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Resumo 

 

Dinâmica telomérica e diferenciação hematopoética de células-tronco pluripotentes 
induzidas humanas com mutação em DKC1 

 

Telômeros são sequências repetitivas de nucleotídeos nas terminações dos cromossomos 

lineares que são protegidos por proteínas específicas. Assim, os telômeros conferem 

estabilidade e proteção do material genético nos cromossomos. Os telômeros são encurtados 

como resultado da divisão celular mitótica, mas são mantidos em células com alta capacidade 

proliferativa por meio da telomerase, que enzimaticamente adiciona repetições teloméricas na 

extremidade   3′   da   molécula   de   DNA.   O   complexo   da   telomerase   é   composto   pela  

transcriptase reversa (TERT), por um componente de RNA (TERC) e proteínas que 

estabilizam o complexo, como a discerina (codificada pelo gene DKC1). Mutações nesses 

genes podem resultar em doenças como a disceratose congênita (DC), uma síndrome de 

falência da medula óssea herdada. Células-tronco pluripotentes induzidas (iPSCs) podem ser 

utilizadas como modelo de doenças, já que as células reprogramadas de pacientes mantêm as 

características genotípicas. As iPSCs superam a senescência replicativa por meio da 

reativação da telomerase e, consequentemente, do alongamento telomérico. No presente 

estudo, iPSCs foram derivadas a partir de fibroblastos de um paciente com DC e mutação no 

DKC1 (A353V). Os efeitos dessa mutação na dinâmica dos telômeros e na diferenciação 

hematopoética foram investigados. iPSCs foram derivadas com sucesso e mantidas em 

cultura por um longo período sem apresentar sinais de diferenciação espontânea (última 

passagem: 140). Os telômeros encurtaram durante as primeiras passagens após a 

reprogramação, mas se mantiveram estáveis após a passagem 20. Mecanismos alternativos de 

alongamento telomérico e variações no número de cópias no genoma foram descartados 

como responsáveis pelo comportamento observado nos telômeros, sugerindo que os mesmos 

foram mantidos pela ativação tardia da telomerase. Diferenciação hematopoética foi realizada 

em dois clones das iPSCs, os quais apresentaram capacidade aumentada de gerar linhagens 

hematopoéticas. Em contraste com estudos anteriores, esses resultados sugerem que as iPSCs 

com mutação em DKC1 superam as limitações decorrentes da mutação por, eventualmente, 

alcançar estabilidade do comprimento telomérico e, assim, manter a proliferação celular e a 

capacidade de auto-renovação em passagens tardias. O modelo apresentado nesse estudo 

pode ser útil para futuros estudos moleculares da biologia dos telômeros, além de servir como 

uma plataforma para o teste de moléculas que possam potencialmente superar o fenótipo 

mutante. 
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iii 
 

 
 

Abstract 
 

Telomere dynamics and hematopoietic differentiation of human DKC1-mutant induced 
pluripotent stem cells 

 

Telomeres are nucleotide repetitive sequences at linear chromosome endings coated by 

specific proteins (shelterin) and providing chromosomal protection and stability. Telomeres 

shorten due to cellular mitotic division, but are maintained in cells with high proliferative 

capacity  by  telomerase,  which  enzymatically  adds  telomere  repeats  to  the  3′  ends  of  the  DNA  

strand. The telomerase complex is composed of a reverse transcriptase (TERT), an RNA 

component (TERC), and proteins that provide stability, as dyskerin (encoded by the DKC1 

gene). Mutations in these genes may result in human diseases as dyskeratosis congenita (DC), 

an inherited bone marrow failure syndrome. Induced pluripotent stem cells (iPSCs) may 

serve   to  model  disease,   as  patients’   reprogrammed  cells maintain genotypic characteristics. 

The iPSCs overcome replicative senescence by reactivating telomerase and restoring 

telomere lengths. In this study, iPSCs were derived from fibroblasts of a DC patient carrying 

a DKC1 mutation (A353V). The effects of this mutation in telomere dynamics and 

hematopoietic differentiation were investigated. iPSCs were successfully derived and 

maintained in long-term culture without signs of spontaneous differentiation (last passage, 

140). Telomeres shortened during the first passages after reprogramming, but were 

maintained in length after passage 20. Alternative lengthening of telomeres and genome copy 

number variations in the iPSCs were ruled out as responsible for this telomere behavior, 

suggesting that telomeres were maintained by late telomerase activation. Hematopoietic 

differentiation was carried out in two DKC1-mutant iPSCs clones, displaying increased 

capacity to generate hematopoietic lineages. In contrast to previous studies, these findings 

suggest that DKC1-mutant iPSCs overcome the limitations imposed by the DKC1 gene defect 

by eventually achieving telomere length stability and maintaining cell proliferation and self-

renewal at late passages. The model presented here may be useful for further molecular 

studies on telomere biology and so may serve as a platform for the screening of molecules 

that potentially overcome the mutant phenotype. 

 

Keywords: induced pluripotent stem cells (iPSCs), telomeres, telomerase, X-linked 

dyskeratosis congenita, DKC1, hematopoietic differentiation. 
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1. Introduction 
 

1.1. Telomeres 
 

The eukaryotic genomes are organized in chromosomes, which are formed by long and 

linear molecules of DNA condensed around nuclear proteins. The ends of chromosomes are 

called telomeres (from the Greek terms telos and meros,   meaning   “end”   and   “part”,  

respectively). The main function of telomeres is to ensure chromosome stability through their 

unique properties, such as (1) prevent deoxyribonucleases from degrading the ends of the 

linear DNA molecules, (2) prevent fusion of the ends with other DNA molecules, and (3) 

facilitate replication of the ends of the linear DNA without loss of material, due to 

peculiarities of the replication mechanism (Snustad and Simmons, 2012). 

Hermann J. Muller, who first introduced the term telomere in 1938, demonstrated that 

Drosophila chromosomes with radiation-induced breaks were not transmitted to progeny 

(Muller, 1938). In the early 1940s, Barbara McClintock demonstrated that new ends of 

broken maize chromosomes were sticky and tended to fuse with each other. In contrast, the 

natural ends of the chromosomes were stable and showed no tendency to fuse to other broken 

or unbroken ends (McClintock, 1941). These observations indicated that telomeres have 

special structures that differ from the ends produced by chromosome breakage. 

Telomeres are specialized DNA-protein structures composed of short repetitive 

nucleotide sequences and capping proteins. The telomeric DNA sequences differ among 

species,  but  the  basic  repeat  unit  has  the  pattern  5′  T1–4A0–1G1–8 3′  in  almost  all  the  species. In 

humans and other vertebrates, sequences are highly conserved consisting of thousands 

TTAGGG tandem repeats (Moyzis et al., 1988). The telomere-capping proteins, also called 

shelterin complex, are important for the tertiary structure of telomeres and to protect the 

integrity of the complex (de Lange, 2005). Shelterin is composed of six different proteins: 

Telomeric Repeat Binding Factor 1 (TRF1 or TERF1), Telomeric Repeat Binding Factor 2 

(TRF2 or TERF2), Protection of Telomeres 1 (POT1), TRF1-interacting Nuclear Factor 2 

(TIN2 or TINF2), Adrenocortical Dysplasia Protein Homolog (ACD or TPP1), and 

Telomeric Repeat Binding Factor 2, Interacting Protein (TERF2IP or Rap1). Three proteins 

bind specifically to telomeric nucleotides: TRF1 and TRF2 bind to double-stranded repeats, 

and POT1 binds to single-stranded repeats. TIN2 and TPP1 tether POT1 to DNA-bound 

TRF1 and TRF2. The TRF2-associated protein Rap1 participates in the regulation of 



 
2 

 

 
 

telomere length (Snustad and Simmons, 2012). Shelterin complex is represented on Figure 

1.1. 

Telomeres are not just repetitive linear nucleotide sequences at the end of the 

chromosomes but they form complex structures called T loops, and the shelterin complex is 

crucial for their formation and integrity (Griffith et al. 1999; Stansel et al. 2001). The 

telomeric leading strand terminates as a G-rich single-stranded   region   of   DNA  with   a   3′-

hydroxyl (a so-called   3′   overhang).   This   protrusion   forms   due   to   the   catalytic   addition   of  

telomeric repeats at this strand and the post-replicative processing of the lagging strand 

(Makarov et al. 1997). The resulting overhang (containing 50 to 500 bases in humans) folds 

back in the double-stranded telomere repeats, base pairing with part of the C-rich strand, 

forming the T loop structure, which tucks the end of the linear DNA molecule (de Lange, 

2005). Thus T loops and shelterin proteins prevent the exposure of single stranded telomeric 

overhang that would trigger the DNA damage response machinery. Furthermore, it prevents 

end-to-end fusion or recombination of chromosomes (de Lange, 1992). A representation of 

the telomere structure is provided on Figure 1.1. 

 

 

 

Figure 1.1 – The telomere structure. The telomeric leading strand ends in a G-rich   3′-hydrohyl 
overhang that invades the double-strand and base pairs with the C-rich strand, forming the T loop. 
The G-rich single-strand that remains inside the structure as a result of the T loop is denominated D 
loop. In human cells, telomeres are composed of hundreds to thousands of TTAGGG tandem repeats 
coated by complexes of six proteins (TRF1, TRF2, TPP1, POT1, TIN2, and RAP1), collectively 
termed shelterin, that are responsible for DNA protection (from Calado and Young, 2008; public 
domain  material;;  reproduced  under  authors’  consent). 
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1.2. Telomerase 
 

DNA  polymerase  requires  an  RNA  primer  with  a  3′-hydroxyl donor for replication of the 

lagging strand. Primer binding becomes impossible at the end of replication leaving a not 

replicated segment at chromosomal termini. Without a compensatory mechanism the linear 

DNA molecule would lose several bases with each mitotic division (Cong et al., 2002; 

Harley et al., 1990).   This   observation   was   termed   the   “end-replication   problem”   and   was  

firstly described by Alexey Olovnikov (Olovnikov, 1971). Telomeres solve the problem of 

losing genetic information with cell division but eventually also all telomeric sequences 

would be lost particularly in highly proliferative tissues. When telomeres become critically 

short cellular signaling pathways to arrest of cell proliferation, senescence, and apoptosis 

become activated (Herbig et al., 2004). Leonard Hayflick postulated in 1965 that human cells 

in culture have a limited proliferative capacity (Hayflick, 1965), the so-called   “Hayflick  

limit”  (Shay and Wright, 2000), and telomere shortening below a critical limit has been later 

mechanistically associated. However, some cells like germ-line cells, embryonic and adult 

stem cells, and some immortalized and cancer cells exhibit a higher proliferation capacity 

than predicted by the Hayflick limit and they also maintain their telomere length to some 

degree. 

