. Figure 18 C shows individual cloned PCR products of bisulfite-

treated DNA for the Peg3 ICR region at D12 AA+ conditions. As it exemplified in this case, most of the 

paternal alleles (Cast) seems to be unmethylated, while the maternal allele (Bl6) seems to be 

methylated. The methylation ratio was calculated for the different sequences for each allele, using 

QUMA. (see more on page 26), and the mean %Cm was 14,8% for the paternal allele and 94.6% for 

the maternal allele. The difference in methylation levels between the two parental alleles was shown to 

be statistically significant (p<0.0001, calculated by two-way ANOVA analysis).  

Accordingly, in the donor hybrid MEFs, the expected methylation status (unmethylated paternal 

allele and methylated allele) was observed, confirming that our approach could be used to assess the 

methylation status during reprogramming (Figure 18 D and E). For the reprogramming done in the 

presence of AA (AA+), we could observe correct maintenance of the imprinting at all stages analysed 

(for D6, we could only sequence one paternal unmethylated allele), which suggests that presence of 

AA is protective for epigenetic disturbances at this locus. In the AA- conditions, we observed a bias 

towards the amplification of the paternal allele at all stages of reprogramming (Figure 18 D). PCR or 

cloning biases are long known to occur upon bisulfite treatment of DNA and this could be notice in our 

data set thanks to our approach using SNPs to tell apart the two parental alleles. The paternal allele 

was also found unmethylated during AA- reprogramming. We could only one maternal allele at D6 and 

another one at the final miPSC stage. Curiously, they were both found to be unmethylated and not 

methylated as in MEFs or reprogramming in AA+ conditions. Although this data is scarce, this is in line 

with two previous reports which found hypomethylation at the Peg3 ICR using non-allelic 

approaches36,53, which were more pronounced in female iPSCs53.  

The very few results gathered on the maternal allele actually point out for a possible loss of 

methylation in the absence of AA. The protective effect on imprinting maintenance by AA at the Dlk1-

Dio3 locus was previously reported and relied in protection from hypermethylation due to I inhibition of 

the Dnmt3a methyltransferase60. In the case of the maternal allele of the Peg3 ICR, the protective 

effect would be the opposite, since, in this case, the maternal allele seems to be protected from 

demethylation rather then hypermethylation and therefore another mechanism should be invoked. 

More maternal sequences have to be sequenced to understand if this is a general trend and 

how many maternal alleles become unmethylated and when this is manifested during reprogramming. 

Besides DNA methylation analysis, allelic-specific expression of Peg3 could also be monitored 

in the future, since an exonic SNP is present and will allow test if the imprinted status of this gene is 

maintained or not during reprogramming.  

.  
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6.2. Igf2-H19 ICR Methylation Status during Reprogramming 

 

Figure 19 - Methylation status at the Igf2-H19 ICR during reprogramming; A) Schematic representation of the 
expression landscape at the Ig2/H19 imprinted region; B) Nested PCR results for Igf2-H19 ICR during reprogramming; 

C) COBRA for Igf2-H19 locus throughout reprogramming 

 

ICR of the Igf2-H19 locus was successfully amplified, after bisulfite treatment, by PCR using the 

same strategy as in Figure 12 B and was then purified (Figure 19 B). For this locus, we decided to 

perform COBRA, instead of bisulfite sequencing. Although we loose allelic-specific information, 

COBRA allows a quick assessment of the presence of both methylated and unmethylated alleles, 

which is less laborious and expensive than bisulfite sequencing. In this assay (Materials and 

Methods), the non-cleaved PCR product represents the unmethylated allele and has a size of 422 bp. 

In contrast, cleaved PCR products represent the methylated allele and yields several cleaved products 

of which only the bigger piece (335 bp) can be well detected on the gel (Figure 19 C). Both methylated 

and unmethylated alleles are detected in MEFs, but also at late intermediates and miPSCs, regardless 

of the presence of AA. However, this is not the case for early intermediates.  

At D6 in AA-, we could only detect the band corresponding to the methylated allele, which leads 

to a single band with the size of the biggest cleaved product of Bsu15I digestion. As for D6 AA, occurs 

the reverse situation, only the band of the non-digested product, which represents the unmethylated 

allele is observed. Although these results seem inconsistent with the rest of the samples, COBRA was 

repeated two more times in the same samples (technical replicates) yielding the same results (data 

not shown). 