In the early 1980s, Elizabeth Blackburn, Jack Szostak, and Carol Greider discovered and 

characterized the enzyme telomerase (Szostak and Blackburn, 1982; Greider and Blackburn, 

1985). Telomerase is a ribonucleoprotein complex with reverse transcriptase activity that 

adds  the  telomere  sequences  in  the  3′  ends  of  chromosomes  using  an  RNA  template  (Cong et 

al., 2002). Thus telomerase overcomes the deficiency of DNA polymerase to completely 

synthesize a new DNA strand. The ribonucleoprotein complex telomerase comprises a 

reverse transcriptase (encoded by TERT gene) that uses the telomerase RNA component 

(encoded by TERC) as a template for synthesis of telomeric DNA. Additionally the 

functional telomerase complex requires other proteins, such as NHP2 ribonucleoprotein 

(NHP2), NOP10 ribonucleoprotein (NOP10), GAR1 ribonucleoprotein (GAR1), and dyskerin 

for efficient telomere synthesis (Calado and Young, 2009) – Figure 1.2. 
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Figure 1.2 – The structure of telomerase complex. The reverse transcriptase TERT enzymatically 
adds  TTAGGG  repetitions  to  the  3′  termini  of  the  leading  strand  using  the  RNA  component  (TERC)  
as a template. Other proteins, such as dyskerin, NHP2, NOP10, and GAR1, also binding to TERC to 
provides the stabilization of the complex (from Calado and Young, 2008; public domain material; 
reproduced  under  authors’  consent). 

 

 

Dyskerin, the nucleolar protein encoded by the Dyskeratosis Congenita 1 (DKC1) gene, 

plays multifunctional roles as nucleocytoplasmic trafficking (Meier and Blobel, 1992, 1994), 

rRNA transcription and ribosome biosynthesis (Cadwell et al., 1997), and RNA 

pseudouridylation. Moreover, this protein is responsible for the stabilization of small 

nucleolar RNAs (snoRNAs) that contain an H/ACA sequence motif, such as TERC 

(Lafontaine et al., 1998). Thus, dyskerin is important for the recognition of TERC and 

assembling of the telomerase complex in the Cajal bodies. Furthermore, dyskerin plays a role 

in the translocation of telomerase to the telomeres (Mitchell et al., 1999). 

The telomerase genes are highly expressed in cells with high proliferative capacity, and 

usually absent in terminally differentiated somatic cells (Broccoli et al., 1995). The ectopic 

expression of TERT in somatic cells restores telomere length and consequently 

“immortalizes”  cells  (Bodnar  et al., 1998; Vaziri et al., 1998; Hahn et al., 1999). Telomerase 

is not the only mechanism to maintain telomere length. Alternative lengthening of telomeres 

(ALT) has been described, mainly in cancer cells. This mechanism relies on homologous 

recombination-mediated DNA replication. Cells displaying ALT activity retain the canonical 

attributes of telomeres as wells as specific features, as the presence of abundant 

extrachromosomal telomeric DNA that may be linear double-stranded or form circular 

structures from double-stranded telomere DNA (t-circles), to partially single-stranded circles 

(C-circles or G-circles) (Cesare and Griffith, 2004; Wang et al., 2004; Henson et al., 2009; 
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Nabetani and Ishikawa, 2009). Other characteristics usually found are heterogeneity among 

telomere length of the chromosomes, elevated levels of recombination at telomeres, and 

association of telomeric DNA with promyelocytic leukemia (PML) nuclear bodies, the ALT-

associated PML bodies (APBs) (Bryan et al., 1995; Yeager et al., 1999; Londono-Vallejo et 

al., 2004). However, ALT has been documented as an anomalous situation observed in 

cancer cells and genetically modified organisms (Cesare and Reddel, 2010). 

 

 

1.3. Telomeropathies 
 

Observations in the late 1990s and early 2000s associated very short telomeres with 

human diseases. Ball et al. (1998) and Brummendorf et al. (2001) reported progressive 

telomere attrition in aplastic anemia (AA) patients. AA is a heterogeneous bone marrow 

failure (BMF) disease that is characterized by pancytopenia due to a progressive loss of 

hematopoietic stem cells (HSC) (Young, Scheinberg, and Calado, 2008). Etiologically, T-cell 

mediated autoimmune processes against HSC have been described. The compensatory 

replicative stress within the HSC compartment may explain the progressive telomere attrition 

seen in  patients’  blood  cells  but  also  a  primary  telomerase  defect  could  not  be  excluded. 

With dyskeratosis congenita (DC) Mitchell et al. firstly described in 1999 a primary 

telomere dysfunction responsible for a human disease. DC is a rare multi-system disorder, 

which in its classical form is characterized by a triad of mucocutaneous abnormalities 

encompassing abnormal skin pigmentation, nail dystrophy, and oral leukoplakia (Dokal, 

1999). Multiple organ involvement, commonly the bone marrow and the lung, accompany the 

mucocutaneous findings. Despite variation in the clinical presentation and organ 

involvement, bone marrow dysfunction is observed in more than 80% of cases (Kirwan and 

Dokal, 2009), which represents also the risk factor for mortality in these patients (Calado and 

Young, 2009). Historically, classical linkage analysis of large pedigrees has associated 

dysfunctional dyskerin with the X-linked DC. Subsequently, short telomeres were found to 

be a defining characteristic of the disease (Heiss et al., 1998). Then, Mitchell et al. (1999) 

observed that dyskerin was associated not only with H/ACA small nucleolar RNAs, but also 

with TERC, which contains an H/ACA RNA motif, finally associating dysfunctional 

telomeres with diseases. 

After this hallmark, telomere attrition has been linked to dysfunctions with broad clinical 

spectrum, more generally termed telomeropathies. These diseases manifest from birth to late 
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adulthood and most often lead to hematopoietic dysfunctions that may range from no 

abnormalities or mild hematologic abnormalities to BMF (Calado and Young, 2009). Apart 

from the X-linked form of DC, mutations in other telomerase and shelterin genes have been 

associated with DC and telomeropathies in general. Among those are autosomal dominant 

(mutations in TERT, TERC, and TIN2), and autosomal recessive (mutations in NOP10, 

NHP2, and TCAB1) (Dokal, 2000). Mutations or deletions in TERC are present in about 10% 

of DC families and tend to be milder that the X-linked disease (Knight et al. 1999; Vulliamy 

et al. 2006; Calado and Young 2008; Dokal et al. 2011; Mason and Bessler 2011). DC caused 

by single amino acid substitutions in TERT is clinically more severe and presents the 

phenomenon of anticipation, in which later generations have shorter telomeres (Mason and 

Bessler 2011; Nelson and Bertuch, 2012). Moreover, novel mutations were identified in 

RTEL1 gene in patients with Hoyeraal-Hreidarsson syndrome, a severe variant of DC. RTEL1 

is a DNA helicase, essential for genome stability, that has been implicated in the disruption of 

D loop formation during homologous recombination (Uringa et al. 2011; Le Guen et al. 

2013; Lee et al. 2013; Walne et al. 2013), also essential for the disassembly of T loops during 

DNA replication (Vannier et al. 2012). 

Mutations in TERC and TERT have also been described in cases of apparently acquired 

AA without the classical DC phenotypes (Fogarty et al., 2003; Yamaguchi et al., 2005), 

providing a molecular mechanism for short telomeres in about 10% of these patients (Calado 

and Young, 2009). Moreover, similar studies have found telomerase mutations in families 

with idiopathic pulmonary fibrosis, a restrictive lung disease usually associated with aging, 

but whose etiology and pathogenesis were still unclear. It was observed that short telomeres 

account  for  about  15%  of  the  termed  ‘idiopathic’  cases (Armanios et al., 2007; Tsakiri et al., 

2007). Finally, mutations in telomerase were associated with familial liver disorders, which 

cause a pattern of fibrosis with inflammation and nodular regenerative hyperplasia. The 

mutations were found to confer genetic risk factors for the development of cirrhosis (Calado 

et al., 2009; Calado et al., 2011; Hartmann et al., 2011). Interestingly, the penetrance and 

phenotype in these cases is very variable. 

Traditional disease models utilize either immortalized cell lines or short-term culture of 

some primary cell types in vitro. In telomeropathies, the isolation and propagation of affected 

cells (mainly the primary stem cells) from patients is difficult, since the stem cells from 

tissues of interest are likely reduced in number (e.g. aplastic marrow, fibrotic liver and lung). 

Moreover, animal models, such as mice, fail in completely recapitulate the pathophysiology 

of these diseases. Since laboratory mice have very long telomeres, the telomerase deficient 
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animals need extensive breeding to reach critically short telomeres (Calado and Dumitriu, 

2013). Recent advances in pluripotent stem cells (PSCs)-based models may provide useful 

alternatives for the investigation of disease mechanisms as well as for drug screening (Jung et 

al., 2015). 

 

 

1.4. Induced pluripotent stem cells for disease modeling 
 

Embryonic stem cells (ESCs) are pluripotent cells derived from early mammalian 

embryo (blastocyst). Unlimited self-renewal and the capacity to differentiate into cells of all 

germ layers define their phenotype (Evans and Kaufman, 1981; Martin, 1981). The first 

derivations of ESCs were reported in mouse from the inner cell mass of blastocysts (Evans 

and Kaufman, 1981; Martin, 1981). These first studies have established the culture conditions 

for growing pluripotent ESCs in vitro, as well as the specific markers that define these cells. 

The derived ESCs displayed normal karyotypes, generated derivatives of the three primary 

germ layers, and formed teratomas (tumors harboring cell types from all three primary germ 

layers) when injected into immunodeficient mice. 

Human ESCs (hESCs) were first isolated from blastocysts by Bongso et al. in 1994. 

Cells retained a stem cell-like morphology, but some inner cell mass clumps differentiated 

into fibroblasts and the cells were no longer maintained in culture (Bongso et al., 1994; 

Bongso et al., 1994). Four years later, Thomson et al. derived hESCs from the inner cell mass 

of blastocysts produced by in vitro fertilization. The generated cell lines (H1, H7, H9, H13, 

and H14) were cultured through many passages and maintained normal karyotypes, high 

levels of telomerase activity, and expression of cell surface markers typical of hESCs as 

alkaline phosphatase, SSEA-4, TRA-1-60, and TRA-1-81. Moreover, these cell lines were 

able to generate teratomas when injected into mice, demonstrating their pluripotent capacity 

(Thomson et al.,  1998).  Thomson’s  work   represents  a  milestone   for  pluripotent   stem  cells-

based disease models and also a source for potential cell-based therapies. However, ethical 

implications regarding the source of hESCs, whose isolation involves the destruction of 

human embryos, have generated controversies that hindered the development of hESC-based 

applications. Moreover, the use of hESCs for therapy might be impaired due to problems of 

tissue   rejection   following  patients’   transplantation.  An  alternative   to  overcome   these   issues  

might be the induction of a pluripotent status in human somatic cells (Yamanaka, 2007). 

Gurdon (1962) performed nuclear transfer from amphibian differentiated intestinal cells 
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into oocytes, which led to cloned frogs. This demonstration showed that all genes necessary 

to make an organism are present into the differentiated cells. Later, Blau and Chiu (1983) 

demonstrated that mammalian cell differentiation is reversible. In 1997, the first mammalian 

was cloned (Dolly the sheep) through nuclear transfer (Wilmut et al., 1997). In 2006, 

Kazutoshi Takahashi and Shinya Yamanaka demonstrated that the overexpression of four 

transcription factors in murine fibroblasts was sufficient to revert their phenotype into cells 

that resemble ESCs. The four transcription factors (Oct3/4, Sox2, Klf4, and c-Myc) are highly 

expressed in ESCs. The researchers designated these cells as induced pluripotent stem cells 

(iPSCs) (Takahashi and Yamanaka, 2006). Using a similar approach, several groups 

successfully reprogrammed adult human dermal fibroblasts into iPSCs after expressing the 

transcription factors. Human iPSCs are indistinguishable from hESCs in morphology, 

proliferation, surface antigens, gene expression, and epigenetic status of pluripotent cell-

specific genes, also presenting high telomerase activity and the ability of differentiation into 

cell types of the three germ layers both in vitro (formation of embryoid bodies) and in vivo 

(formation of teratomas in mice) (Takahashi et al., 2007). 

Since then, the generation of iPSCs from human somatic cells has expanded the frontiers 

in stem cell research. Patient-derived iPSCs may serve to study the molecular basis of a broad 

range of human diseases that are otherwise difficult to model. Moreover, these cells can be 

differentiated into virtually any cell type, maintaining the genotypic characteristics of the 

patient. The differentiated cells are useful for screening the efficacy and safety of drug 

candidates for treating diseases, as well as for autologous transplant (Nishikawa et al., 2008; 

Yamanaka and Blau, 2010). 

The latter events of reprogramming process encompass the upregulation of telomerase, 

telomeres elongation and maintenance, and then acquisition of unlimited self-renewal 

(Marion et al., 2009; Stadtfeld et al., 2008; Takahashi et al., 2007). Therefore, iPSCs could 

be very useful to study telomere dynamics in cells derived from normal individuals and from 

patients with telomeropathies. Two groups have generated iPSCs from dermal fibroblasts of 

classical DC patients carrying mutations in DKC1, TERT, TERC, or TCAB1. Agarwal et al. 

(2010) first demonstrated that reprogramming restored telomere elongation in DC cells 

despite genetic lesions affecting telomerase. The mean terminal restriction fragment (TRF) 

length and total telomeric DNA was increased in DC iPSCs relative to the parental 

fibroblasts. Although formally fulfilling criteria of pluripotency, DKC1 (del37L) fibroblast 

line presented poor reprogramming efficiency (2-5 colonies from 105 input cells), but 

exhibited all the hallmarks of pluripotency. The iPSCs displayed induction of endogenous 
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TERT and telomerase activity. Telomeres remained shorter than the parental fibroblasts 

immediately after derivation, but increased over time achieving lengths comparable to the 

fibroblasts (around passage 20). iPSCs showed normal self-renewal capacity during 

prolonged culture. Another fibroblast cell line was reprogrammed from autosomal dominant 

DC patient carrying a heterozygous 821-base-pair  (bp)  deletion  in  the  3′  region  of  the  TERC 

locus. Several independent iPSCs lines were obtained, all fulfilling the pluripotency criteria, 

also accompanied by up-regulation of endogenous TERC levels (three-fold higher than 

parental fibroblasts). In analogy to DKC1[del37L] iPSCs, these iPSCs displayed continuous 

self-renewal and restoration of telomere maintenance. These observations were considered as 

the consequence of the up-regulation of several telomerase components as TERT, TERC, and 

DKC1 after reprogramming. The authors suggested that TERC was up-regulated to a degree 

sufficient to overcome limitations in telomere maintenance due to dyskerin dysfunction. 

Conversely, Batista et al. (2011) described progressive telomere attrition and senescense 

during culture of DKC1-mutant iPSCs. The researchers reprogrammed DKC1[L54V] and 

DKC1[del37L] fibroblasts. The later mutated fibroblasts were derived from the same 

individual as the ones used by Agarwal et al. (2010). Reprogramming efficiency was higher 

(40 colonies from 105 input cells) but the authors used several rounds of transduction of the 

retroviruses   containing   the   “Yamanaka”   reprogramming   factors.  Additionally,   they   derived  

the cells under low oxygen conditions (5% O2). These iPSCs expressed both TERT and TERC 

at levels higher than fibroblasts, though TERC expression was much lower than control 

iPSCs (wild-type). Telomerase activity ranged from 5-15% of controls. Around passage 36, 

the DKC1[del37L] iPSCs could no longer be maintained in an undifferentiated state, 

indicating loss of self-renewal, which was suggested by the authors as a reflection of 

premature exhaustion of stem cells observed in patients. Additional iPSCs were derived from 

TERT-mutant fibroblasts (P704S and R979W). These iPSCs elongated telomeres relative to 

the parental fibroblasts, but this elongation was blunted compared to elongation in control 

iPSCs. Unlike DKC1-mutant iPSCs, TERT and TERC expression levels were similar to levels 

in control iPSCs. However, telomerase activity was 50% of the activity in the control iPSCs, 

compatible with a mechanism of telomerase haploinsufficiency as observed in patients. 

TCAB1-mutant iPSCs were also generated from fibroblasts of DC patients carrying H376Y 

and G435R mutations. TCAB1-mutant iPSCs displayed up-regulation of TERT, TERC, and 

DKC1, but reduced levels of TCAB1 protein. Despite normal telomerase activity, 

pronounced mislocalization of TCAB1, dyskerin, and TERC was observed in Cajal bodies, 

the nuclear sites of telomerase assembling. The authors suggested that the mislocalization of 
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the telomerase complex without affecting telomerase activity might be responsible for very 

short telomeres in DC patients carrying TCAB1 mutations. 

Winkler et al. (2013) derived iPSCs from four patients with AA or hypocellular bone 

marrow carrying heterozygous mutations in either TERT or TERC. The patients did not show 

features of classical DC. The mutant-iPSCs elongated telomeres but at lower rates compared 

with iPSCs from healthy subjects reprogrammed in parallel. Telomere elongation varied 

among different clones derived from the same patient, supporting the use of multiple clones 

from the same individual. Two out of the four iPSCs were generated from siblings harboring 

the same TERT mutation, TERT[R889X], but presenting distinct clinical manifestations: one 

with progressive AA, and her brother, with hypocellular bone marrow and normal blood 

counts. After differentiating the iPSCs towards hematopoietic progenitors, it was observed 

that iPSCs mirrored the clinical phenotypes observed in the four patients. The differentiation 

in the mutant-iPSCs was impaired in comparison to the healthy iPSCs, especially in the 

iPSCs derived from the sibling with AA. 

Together, the data from Batista et al. (2011) and Winkler et al. (2013) are a proof of 

principle that telomeropathies are accurately recapitulated in patient-derived iPSCs. 

However, the telomere dynamics in DKC1-mutant iPSCs remains unclear. Agarwal and 

Daley (2011)  argued  that  apparently  conflicting  results  in  Batista  and  Agarwal’s  works  might  

have been due to significant clonal variability among iPSCs and inefficiency of the 

reprogramming process, that also involves genetic variation and subsequent selection. 

 

 

1.5. In vitro hematopoiesis 
 

In high proliferative tissues in which telomerase is active, the effects of telomerase 

dysfunction are likely to be the most severe, since critically short telomeres are reached much 

earlier than normal. Only a few cell types including male germ-line cells, activated 

lymphocytes, and stem cells are dependent on telomerase activity after embryonic 

development (Cong et al., 2002). Deregulation of stem cells are likely to give rise to defects 

in multiple organs, thus representing the critical cell type in telomeropathies such as DC. 

Since BMF is a hallmark of these diseases, the hematopoietic stem cell (HSC) has received 

the most research attention, and BMF has been considered a result of qualitative impairment 

of differentiation and development, as well as a quantitative reduction of the HSC pool 

(Kirwan and Dokal, 2009). A representation of the defects in HSC proliferation and 
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differentiation that give rise to DC is provided on Figure 1.3. 

 

 

 
Figure 1.3 – The defects in hematopoietic stem cell proliferation and differentiation in DC. Due 
to impaired telomere maintenance, telomere attrition is reached much earlier than normal. The short 
telomeres impair stem cell replication starting with the embryonic stem cells, continuing through adult 
stem cells. In the hematopoietic tissue, the limitation of HSC proliferation and differentiation lead to 
reduced numbers of HSC, hematopoietic progenitors, and mature cells (from Kirwan and Dokal, 
2009;;  reproduced  under  authors’  consent). 

 

 

Understanding human hemogenesis is fundamental for the elucidation and development 

of therapeutic strategies in telomeropathies. Much has been understood by analogy with the 

mouse system, as well as by inducing pluripotent stem cells (ESCs and iPSCs) through 

hematopoietic differentiation (Kardel and Eaves, 2012). The first methods of hematopoietic 

differentiation were refined in mouse ESCs using two distinct approaches then applied to 

human pluripotent cells: (1) co-culture with stromal cells, usually OP9 cell line (Nakano et 

al., 1996), (2) formation of three-dimensional aggregates with pluripotent cells, called 

embryoid bodies (EBs), then cultured in medium containing several hematopoietic cytokines, 

as bone morphogenetic protein-4 (BMP-4), FMS-like tyrosine kinase-3 ligand (Flt-3L), 

interleukin-3 (IL-3), interleukin-6 (IL-6), and granulocyte colony–stimulating factor (G-CSF) 

(Keller et al., 1993; Dang et al., 2002). These methods attempt to mimic the in vivo process 
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of mesodermal specification followed by embryonic blood lineage development (Orkin and 

Zon, 2008). Regardless of the differentiation strategy, kinetic studies have demonstrated that 

the first hematopoietic progenitor cells to appear are colony-forming cells (CFCs) of 

primitive erythroid cells, then CFCs of definitive erythroid cells and macrophages, and 

finally multipotent CFCs and cells with lymphoid potential (Keller et al., 1993; Keller, 1995; 

Nakano et al., 1996; reviewed in Kardel and Eaves, 2012; and Jung et al., 2015). 

 

 

1.6. Motivation 
 

The importance of normal telomere function in human health is demonstrated by the 

severe implications seen in DC and non-DC telomeropathies. This makes DC an ideal model 

to study both the normal and abnormal behavior of telomere biology in humans. Pluripotent 

stem cells and in particular iPSCs provide an innovative model: (1) to study basic questions 

on telomere maintenance and biology; (2) to dissect aberrant pathways leading to a specific 

phenotype in telomeropathies like DC; and thus (3) to identify new therapeutic targets. 

Recent studies on telomere biology and phenotype in iPSC, particularly from DC patients, 

showed conflicting results. Reprogramming methods and culture conditions may explain 

these opposite findings. Both Agarwal et al. and Batista et al. used retro/lentiviral constructs 

to overexpress the reprogramming factors. They also included only a few clones of each 

mutant iPSC line in their studies, and studied telomere dynamics over a limited observation 

period. Transgene removal was not performed. All these factors could lead to a clonal 

selection and may explain their divergent results and interpretations. Moreover, the effect of 

mutated dyskerin on tissue development, i.e. hematopoiesis, was not studied. 

In this study I systematically investigated the telomere biology in a DC patient harboring 

a DKC1 mutation using three patient-derived iPSCs clones over time. Additionally, I 

investigated how dysfunctional dyskerin affects hematopoietic development and 

differentiation. The developed model might be useful for further molecular studies on 

telomere biology but also could serve as platform to screen for molecules that potentially 

overcome the mutant phenotype. 
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2. Objectives 
 

2.1. General objective 
 

The objective of this study is to characterize the telomere biology during the 

reprogramming of human cells carrying a DKC1 gene mutation and their ability of 

hematopoietic differentiation. 