These results seem to suggest that early intermediates are prone to imprinting defects, but they 

somehow get resolved with progression of reprogramming. We cannot rule out, obviously, PCR bias 

towards one or the other allele that manifested more strongly at D6, when less initial DNA material 

was recovered. Only cloning and sequencing of this PCR products would allow understanding this. If 
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this is not a technical artefact, these results are interesting as this ICR could be extremely labile at 

early stages of reprogramming. Moreover, AA might have a function towards limiting access of Dnmts 

to this ICR and therefore protect, on one hand, the maternal allele to get methylated, and, on the other 

hand, to allow the paternal allele to loose methylation. This is in accordance with what was suggested 

for the role of AA in protecting hypermethylation to occur at the Dlk1-Dio3 locus60. In the absence of 

AA, on the contrary, it seems to exist a tendency to hypermethylate the maternal ICR. In any case, 

either this labile ICR resolves on itself or there is a very small population of cells with correct imprinting 

at the Igf2-H19 ICR that persist, because correct Ig2-H19 imprinting might cause a selective 

advantage during reprogramming, and this could explain why normal imprinting at this locus seems to 

be found at final stages of reprogramming. Obviously, bisulfite sequencing is needed to confirm this.  

 

6.3. Dlk1-Dio3 IG-DMR Methylation Status during Reprogramming 

 

 
Figure 20 - Methylation status at Dlk1-Dio3 IG-DMR region; A) Schematic representation of the expression landscape at 
the imprinted Dlk1-Dio3 gene cluster; B) Nested PCR results for the Dlk1-Dio3 ICR with Primer Set #1 and Primer Set #2 
for D6, D6 AA, D12 and D12 AA samples; C) Nested PCR results for Dlk1-Dio3 ICR with Primer Set #2 for MEFs, miPSC 
1, miPSC 2, miPSC AA 1 and miPSC AA 2 samples; D) Bisulfite sequencing results for the Dlk1-Dio3 ICR at D12 in –AA 

conditions 

 

For the Dlk1-Dio3 locus, the first attempt to amplify the region was performed using the primer 

set #1 (see Table 8) with the conditions previously optimized (Figure 13 B). However, this attempt did 

not worked, as it can be seen on the left side of Figure 20 B. The reasons for this failure could not be 
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determined. To solve this issue, we designed a new nested PCR for this ICR, using the first PCR 

round of the initial method and combining it with a second round with the primers described by 

Nakamura et al. (2007) to the same region. (see Table 9) By doing so, the region of interest for D6, D6 

AA, D12 and D12 AA samples was successfully amplified (left side of Figure 20 B). When the same 

strategy was applied to the remaining samples, it failed to amplify properly the fragment, except for 

miPSC AA 2 sample (Figure 20 C). Different parameters as DNA concentration for PCR and bisulfite 

treatment or PCR conditions were used to try to isolate the region, but such optimization pursuits 

failed to accomplish the desired goal. (data not shown) Therefore, we could not find nor solutions nor 

explanations for this problem, and were unable to obtain Dlk1-Dio3 PCR products for all the samples. 

Even though it was not possible to do a full analysis of the methylation status of the ICR of Dlk1-

Dio3, we decided to perform bisulfite sequencing for the purified PCR products available (D6, D6 AA, 

D12 and D12 AA). Figure 20 D shows the methylation status observed for this locus for D12. As it is 

observed both the maternal (Bl6) and paternal alleles (Cast) are highly methylated. Similar results 

were observed for the other time points regardless of the presence of AA (data not shown). 

The evolution of the methylation cannot be theorized, since there is no data for the initial and 

final cells. Notwithstanding, these results seem to be in line with previous studies that reported 

hypermethylation at this site58, even though they do not abide with reports that indicated a protective 

effect of AA60. These results seem to suggest that hypermethylation of the Dlk1-Dio3 locus might 

indicate that the defects on imprinting at this locus occur very early during reprogramming process. 

This is much earlier than what was previously identified by Stadtfeld et al. (2012), which only identified 

defects in early miPSCs. The difference of approaches is that we used an allelic-specific method while 

the aforementioned study did not, and shows the advantages of the methodology we chose to look at 

imprinting maintenance during reprogramming. 

Having said that, we did not obtained results for the other stages and therefore our results are 

incomplete and the conclusions are only preliminary. For instance, it would be necessary to know MEF 

methylation status, in order to know if the locus imprint was not originally disrupted, and it was 

reprogramming that caused high levels of methylation.  