 

 

2.2. Specific objectives 
 

i. To derive pluripotent stem cells from somatic cells of a DC patient carrying a DKC1 

mutation; 

ii. To investigate telomere length and telomerase activity during several passages of the 

patient’s  pluripotent  stem  cells;; 

iii. To investigate  the  capacity  of  the  patient’s  pluripotent  stem  cells  to  differentiate  into  

hematopoietic tissue. 
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3. Material and methods 
 

3.1. Material 
 

3.1.1. Antibodies and immunostaining reagents 
 

3.1.1.a – Primary antibodies 
 

All the following antibodies were provided by Abcam (Cambridge, UK). 

x Mouse anti-human PML protein primary antibody 

x Rabbit anti-human NANOG IgG 

x Rabbit anti-human OCT4 IgG 

 

3.1.1.b – Secondary antibodies 
 

x Alexa Fluor 555: donkey anti-rabbit IgG – Invitrogen, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x Alexa Fluor 594: donkey anti-mouse IgG – Abcam (Cambridge, UK) 

 

3.1.1.c – Conjugated antibodies 
 

All the following antibodies were provided by BD Biosciences (Franklin Lakes, NJ, USA). 

x Mouse anti-human SSEA4 IgG3k Alexa Fluor 555 

x Mouse anti-human TRA-1-60 IgMk Alexa Fluor 488 

x Mouse anti-human TRA-1-81 IgMk Alexa Fluor 488 

 

3.1.1.d – Immunostaining reagents 
 

x 4′,6-diamidino-2-phenylindole (DAPI) solution – Thermo Fisher Scientific (Waltham, 

MA, USA) 

x Bovine Serum Albumin Fraction V solution (BSA) – Gibco (Waltham, MA, USA) 

x Donkey serum – Jackson ImmunoResearch (West Grove, PA, USA) 

x Paraformaldehyde – Sigma-Aldrich (St. Louis, MO, USA) 

x Slide mounting medium – Thermo Scientific (Waltham, MA, USA) 
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x Vectashield with   4′,6-diamidino-2-phenylindole (DAPI) – Vector Labs (Burlingame, 

CA, USA) 

 

 

3.1.2. Bacteria, plasmids, and transfection reagents 
 

3.1.2.a – Bacteria 
 

x One Shot Stbl3 Chemically Competent E. coli – Invitrogen, Thermo Fisher Scientific 

(Waltham, MA, USA) 

 

3.1.2.b – Plasmids 
 

x pMD2.G plasmid, a gift from Didier Trono for Addgene (code: 12259) – Addgene 

(Cambridge, MA,   USA) 

x psPAX2 plasmid, a gift from Didier Trono for Addgene (code: 12259) – Addgene 

(Cambridge, MA,   USA) 

x STEMCCA plasmid carrying OCT4, SOX2, KLF4, and MYC (STEMCCA   “four  

factors”) – provided by G. Mostoslavsky (Boston University, Boston, MA, USA) 

x STEMCCA plasmid carrying mCherry gene in place of MYC (STEMCCA  “mCherry”) 

– provided by G. Mostoslavsky (Boston University, Boston, MA, USA) 

x cre-recombinase expressing vector pCL20i4rEF1-Puro-T2A-cre-GFP – provided by 

Harry L. Malech (National Institute of Allergy and Infectious Diseases, Bethesda, MD, 

USA) 

 

3.1.2.c – Transfection reagents 
 

x FuGENE 6 transfection reagent – Promega (Madison, WI, USA) 

x Lipofectamine LTX & Plus Reagent – Invitrogen (Waltham, MA, USA) 

x Polybrene – Merck Millipore (Darmstadt, Germany) 
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3.1.3. Cells 
 

3.1.3.a – Human cell lines 
 

All cell lines are adherent, and were provided by American Type Culture Collection, ATCC 

(Manassas, VA, USA). 

x 293T: derived from embryonic kidney 

x HeLa: derived from cervical adenocarcinoma 

x Saos-2: derived from osteosarcoma 

x U2-OS: derived from osteosarcoma 

x WI 38 VA13 subline 2RA cells, so-called VA13: telomerase-deficient cell line 

 

3.1.3.b – Human pluripotent stem cell lines 
 

x Ctrl iPSCs c26 and c26-3: iPSCs derived from skin fibroblasts of 22 years old, male, and 

clinically healthy subject, presenting normal telomere length and no family history of 

telomere diseases. The iPSCs were kindly provided by Dr. Cynthia E. Dunbar and Dr. 

Thomas Winkler (NHLBI, NIH, Bethesda, MD, USA). Detailed information regarding 

derivation of these iPSCs is available in Winkler et al. (2013); 

x Ctrl iPSCs PBMCs c7: iPSCs derived from peripheral blood mononuclear cells 

(PBMCs) of 29 years old, female, and clinically healthy subject, presenting normal 

telomere length and no family history of telomere diseases. The PBMCs were 

reprogrammed using episomal vectors as described by Chou et al, 2011 and Dowey et al., 

2012. Experiments were performed by Maria Florencia Tellechea, master student under 

Dr.  Calado’s  mentorship  (unpublished  data);; 

x H1: embryonic stem cell line – WiCell International Stem Cell Bank (Madison, WI, 

USA); 

x TERT-mutant iPSCs, TERT[R889X]m c20-8: iPSCs derived from skin fibroblasts of 55 

years old, male patients, presenting pulmonary fibrosis, hypocellular bone marrow (< 5%) 

with normal peripheral blood cells counts; telomerase function abolished due to mutation. 

The iPSCs were kindly provided by Dr. Cynthia E. Dunbar and Dr. Thomas Winkler 

(NHLBI, NIH, Bethesda, MD, USA). Detailed information regarding derivation of these 

iPSCs is available in Winkler et al. (2013). 
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3.1.3.c – Mouse Embryonic Fibroblasts 
 

x Mouse Embryonic Fibroblasts (MEFs) mitotically arrested by irradiation – GlobalStem 

(Gaithersburg, MD, USA) 

 

 

3.1.4. Cell culture and lab consumables 
 

x 2, 5, 10, 25, and 50 mL serological pipettes – Kasvi (Curitiba, PR, Brazil) 

x 5 and 10 mL borosilicate glass pipettes – Fisherbrand, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x 16-gauge and 21-gauge needles – BD Biosciences (Franklin Lakes, NJ, USA) 

x 3, 5, and 20 mL syringes – BD Biosciences (Franklin Lakes, NJ, USA) 

x 13 mm cover slips, sterilized by immersion in 70% ethyl alcohol – Waldemar Knittel 

Glasbearbeitungs GmbH (Braunschweig, Germany) 

x Beckman centrifugation tubes (for ultracentrifugation) – Beckman Coulter (Brea, CA, 

USA) 

x Blot absorbent filter paper – Bio-Rad (Hercules, CA, USA) 

x Glass slides – Precision Glass Line, CRAL (Cotia, SP, Brazil) 

x Parafilm M – Bemis (Oshkosh, WI, USA) 

x Positively charged nylon membrane – Roche (Basel, Switzerland) 

 

Labware provided by Corning brands (Corning, NY, USA): 

x 25, 75, and 165 cm2 cell culture treated flasks – Corning Falcon 

x 35 mm and 100 mm cell culture treated dishes – Corning Falcon 

x 6-well, 12-well, 24-well, and 96-well flat bottom cell culture treated plates – Corning 

Costar 

x 15 and 50 mL tubes – Corning Falcon 

x 2 mL cryogenic vials – Corning 

x 0.2, 0.5, 1.5, and 2 mL microcentrifuge tubes – Corning Axygen 

x 10, 20, 50, 100, 200, and 1000 µL filtered pipette tips – Corning Axygen 

x 70 µm cell strainer – Corning Falcon 

x Bottle-top vacuum filter system (0.22 µm pore filter) – Corning 
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x Erlenmeyer flask – Corning Pyrex 

x Ultra-low attachment 6-well plates – Corning Costar 

 

 

3.1.5. Cell culture media 
 

3.1.5.a – Media and matrixes 
 

x Dulbecco's Modified Eagle Medium (DMEM) high glucose (4.5 g/L) – Gibco (Waltham, 

MA, USA) 

x DMEM low glucose (1 g/L) – Gibco (Waltham, MA, USA) 

x DMEM/F12 – Gibco (Waltham, MA, USA) 

x Essential 6 – Gibco (Waltham, MA, USA) 

x Essential 8 – Gibco (Waltham, MA, USA) 

x Iscove's Modified Dulbecco's Medium (IMDM) – Gibco (Waltham, MA, USA) 

x Knock Out DMEM Optimized for ES cells – Gibco (Waltham, MA, USA) 

x LB nutrient agar powder – Bio-Rad (Hercules, CA, USA) 

x LB nutrient broth medium – Gibco (Waltham, MA, USA) 

x Matrigel basement membrane matrix – Corning Life Sciences (Corning, NY, USA) 

x MethoCult H4435 – STEMCELL Technologies (Vancouver, Canada) 

x mTeSR – STEMCELL Technologies (Vancouver, Canada) 

x STEMdiff Albumin Polyvinyl alcohol Essential Lipids (APEL) basal medium – 

STEMCELL Technologies (Vancouver, Canada) 

 

3.1.5.b – Reagents and medium supplements 
 

x β-mercaptoethanol  – Sigma-Aldrich (St. Louis, MO, USA) 

x Accutase cell detachment solution – Merck Millipore (Darmstadt, Germany) 

x Ampicillin Ready Made Solution – Sigma-Aldrich (St. Louis, MO, USA) 

x Collagenase II – Gibco (Waltham, MA, USA) 

x Collagenase IV – Gibco (Waltham, MA, USA) 

x Dimethyl sulfoxide (DMSO) – Sigma-Aldrich (St. Louis, MO, USA) 

x Dispase – Gibco (Waltham, MA, USA) 



21 
 

 
 

x Ethylenediaminetetraacetic acid (EDTA) – Sigma-Aldrich (St. Louis, MO, USA) 

x Fetal Bovine Serum (FBS); used heat-inactivated at 56°C for 30 min, and filtered – Gibco 

(Waltham, MA, USA) 

x HyClone FBS defined; used heat-inactivated at 56°C for 30 min, and filtered – Thermo 

Scientific (Waltham, MA, USA) 

x Knockout serum replacement (KSR) – Gibco (Waltham, MA, USA) 

x L-glutamine – Gibco (Waltham, MA, USA) 

x MycoAlert Mycoplasma Detection kit – Lonza (Rockland, ME, USA) 

x Nonessential amino acids (NEAA) – Gibco (Waltham, MA, USA) 

x Penicillin-Streptomycin-Glutamine (PSG) – Gibco (Waltham, MA, USA) 

x Phosphate Buffered Saline (PBS), 1×, pH = 7.2 – Gibco (Waltham, MA, USA) 

x Polyvinyl alcohol – Sigma-Aldrich (St. Louis, MO, USA) 

x Puromycin  – Sigma-Aldrich (St. Louis, MO, USA) 

x ROCK inhibitor (Y-27632) – Merck Millipore (Darmstadt, Germany) 

x Trypsin (used at 0.05% in 1×PBS) – Gibco (Waltham, MA, USA) 

x Ultra-pure water with 0.1% gelatin – EDM Millipore, Merck Millipore (Darmstadt, 

Germany) 

x Valproic acid – Stemgent (Cambridge, MA, USA) 

 

3.1.5.c – Media preparation 
 

x ESC medium 
 Final concentration 

DMEM/F12 n/a 
KSR 20% 
bFGF 10 ng/mL 
NEAA 0.1 mM 

L-glutamine 1 mM 
β-mercaptoethanol 0.1 mM 

 

 

x D10 medium 
 Final concentration 

DMEM low glucose n/a 
FBS 10% 
PSG 1% 
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x D20 medium 
 Final concentration 

DMEM low glucose n/a 
FBS 20% 
PSG 1% 

 

 

x D-MEF medium 
 Final concentration 

DMEM high glucose n/a 
FBS 10% 

NEAA 0.1 mM 
 

 

x I10 medium 
 Final concentration 

IMDM n/a 
FBS 10% 
PSG 1% 

 

 

3.1.6. Cytokines 
 

x Recombinant human fibroblast-like growth factor-basic (bFGF) – PeproTech (Rocky 

Hill, NJ, USA) 

 

All the following cytokines were provided by R&D Systems (Minneapolis, MN, USA): 

x Activin A 

x Bone Morphogenetic Protein 4 (BMP4) 

x FMS-like tyrosine kinase 3 Ligand (Flt3L) 

x Granulocyte-colony stimulating factor (G-CSF) 

x Interleukin-3 (IL-3) 

x Interleukin-6 (IL-6) 

x Stem Cell Factor (SCF) 

x Vascular Endothelial Growth Factor (VEGF) 
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3.1.7. DNA sequencing 
 

x BigDye Terminator Cycle Sequencing kit – Applied Biosystems (Waltham, MA, USA) 

x DyeEx 2.0 spin kit – QIAGEN (Valencia, CA, USA) 

x Hi-Di formamide – Applied Biosystems (Waltham, MA, USA) 

 

 

3.1.8. Electrophoresis 
 

x 1 kb plus DNA ladder – Invitrogen (Waltham, MA, USA) 

x Agarose powder – Sigma-Aldrich (St. Louis, MO, USA) 

x Ethidium bromide (EtBr) – Amresco (Solon, OH, USA) 

x GeneRuler DNA Ladder Mix – Thermo Fisher Scientific (Waltham, MA, USA) 

 

 

3.1.9. Equipment 
 

x −80°C   freezer Forma 88000 series – Thermo Scientific, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x −20°C   freezer Bosch Intelligent Freezer 32 – Robert Bosch GmbH (Gerlingen, 

Germany) 

x 4°C refrigerator Bosch Intelligent All Refrigerator 39 – Robert Bosch GmbH 

(Gerlingen, Germany) 

x 2, 10, 20, 50, 100, 200, and 1000 µL micropipettes – Eppendorf (Hamburg, Germany) 

x 2100 Bioanalyzer – Agilent Technologies (Santa Clara, CA, USA) 

x 7500 Real-Time PCR System – Applied Biosystems, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x ABI Prism 3100 DNA sequencer – Applied Biosystems, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x ABI Prism 7000 Sequence Detection System – Applied Biosystems, Thermo Fisher 

Scientific (Waltham, MA, USA) 

x Analytical balance – Scientific Industries (Bohemia, NY, USA) 

x Centrifuge 5430 R (benchtop microcentrifuge) – Eppendorf (Hamburg, Germany) 
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x Centrifuge 5810 R – Eppendorf (Hamburg, Germany) 

x CO2 cell culture incubator maintained at 37°C, 21% O2, 5% CO2, and humid – Thermo 

Scientific, Thermo Fisher Scientific (Waltham, MA, USA) 

x CoolCell Alcohol-free Cell Freezing Container – BioCision (San Rafael, CA, USA) 

x Cytospin centrifuge Cytospin 3 – Shandon Southern Instruments Limited (Runcorn, 

Cheshire, England) 

x DNA SpeedVac Concentrator Savant – Thermo Scientific, Thermo Fisher Scientific 

(Waltham, Massachusetts, USA) 

x Electronic pipette controller Easypet 3 – Eppendorf (Hamburg, Germany) 

x Electrophoresis unit – Bio-Rad (Hercules, CA, USA) 

x Fluorescence microscope AxioImager.M2 – Carl Zeiss (Oberkochen, Germany) 

x Hot plate C-MAG HS 7 – IKA (Wilmington, NC, USA) 

x ImageQuant imaging system – GE Healthcare Life Sciences (Little Chalfont, UK) 

x Inverted microscope Axiovert 40 CFL – Carl Zeiss (Oberkochen, Germany) 

x Liquid nitrogen CryoPlus Storage System – Thermo Scientific, Thermo Fisher 

Scientific (Waltham, MA, USA) 

x LSR II Flow Cytometer System – BD Biosciences (Franklin Lakes, NJ, USA) 

x Microscope Lx400 – Labomed (Los Angeles, CA, USA) 

x Milli-Q Plus PF water purification system – EDM Millipore, Merck Millipore 

(Darmstadt, Germany) 

x NanoDrop ND1000 spectrophotometer – Thermo Scientific, Thermo Fisher Scientific 

(Waltham, MA, USA) 

x Neubauer chamber Improved Double – Precision Glass Line, CRAL (Cotia, SP, Brazil) 

x Orbital shaker – Thermo Scientific, Thermo Fisher Scientific (Waltham, MA, USA) 

x QIAgility robotic workstation for automated PCR setup – QIAGEN (Valencia, CA, 

USA) 

x Rotor-Gene Q real-time PCR cycler – QIAGEN (Valencia, CA, USA) 

x SpectraMax fluorometer – Molecular Devices (Sunnyvale, CA, USA) 

x Stereomicroscope S4 E – Leica (Wetzlar, Germany) 

x Sterile cell culture laminar-flow hood (class II biosafety cabinet) – Thermo Scientific, 

Thermo Fisher Scientific (Waltham, MA, USA) 

x Thermal cycler Veriti – Applied Biosystems, Thermo Fisher Scientific (Waltham, MA, 

USA) 
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x ThermoStat Plus shaker and thermoblock for microcentrifuge tubes – Eppendorf 

(Hamburg, Germany) 

x Ultracentrifuge Optima L8-70M, SW 28 Ti rotor – Beckman Coulter (Brea, CA, USA) 

x UV crosslinker – Amersham Biosciences Corp., GE Healthcare Life Sciences (Little 

Chalfont, UK) 

x Vortex Genie 2 – Scientific Industries (Bohemia, NY, USA) 

x Victor3 luminometer – Perkin Elmer (Boston, MA, USA) 

x Water bath – Fanem (Guarulhos, SP, Brazil) 

 

 

3.1.10. Nucleic acids isolation 
 

x DNase I – Gibco (Waltham, MA, USA) 

x DNeasy Blood & Tissue kit – QIAGEN (Valencia, CA, USA) 

x Ethanol, absolute – Merck (Darmstadt, Germany) 

x Isopropanol, absolute – Merck (Darmstadt, Germany) 

x Plasmid Purification Mega kit – QIAGEN (Valencia, CA, USA) 

x Proteinase K – Invitrogen (Waltham, MA, USA) 

x RNA 6000 Nano kit – Agilent Technologies (Santa Clara, CA, USA) 

x RNeasy Mini kit – QIAGEN (Valencia, CA, USA) 

 

 

3.1.11. Other chemicals, kits, and reagents 
 

x Genome-Wide Human SNP CytoScan HD Arrays – Affymetrix (Santa Clara, CA, 

USA) 

x TeloTAGGG Telomere Length Assay kit – Roche (Basel, Switzerland) 

x TRAPeze XL Telomerase Detection kit – Merck Millipore (Darmstadt, Germany) 

x Pierce BCA Protein Assay kit – Thermo Scientific (Waltham, MA, USA) 

 

All the following reagents were provided by Sigma-Aldrich (St. Louis, MO, USA): 

x 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) 

x Acetate solution 
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x Formamide 

x Hydrochloric acid (HCl) 

x Polyethylene glycol sorbitan monolaurate (Tween 20) 

x Potassium chloride (KCl) 

x Ribonuclease A (RNase) 

x Sodium chloride (NaCl) 

x Sodium citrate 

x Sodium dodecyl sulfate (SDS) 

x Tergitol-type NP-40 (NP-40) 

x Tris(hydroxymethyl)aminomethane (Tris base) 

x Wright’s  stain 
 

 

3.1.12. PCR reagents and kits 
 

x 2× TaqMan Gene Expression Master Mix – Applied Biosystems (Waltham, MA, USA) 

x dATP, dGTP, and dTTP – Invitrogen (Waltham, MA, USA) 

x dNTP Set (100 mM) Solution – Invitrogen (Waltham, MA, USA) 

x DTT, Molecular Grade (DL-Dithiothreitol) – Promega (Madison, WI, USA) 

x High-capacity cDNA Reverse Transcription kit – Applied Biosystems (Waltham, MA, 

USA) 

x Magnesium chloride (MgCl2) – Sigma-Aldrich (St. Louis, MO, USA) 

x phi29 DNA Polymerase kit – New England BioLabs (Ipswich, MA, USA) 

x Platinum PCR SuperMix High Fidelity kit – Invitrogen (Waltham, MA, USA) 

x Platinum Taq DNA Polymerase – Invitrogen (Waltham, MA, USA) 

x QIAquick PCR purification kit – QIAGEN (Valencia, CA, USA) 

x Ribonuclease H (RNase H) – Thermo Fisher Scientific (Waltham, MA, USA) 

x RNaseOUT Recombinant Ribonuclease Inhibitor – Invitrogen (Waltham, MA, USA) 

x Rotor-Gene SYBR Green PCR Master Mix – QIAGEN (Valencia, CA, USA) 

x SuperScript II Reverse Transcriptase kit – Invitrogen (Waltham, MA, USA) 

x SYBR Green PCR Master Mix – Applied Biosystems (Waltham, MA, USA) 

x TaqMan Universal Master Mix – Applied Biosystems (Waltham, MA, USA) 

x Ultra-pure water, molecular grade 
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3.1.13. Primers and probes 
 

x 10× TaqMan probe for TERT (Hs99999022_m1), TERC (Hs03454202_s1), DKC1 

(Hs00154737_m1), and GAPDH (Hs4333764) – Applied Biosystems, Thermo Fisher 

Scientific (Waltham, MA, USA) 

x PNA telomere FISH probe (TelG-FITC) – PNA Bio (Thousand Oaks, CA, USA) 

x Random Hexamers (50 µM) – Invitrogen, Thermo Fisher Scientific (Waltham, MA, 

USA) 

 

All the following primers sequences were synthetized by Integrated DNA Technologies, IDT 

(Coralville, IA, USA): 

 

x Primers and probes sequences for detection of copy numbers of STEMCCA vector 

integrated in the genome of iPSCs. 

 

HIV RRE 
Forward 5′  GGGAGCAGCAGGAAGCAC 3′ 
Reverse 5′  TTGTCTGGCCTGTACCGTCA 3′ 
Probe 5′  ATGGGCGCAGCGTCAATGACG 3′ 

STP 
Forward 5′  GGTGCCCTTCCTTGAGTTCA 3′ 
Reverse 5′  CCCCTTGCACCCAGGAC 3′ 
Probe 5′  CCCCAGGGATTCCCTCAGGTGTGT 3′ 

 

 

x Primers for amplifying exon 11 of the DKC1 gene. 