Considering that the imprint should be maintained consistently during cell culture, our results 

could come from a higher sensitivity to epigenetic changes of this locus, making it a target for 

methylation. Should that be the case, the presence of AA did not make a difference for our 

experiment. 

Another aspect to consider is the difference between the strains of mice used. We use an hybrid 

cross between a “reprogrammable” mice and an outbred strain which could have an impact on the 

dynamics/efficiency of reprogramming and change the degree of susceptibility of imprinting (and in 

particular at the Dlk1-Dio3 locus). For instance, it could cause a higher epigenetic stress, leading to 

increased levels of methylation, even in the presence of. 

All things considered, further work on this locus is needed to outline a behaviour trend regarding 

methylation at Dlk1-Dio3. 
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Conclusions and Future Perspectives 

The work developed in this project devised methylation assay protocols for 3 imprinted regions: 

Peg3, Igf2-H19 and Dlkl1-Dio3. Among others, these loci have been reported to undergo imprinting 

disruption during cell reprogramming. Due to the importance of imprinting on cell physiology and 

animal development and growth, understanding what and when it happens it is of utmost importance 

when thinking about iPSCs function and future applications. 

Aiming at unveiling the reasons behind imprinting defects during reprogramming, we monitored 

those 3 loci during reprogramming of MEFs. These MEFs were reprogrammed taking advantage of a 

Dox-inducible cassette encoding Oct4, Sox2, Klf4, and c-Myc, which allows controlled induction of the 

Yamanaka factors. Apart from this, to obtain the MEFs, mouse time-mated crossings were established 

between i4F-Bl6 and Cast, so that SNPs could be detected and parental alleles identified.  

These loci were analysed during reprogramming at four different stages using bisulfite treatment 

and subsequent amplification (Figure 16). Two of those stages were intermediate time-points, which 

required the use of FACS to isolate cells undergoing reprogramming. 

As for the results for the methylation imprinting status during reprogramming, we did an 

extensive analysis for the Peg3 locus, and a preliminary analysis for the Igf2-H19 and Dlk1-Dio3 locus. 

The data obtained for Peg3 pointed out to a preservation of imprinting in the presence of Ascorbic 

Acid (Figure 18 E). However, the imprinting status in the absence of AA, it was not possible to gather 

enough information to assess the effect of epigenetic remodelling that happens during 

dedifferentiation. (Figure 18 D) In any case, further bisulfite sequencing is needed to complete this 

image and allow proper comparison between AA- and AA+. 

Next, for Igf2-H19, the preliminary results from COBRA seem to indicate a disruption in the 

imprinting status of that region that is corrected afterwards (Figure 19 C). This needs, however, to be 

confirmed by bisulfite sequencing, that would give allele-specific information, clarifying the present 

results. 

Lastly, for Dlk1-Dio3 ICR, methylation status could not be assessed thoroughly, since the two 

different protocols that were optimized to evaluate the imprinting status at this locus failed to yield 

PCR products at all the time points during reprogramming. For the intermediate stages, the 

information gathered seems to indicate hypermethylation of the maternal allele as early as D6 of 

reprogramming and this was independent of the AA supplementation. New amplification strategies 

must be designed so that IG-DMR can be amplified and sequenced across all the stages of 

reprogramming. 

Apart from DNA methylation assessment, it is also important to study the allelic-specific 

expression profile of these loci, since allelic-specific expression is the ultimate read-out for genomic 

imprinting. 

These results are important, not only due to the information they reveal, but also because they 

point towards a significant need to further develop protocols for methylation analysis of imprinted 

regions. After gathering this information regarding these three diagnostic loci and if imprinting errors 

are found to be frequent at least for one or two loci, out next step will be to evaluate genome-wide 

imprinting methylation defects during reprogramming using this system to have a full picture of how 
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genomic imprinting behaves during reprograming. These regions play important roles in cellular 

function and the maintenance of their correct status of different epigenetic marks is highly significant 

for the success of iPSCs in medical research. Additionally, knowing the behaviour of imprinted regions 

during reprogramming can also provide useful insight for future reprogramming protocols that can 

overcome such flaws and present higher efficiencies for cell reprogramming. The use of compounds to 

tackle such abnormalities, like epidrugs, might also be an interesting approach to tackle imprint 

disruption, since these compounds modulate the epigenetic phenomena, possibly protecting imprints 

from reprogramming remodelling. 
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