 

DKC1 – exon 11 
Forward 5′ GCACCCTCTTAGTGAATGAACC 3′ 
Reverse 5′ CCCAGTACCACTTACCTTTGGA 3′ 
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x Primers for expression of pluripotency, endoderm, mesoderm, and ectoderm markers. F: 

forward; R: reverse. 

 

Marker Gene Primer sequence 

Pluripotency 
(endogenous) 

OCT4 F – 5′ CCTCACTTCACTGCACTGTA 3′ 
R – 5′ CAGGTTTTCTTTCCCTAGCT 3′ 

SOX2 F – 5′ CCCAGCAGACTTCACATGT 3′ 
R – 5′ CCTCCCATTTCCCTCGTTTT 3′ 

KLF4 F – 5′ GATGAACTGACCAGGCACTA 3′ 
R – 5′ GTGGGTCATATCCACTGTCT 3′ 

MYC F – 5′ TGCCTCAAATTGGACTTTGG 3′ 
R – 5′ GATTGAAATTCTGTGTAACTGC 3′ 

NANOG F – 5′ TGAACCTCAGCTACAAACAG 3′ 
R – 5′ TGGTGGTAGGAAGAGTAAAG 3′ 

Endoderm 
AFP F – 5′ AGCTTGGTGGTGGATGAAAC 3′ 

R – 5′ CCCTCTTCAGCAAAGCAGAC 3′ 

GATA4 F – 5′ CTAGACCGTGGGTTTTGCAT 3′ 
R – 5′ TGGGTTAAGTGCCCCTGTAG 3′ 

Mesoderm 
RUNX1 F – 5′ CCCTAGGGGATGTTCCAGAT 3′ 

R – 5′ TGAAGCTTTTCCCTCTTCCA 3′ 

CD34 F – 5′ TGAAGCCTAGCCTGTCACCT 3′ 
R – 5′ CGCACAGCTGGAGGTCTTAT 3′ 

Ectoderm 
NCAM F – 5′ ATGGAAACTCTATTAAAGTGAACCTG 3′ 

R – 5′ TAGACCTCATACTCAGCATTCCAGT 3′ 

NES F – 5′ GCGTTGGAACAGAGGTTGGA 3′ 
R – 5′ TGGGAGCAAAGATCCAAGAC 3′ 

Housekeeping ACTB F – 5′ TGAAGTGTGACGTGGACATC 3′ 
R – 5′ GGAGGAGCAATGATCTTGAT 3′ 

 

 

x Primer sequences for telomere repeats (T) and 36B4 gene (S). 

 

T Forward 5′ ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT 3′ 
Reverse 5′ TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA 3′ 

S Forward 5′ CAGCAAGTGGGAAGGTGTAATCC 3′ 
Reverse 5′ CCCATTCTATCATCAACGGGTACAA 3′ 

 

 

3.1.14. Restriction enzymes 
 

x FastDigest restriction enzymes: BamHI, EcoRI, HincII, HindIII, HinfI, NotI, and RsaI 

– Thermo Scientific, Thermo Fisher Scientific (Waltham, Massachusetts, USA) 
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3.1.15. Software 
 

x Applied Spectral Imaging software (acquisition of fluorescent images) – Applied 

Spectral Imaging Ltd. (Carlsbad, CA, USA) 

x CellF software (acquisition of cell culture images) – Olympus (Shinjuku, Tokyo, Japan) 

x CLC Main Workbench software, version 5.7 (analysis of chromatograms from 

sequencing) – CLC bio (Aarhus, Denmark) 

x FlowJo software (flow cytometry analysis) – FlowJo, LLC (Ashland, OR, USA) 

x GraphPad Prism software, version 5.0c (statistics and graph plotting) – GraphPad 

Software   (La Jolla, CA, USA) 

x ImageQuant software (acquisition of gel and chemiluminescence images) – GE 

Healthcare Life Sciences (Little Chalfont, UK) 

x The Chromosome Analysis Suite (ChAS) software (SNP arrays analysis) – Affymetrix 

(Santa Clara, CA, USA) 

x SoftMax software (acquisition of fluorometric measurements) – Molecular Devices 

(Sunnyvale, CA, USA) 

 

 

3.1.16. Solutions and buffers 
 

x 50× TAE buffer (for electrophoresis) 

2 M Tris-acetate, 0.05 M EDTA pH 8, in deionized water 

1× TAE buffer was prepared diluting the 50× TAE buffer in deionized water. 

 

x HCl solution (for Southern blot) 

0.25 M HCl in Milli-Q water 

 

x Denaturation solution (for Southern blot) 

0.5 M NaOH, 1.5 M NaCl, in Milli-Q water 

 

x Neutralization solution, pH 7.5 (for Southern blot) 

0.5 M Tris-HCl, 3 M NaCl, in Milli-Q water 
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x 20× SSC buffer, pH 7.0 (for Southern blot, and C-circle assay) 

3 M NaCl, 0.3 M Sodium citrate, in Milli-Q water 

2× and 0.2× SSC buffers were prepared diluting the 20× SSC buffer in Milli-Q water 

 

x Stringent wash buffer I (for Southern blot, and C-circle assay) 

2× SSC plus 0.1% SDS 

 

x Stringent wash buffer II (for Southern blot, and C-circle assay) 

0.2× SSC plus 0.1% SDS 

 

x Lysis buffer (for C-circle assay) 

0.05 M KCl, 0.01 M Tris-HCl, 2 mM MgCl2, 0.45% NP-40, 0.45% Tween 20, in Milli-Q 

water. 
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3.2. Methods 
 

3.2.1. Derivation of patient skin fibroblasts 
 

Skin from punch biopsy of the upper medial arm was used to derive dermal fibroblasts. 

Biopsy was performed at the Clinical Hospital at Ribeirão Preto Medical School (HCFMRP, 

Ribeirão Preto, SP, Brazil) under approval of ethics committee (HCRP 8723/2006) following 

written   informed   consent   in   accordance  with   the  Declaration   of  Helsinki   of   patient’s   legal  

guardian. Biopsy was cut into pieces of approximately 1 mm3 size and placed in 10 mL 

1×PBS containing 100 mg/mL collagenase II, 2.5 U/mL dispase and 10 U/μL DNase I. Skin 

fragments were incubated for 50 min in an orbital shaker (200 rpm) at 37°C. Fragments were 

washed with D20 medium. Each fragment was transferred to one well of a 6-well tissue 

culture plate, and then covered with a sterile glass slip. Skin fragments were cultured in D20 

for approximately 10 days. All cell lines and iPSCs were cultured in incubators with ambient 

oxygen pressure and 5% CO2. Fibroblasts that grew out of the tissue were enzymatically 

dissociated from the tissue culture plate and glass slips. For this purpose, wells containing 

fibroblasts were washed once with 1×PBS, and then treated with 0.5 mL 0.05% trypsin for 3 

min at 37°C. After adding 4 mL D20 medium, the entire content was transferred to 25 cm2 

tissue culture flasks previously prefilled with 5 mL of warmed D20 medium. Medium change 

occurred every 3 days. After reaching approximately 75% confluence, the fibroblasts were 

passaged using 0.05% trypsin. 

For expansion, trypsinized fibroblasts were centrifuged (300 × g for 5 min), counted with 

a Neubauer chamber, and seeded in a 75 cm2 cell culture flask at a concentration of 5×105 

cells per flask. 

For freezing, aliquots of 1×106 cells were centrifuged (300 × g for 5 min) and 

resuspended in 1 mL of cold freezing medium containing 10% DMSO in FBS. Aliquots were 

transferred to cryogenic vials and immediately placed into a cell freezing container in the 

−80°C  freezer.  After  24  h,  vials  were  transferred  to  a  liquid nitrogen storage system for long-

term storage. 

Frozen cells were thawed separately. Immediately after removed from liquid nitrogen, 

the vial was quickly thawed in water bath at 37°C for 2 min. The content was transferred 

dropwise to a 15 mL tube containing 9 mL of pre-warmed (37°C) D20. The tube was 

centrifuged (300 × g for 5 min), the supernatant was removed, and cell pellet was 

resuspended in 10 mL of D20, homogenized by pipetting, and transferred to a 165 cm2 cell 
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culture flask and cultured as described above. All steps of cell manipulation described in the 

present study were performed under sterile conditions in a cell culture laminar-flow hood 

(class II biosafety cabinet). 

 

 

3.2.2 Testing cell cultures for mycoplasma contamination 
 

Cell cultures were routinely tested for mycoplasma contamination using the MycoAlert 

Mycoplasma  Detection   kit   according   to  manufacture’s   recommendations.  Approximately   1  

mL of supernatant was taken from culture cells preferably at high confluences and without 

medium change for 48 h. Supernatant was transferred to a 1.5 mL tube and centrifuged at 200 

× g for 5 min. An aliquot of 100 µL of cleared supernatant was placed in a well of 96-well 

plate and added to 100 µL MycoAlert Reagent, then incubated at room temperature for 5 min 

in order to lyse possible mycoplasma in the supernatant. The reaction of ATP in the cell 

supernatant with luciferin emits light that can be detected with standard luminometers. The 

levels of ATP measured as luminescence (reading A), were read on the Victor3 luminometer. 

After, 100 µL MycoAlert Substrate was added and incubated at room temperature for 10 min. 

In the presence of mycoplasmal enzymes, the substrate reacts with the enzymes catalyzing 

the conversion of ADP to ATP. Again, the levels of ATP were read on the luminometer 

(reading B). The ratio of reading B to reading A was used to determine whether a cell culture 

was contaminated by mycoplasma, in which ratios greater than 1 were interpreted as 

contamination. A positive control provided in the kit was always run in each round of 

analysis. Contaminated cell cultures were immediately removed from the incubator and 

discarded. 

 

 

3.2.3. Bacterial transformation 
 

Plasmids containing viral packing information and the reprogramming transgenes were 

expanded after transformation in E. coli strain Stbl3. Detailed plasmid maps are shown in 

Figure 3.1 and Figure 3.2. 



 
 

 
 

 
Figure 3.1 – Maps of plasmids pMD2.G and psPAX2. Maps showing restriction sites as well as genes for VSV-G envelope (pMD2.G), and lentiviral 
packing (psPAX2). Transformed bacteria present resistance to ampicillin (Amp). In parentheses are the positions relative to the origin of replication (SV40 
ori) expressed in base pairs (bp). Images provided by the depositor, Didier Trono (available at www.addgene.org). 



 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 – Maps of 
STEMCCA plasmids. Maps 
showing restriction sites as well as 
the four reprogramming 
transcription factors 
(hSTEMCCA, left) or the 
mCherry gene in place of MYC 
(hSTEMCCA-RedLight, right). 
Transformed bacteria present 
resistance to ampicillin. In 
parentheses are the positions 
relative to the origin of replication 
(SV40 ori) expressed in base pairs 
(bp). Images kindly provided by 
G. Mostoslavsky (Boston 
University, Boston, 
Massachusetts, USA). 
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Competent bacteria (Stbl3 E. coli) were transformed with each plasmid as follows: 

bacteria were thawed on ice for about 2 min; 100 ng of plasmid DNA was added and gently 

mixed; vials were incubated on ice for 30 min, then heat-shocked for 45 s at 42°C, and then, 

placed for 2 min on ice; 250 µL of pre-warmed S.O.C. medium was added to each vial and 

incubated at 37°C for 1 h in a shaking incubator (225 rpm). After, 100 µL of each 

transformation reaction was spread on a pre-warmed LB agar plate (100 mm dish) containing 

100 μg/mL ampicillin for selection. Dishes were inverted and incubated overnight at 37°C. 

One individual colony per plasmid was picked and transferred to 10 mL LB nutrient broth 

medium containing 100 μg/mL ampicillin and incubated for 8 h at 37°C in an orbital shaker 

(300 rpm). From this starter culture, 1 mL was placed in an Erlenmeyer flask containing 500 

mL LB nutrient broth medium with 100 μg/mL ampicillin, and incubated overnight at 37°C 

in a orbital shaker (300 rpm). The bacterial cells were harvested by centrifugation (6,000 × g 

for 15 min at 4°C). The supernatant was discarded and the plasmid DNA from cell pellet was 

isolated. 

 

 

3.2.4. Plasmid DNA purification 
 

For isolating the plasmid DNA from bacteria, the Plasmid Purification Mega kit was 

used  according  to  manufacture’s  recommendations  with  modifications.  First,  cells  were  lysed  

by adding buffer P1 plus LyseBlue reagent and simultaneously vortexing and pipetting up 

and down until disrupt all cell clumps. Buffer P2 was added and vigorously homogenized by 

inverting 5 times, and then incubated at room temperature for 5 min. Chilled buffer P3 was 

added and homogenized by inversion, and incubated on ice for 30 min. The lysate was 

filtered using filter paper in order to clear supernatant containing plasmid DNA. The 

supernatant was applied to a QIAGEN-tip (from kit, previously equilibrated with buffer 

QBT) and allowed to enter the resin by gravity flow. The DNA was bound to the resin in this 

step. The QIAGEN-tip was washed with buffer QC to remove remaining contaminants from 

resin. Then, DNA was eluted from resin by adding buffer QF. The DNA was precipitated 

from the eluate by adding 0.7 volumes of room-temperature isopropanol, and centrifuging at 

6,000 × g for 1 h at 4°C. The supernatant was carefully decanted. The DNA pellet was 

washed with 70% ethanol at room temperature, and centrifuged at 6,000 × g for 20 min at 

4°C. The supernatant was decanted and the pellet was air-dried for 30 min. Finally, DNA was 

dissolved in 1 mL ultra-pure water and quantified using the NanoDrop spectrophotometer. 
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The identity of the purified plasmids was confirmed by restriction digest. The plasmid 

DNA of each sample was digested with a set of restriction enzymes (Figure 3.3). Agarose gel 

electrophoresis was used to analyze the length of the digested products. FastDigest enzymes 

were  used  following  manufacture’s  recommendations  with  modifications.  For  each  reaction,  

500 ng of plasmid was added to 2 µL 10× FastDigest buffer, 1 µL FastDigest enzyme (1 µL 

of each enzyme for double digestion), and ultra-pure water (to complete a final volume of 20 

µL). Samples were incubated for 30 min at 37°C in the water bath. The pMD2.G plasmid was 

digested with HindIII alone, NotI alone, and both HindIII and NotI. The psPAX2 plasmid 

was digested with BamHI alone (cleaving at three different sites), and EcoRI alone (cleaving 

at   two   different   sites).   STEMCCA   “four   factors”   was   digested   with   BamHI alone, EcoRI 

alone, and both BamHI and EcoRI.   STEMCCA   “mCherry”   was digested with HincII 

(cleaving at two different sites). 

 

 

 
Figure 3.3 – Restriction enzymes and digestion sites of plasmids. Different restriction enzymes 
were selected for each plasmid according to the sizes of digestion sites. In parentheses are the sites of 
recognition and cleavage in base pairs (bp), represented in the plasmid maps as scissors. Numbers in 
red represent the sizes of fragments produced after digestion. 

 

 

The products of digested as well as non-digested plasmids, along with a molecular 

weight ladder (1 kb), were loaded in a 1% agarose gel containing 0.5 μg/mL EtBr, and run in 

an electrophoresis unit filled with 1× TAE buffer (80 V for 30 min). The DNA fragments 

(bands) in the gel were visualized through a device emitting UV light (ImageQuant imaging 
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system and software). 

 

 

3.2.5. Production and titration of lentiviral particles 
 

The production of viral particles was done as described by Sommer et al. (2009). First, 

293T-packaging cells were cultured in 165 cm2 cell culture flasks and I10 medium until 

achieving  a  confluence  about  70%.  On  the  day  previous  to  transfection  (day  −1),  cells  were  

enzymatically removed from the flask using 0.05% trypsin (as described in the previous 

section for fibroblasts culture). Cells were centrifuged (300 × g for 5 min), counted using a 

Neubauer chamber, and seeded in 100 mm cell culture dishes, 5×106 cells per dish, in I10. 

The next day, media was replaced with fresh I10 and an ideal confluence of 70-80% was 

expected: a too high cell density impairs transfection whereas a too low density leads to poor 

cell survival after transfection. For each dish, transfection medium (final volume of 200 µL) 

was composed of serum free IMDM plus 12 µL FuGENE 6 transfection reagent. The 

following reagents and plasmids were added: 0.2 µg pMD2.G, 1.8 µg psPAX2, and 2 µg 

STEMCCA  plasmids,  either  STEMCCA  “four  factors”  or  STEMCCA  “mCherry”  (incubated  

for 15 min at room temperature). The transfection mixture was added dropwise to the cells. 

Cells were incubated overnight. After 24 h, the cells supernatant was collected and replaced 

with fresh I10. In order to separate cell debris from viral particles, the supernatant was 

filtered using 0.22 µm pore filter systems. The viral particles were concentrated 100× by 

ultracentrifugation (20,000 × g at 4°C for 2 h). Virus particles were resuspended in serum 

free  IMDM,  aliquoted  in  1.5  mL  tubes  and  stored  in  the  −80°C  freezer.  This  procedure  was  

repeated  after  48  h.  STEMCCA  “mCherry”  was  produced  parallel   to   the  STEMCCA  “four  

factors”  in  order  to  facilitate  titration  through  measuring  the  red  fluorescence  emitted  by  the  

mCherry protein. 

For   titration,   HeLa   cells   were   transduced   with   viruses   STEMCCA   “mCherry”   at  

different concentrations. In detail, one day prior to transduction, HeLa cells were seeded in 

12-well cell culture plates at 3×104 cells per well in D10 medium. Right before the 

transduction, the number of cells per well was estimated as follows: three wells were 

harvested using trypsin (as described for derivation of fibroblasts). The cells were counted 

using a Neubauer chamber. The cells numbers were averaged and later used to calculate the 

viral titer at transduction. The cells were transduced with four serial dilutions of concentrated 

virus (n = 4) diluted in D10 medium containing 6 μg/mL polybrene: 4 µL, 1.6 µL, 0.64 µL, 



38 
 

 
 

and 0.256 µL. The transduction was performed for both viruses collected 24 h and 48 h post 

transfection. Five days after transduction, fluorescence emitted by mCherry was assessed by 

flow cytometry. Assuming that one virus infects a cell that emits fluorescence, virus titer 

could be determined as: 

 

Titer (virus/μL) = 
1 

n 

Σ 
i=1 

Total number of cells × % of mCherry+ cells 

n Volume of serial dilution 
 

 

Since the viral production of STEMCCA “mCherry”  and  STEMCCA  “four  factors”  was  

done in parallel using the exact same cells and conditions, equal titers between the two 

viruses can be assumed. 

 

 

3.2.6. Generation of iPSCs 
 

Induced pluripotent stem cells (iPSCs) were generated from dermal fibroblasts by forced 

expression of the reprogramming transcription factors OCT4, SOX2, KLF4, and MYC using a 

“stem   cell   cassette”   (STEMCCA   “four   factors”),   a   single   polycistronic   lentiviral   vector  

expressing the factors (Sommer et al., 2009). One day prior to lentiviral transduction, patient 

fibroblasts in culture, that tested negative for mycoplasma contamination, were harvested 

with   trypsin   as   previously   described   (section   “3.2.1.  Derivation   of   skin   fibroblasts”).  Cells  

were centrifuged (300 × g for 5 min), counted with a Neubauer chamber, and seeded in a 6-

well cell culture plate, 1×105 cells per well, in D20, and maintained in a CO2 cell culture 

incubator. Fibroblasts were seeded at passage 7. The next day, cells were transduced with 

STEMCCA  “four  factors”  lentiviruses.  First,  one  representative  well  of  the  plate  was  selected  

for cell counting. This well was rinsed with 1×PBS and trypsinized, incubated at 37°C and 

rinsed with D20. Cells were counted using a Neubauer chamber. The number of cells in this 

well was used as an estimate for the other wells. Based on this number, the amount of viruses 

needed per well was calculated. Two multiplicity of infection (MOI) were tested: 2.5 and 5. 

The MOI corresponds to the number of transduced viruses per cell (e.g. MOI = 5 means that 

the number of viruses used in transduction was 5 times the estimate number of cells in the 

well). Although virtually one virus is sufficient for reprogramming one cell, MOI higher than 

1 is commonly used in order to increase the efficiency of reprogramming experiments. The 
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use of a MOI below 10 is recommended to prevent that many viruses integrate into the 

genome  of  the  target  cell.  After  calculating  the  amount  of  both  STEMCCA  “four  factors”  and  

STEMCCA   “mCherry”   lentiviruses needed per well (based on titration of STEMCCA 

“mCherry”,  as  described  in  the  previous  section),   the  transduction  medium  was  prepared:  1  

mL D20, 6 μg/mL polybrene, and lentiviruses. Fibroblasts medium was replaced with 

transduction medium as follows: 

x Well  number  1:  STEMCCA  “four  factors”,  MOI  =  2.5;; 

x Well  number  2:  STEMCCA  “four  factors”,  MOI  =  5;; 

x Well  number  3:  STEMCCA  “mCherry”,  MOI  =  2.5;; 

x Well number 4: transduction medium without virus (negative control); 

x Well number 5: harvested for cell counting; 

x Well number 6: empty. 

 

Plate was incubated for 6 h in a CO2 cell culture incubator. Then, transduction medium 

was replaced with D20. Five days after transduction, fibroblasts were enzymatically removed 

from wells using trypsin and counted as previously described. Fibroblasts transduced with 

STEMCCA   “mCherry”   were   analyzed   in   a   flow   cytometer   in   order   to   calculate   the  

percentage  of   transduced  cell   in   the  STEMCCA  “four   factors”   conditions.  This   calculation  

considered the percentage of cells that emitted the mCherry red fluorescence and also 

provided   information   about   transduction   efficiency.   The   percentage   of   STEMCCA   “four  

factors”  was  assumed  to  be  similar  to  the  one  observed  for  STEMCCA  “mCherry”.  The  well  

containing transduction medium without virus was used as negative control in the flow 

cytometry analysis, in order to estimate and subtract the autofluorescence emitted by the 

cells. Based on transduction efficiency of mCherry, the fibroblasts transduced with 

STEMCCA  “four  factors”  (MOI  =  5)  were  transferred to two 100 mm gelatin-coated culture 

dishes (1×105 and 1.5×105 cells per dish, respectively) and D20 medium. The dishes were 

pre-seeded the day before with mouse embryonic fibroblasts (MEFs) mitotically arrested by 

irradiation (methods for preparing   MEFs   plates   are   described   in   the   section   “3.2.7.b   – 

Preparation  of  feeder  plates”).  In  the  next  day,  D20  medium  was  replaced  with  ESC  medium.  

In the first seven days after the transference to feeder cells (MEFs), the transduced fibroblasts 

were cultured in ESC media supplemented with 0.5 mM valproic acid in order to induce cell 

reprogramming, since valproic acid promotes DNA demethylation. Dishes were kept in a cell 

incubator under normoxic condition. Medium was replaced everyday. 

On day 13 post transduction, MEFs were added in the dishes. As MEFs do not 
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proliferate and a good number of these cells plated before has detached due to apoptosis or 

senescence, the addition of MEFs was needed in order to maintain sufficient amounts of 

feeder cells for the emerging iPSCs. For this purpose, one vial containing 2×106 MEFs was 

thawed  as  previously  described  (section  “3.2.1.  Derivation  of  skin  fibroblasts”),  centrifuged  

(300 × g for 5 min), the supernatant was removed, and cell pellet was resuspended in 30 mL 

of ESC medium, and homogenized by pipetting. The medium from each dish was replaced 

with 10 mL ESC medium plus MEFs (circa 6×105 MEFs per dish) and incubated. On day 24, 

ESC  medium  was  replaced  with  “conditioned”  ESC  medium,  replaced  everyday  (methods  for  

preparing  this  medium  are  provided  in  the  section  “3.2.7.a  – Preparation of conditioned ESC 

medium”). 

On day 29, individual colonies presenting ESC-like morphology were mechanically 

collected. To collect the colonies manually, the dish was placed in a stereomicroscope inside 

the cell culture hood. Each colony was scraped using sterile 50 µL tips, and fragmented in 

small clumps containing circa 100 cells. The fragments of each colony were collected and 

transferred to one well of a 12-well cell culture plate containing MEFs (prepared the day 

before collecting colonies) and ESC medium supplemented with 10 μM ROCK inhibitor (an 

inhibitor of apoptosis that increases survival of dissociated human pluripotent stem cells). 

Since each colony was reprogrammed from virtually one parental fibroblast, each colony was 

referred to as one clone. After 48 h, medium was replaced with ESC medium daily. Seven 

days after first passage, iPSCs colonies were enzymatically dissociated into small aggregates 

of cells using collagenase IV (methods for passaging iPSCs with collagenase are provided in 

the   section   “3.2.7.c   – Passage   of   PSCs   in   feeder   cultures”).   The   content   of   each  well  was  

transferred to one well of a 6-well cell culture plate containing MEFs. The iPSCs were 

maintained on MEFs and ESC medium, expanded and frozen. An overview of 

reprogramming experiment is provided on Figure 3.4. 
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Figure 3.4 – Overview of reprogramming experiment and expansion of the first iPSCs. One day 
previous to transduction, fibroblasts are seeded in 6-well plates. Fibroblasts are transduced with 
STEMCCA  “four  factors”  (FF),  and  “mCherry”  (mCh)  at  different  multiplicities  of  infection  (MOI).  
Five days later, fibroblasts are harvested and either analyzed by flow cytometry (mCh) or seeded in 
100 mm dishes pre-plated with MEFs (FF). Colonies resembling ESC-morphology are collected and 
expanded: first transferred to 12-well, then 6-well plates. The iPSCs are maintained in 6-well plates, 
and passaged each 7 days, approximately, at a 1 to 6 ratio (depending on confluence in the well).  
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The efficiency of derivation of iPSCs was calculated as follows: 

 

Efficiency (%) = Number of iPSC clones × 100 
Number of transduced cells 

 

 

3.2.7. Culturing pluripotent stem cells (PSCs) 
 

After the establishment of the patient iPSCs cultures, and in order to avoid MEFs 

interference in further experiments, iPSCs were transferred to a feeder-independent platform 

using Matrigel basement membrane matrix. The patient iPSCs were cultured for several 

passages with daily media change. Clones at different passages were frozen and kept in a 

liquid nitrogen storage system for long-term storage. Induced pluripotent stem cells derived 

from healthy subjects as well as H1, a human ESC (hESC) line, were used as controls for the 

experiments.  Detailed  information  regarding  these  cells  is  provided  in  the  “3.1.3.b  – Human 

pluripotent   stem   cell   lines”   section.   The   pluripotent   stem   cells   (PSCs),   that   include   both  

iPSCs and ESCs, were maintained and manipulated under the same culture conditions and 

methods. Detailed methods for PSCs maintenance, passaging, freezing, and thawing (for both 

feeder and feeder-independent platforms) are provided below. 

 

3.2.7.a – Preparation of conditioned ESC medium 
 

To prepare conditioned ESC medium, 4×106 MEFs mitotically arrested by irradiation 

were thawed and seeded in one 165 cm2 cell culture flask containing D-MEF medium. Cells 

were maintained in a cell incubator overnight. Next day, medium was removed; cells were 

rinsed once with 1×PBS and 40 mL ESC medium without bFGF was added. ESC medium 

without bFGF was replaced and collected for 10 days. Next, the conditioned medium was 

filtered using 0.22 µm pore filter systems, and supplemented with 10 ng/mL bFGF. 

 

3.2.7.b – Preparation of feeder plates 
 

First, 1 mL ultra-pure water with 0.1% gelatin was added to each well of 6-well plates. 

Plates were incubated for 1 h at 37°C. Meanwhile, 2×106 MEFs mitotically arrested by 

irradiation were thawed, centrifuged (300 × g for 5 min), supernatant was discarded, and 

pellet was resuspended in 37 mL D-MEF medium. The exceeding liquid was aspirated from 
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the wells, and immediately replaced with 2 mL D-MEF medium plus MEFs (circa 1×105 

cells) per well. Plates were placed in a cell incubator overnight. Immediately before being 

used, wells were rinsed twice with 1×PBS, and then filled with ESC medium (2 mL per well 

of 6-well plates). When the use of different plates or flasks was necessary, volumes were 

adapted for the surface area and the same procedures were performed. 

 

3.2.7.c – Passage of PSCs in feeder cultures 
 

For a proper passage procedure of PSCs cultured in MEFs, colonies were enzymatically 

dissociated into small aggregates of cells using collagenase IV resuspended in Knock Out 

DMEM (about 3×105 units per mL). The medium from each well was removed, and replaced 

with collagenase (1 mL per well of 6-well plates). Plates were incubated for 3 min at 37°C 

and then, collagenase was removed from each well (Figure 3.5-B). Each well was rinsed with 

3 mL ESC medium and scraped with glass pipettes until disrupting colonies into clumps of 

about 50 to 100 cells (Figure 3.5-C). The content of each well was transferred to a 10 mL 

tube and centrifuged (200 × g for 5 min); supernatant was removed and pellet was carefully 

resuspended in 6 mL ESC medium, in a way that prevented the disruption of cell clumps. 

Cells were seeded in a 6-well feeder plate (usually 1 mL per well) depending on the 

confluence before the passage, and then maintained in the cell culture incubator. ESC 

medium was replaced every day (2.5 mL per well of 6-well plates). Cells were passaged 

every seven days, at a confluence of 75% (approximately). 

 

 

 
Figure 3.5 – Passaging PSC colonies maintained in feeder cultures. (A) Wells at confluence of 
75% (approximately) were passaged every seven days. (B) Colony displaying detaching border after 3 
min of collagenase treatment at 37°C. (C) Size of cell aggregates after plating; too small aggregates 
may not adhere in the plate; on the other hand, large aggregates may differentiate in a few days after 
seeding the cells. Scale bars = 500 µm. 

 



44 
 

 
 

 

Spontaneous differentiation is a common feature of PSCs. The correct maintenance of 

the cultures is indispensable in order to maintain the PSC lines in an undifferentiated state 

(Figure 3.6-A). The differentiated cells can be easily recognized and are usually darker than 

the pluripotent cells. These cells tend to be clustered in the colony (e.g. in the center), as a 

darker and flat region, or forming three-dimensional ball-shaped structures like embryoid 

bodies (Figure 3.6-B). In addition, cells exhibiting morphologies different from the classical 

PSC morphology (cells with large nuclei and scant cytoplasm, and tightly arranged into the 

colony), such as cells with fibroblastoid shape, are also differentiated (Figure 3.6-C). 

Colonies that displayed regions of differentiation were manually removed prior to 

collagenase treatment using 50 µL tips and a stereomicroscope inside the cell culture hood. 

This removal of differentiated cells was necessary since they trigger cell signaling for 

differentiation of the adjacent pluripotent cells. 

 

 

 
Figure 3.6 – PSC colonies maintained in feeder cultures and displaying regions of spontaneous 
differentiation. (A) An example of a colony without signs of differentiated cells. (B) Spontaneous 
differentiation recognized as darker cells clustered in the center of the colony, as shown by the yellow 
arrow; differentiated cells that formed a three-dimensional structure like a EB, as shown by the white 
arrow. (C) Region of spontaneous differentiation formed by cells exhibiting morphologies different 
than the morphology of pluripotent cells. Scale bars = 500 µm. 

 

 

3.2.7.d – Preparation of feeder-independent plates 
 

The PSCs maintained in feeder-independent cultures were plated in Matrigel basement 

membrane matrix and either Essential 8 (hereafter referred as E8) or mTeSR medium. To 

prepare Matrigel aliquots, Matrigel bottles were thawed overnight at 4°C. In the next day, the 

same volume of cold Knock Out DMEM was added to the bottle, which was quickly 

homogenized with pre-chilled pipettes, and immediately transferred to cold microcentrifuge 
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tubes placed on   ice   (1  mL   per   tube).   Aliquots   were  maintained   in   the   −80°C   freezer   and  

thawed overnight at 4°C prior to use. In order to prepare Matrigel plates, one aliquot of 

Matrigel (1 mL) was diluted in 27 mL of cold Knock Out DMEM, and then 1.5 mL of this 

dilution was plated in each well of 6-well plates. Plates were wrapped in parafilm (to avoid 

that the liquid dried out) and stored at 4°C for up to 10 days. Prior to use, plates were 

incubated at 37°C for 15 min or at room temperature for 30 min. Wells were rinsed once with 

2 mL Knock Out DMEM, and then filled with either E8 or mTeSR medium (2 mL per well 

of 6-well plates). When the use of different plates or flasks was necessary, volumes were 

adapted for the surface area and the same procedures were performed. 

 

3.2.7.e – Passage of PSCs in feeder-independent cultures 
 

In feeder-independent platform, PSCs were passaged using an enzyme-free dissociation 

buffer containing 0.5 mM EDTA and 0.03 M NaCl in 1×PBS (hereafter referred as 

dissociation buffer). Firstly, PSCs were rinsed twice with 1×PBS, then covered with 

dissociation buffer (1 mL per well of 6-well plates), and incubated for 4 min at room 

temperature. Dissociation buffer was removed and the well was rinsed with 2 mL of either E8 

or mTeSR medium (depending on the medium that cells had been cultured), without the need 

of scraping the colonies. Detached colonies were carefully pipetted and dissociated into 

clumps of about 50 to 100 cells (Figure 3.7-B). Medium containing cell clumps was 

transferred to Matrigel plates, usually in the ratio 1:5, depending on the confluence of the 

cells before the passage procedure, then maintained in the cell culture incubator. Medium 

was replaced every day (2.5 mL per well of 6-well plates). Cells were passaged every three or 

four days, at a confluence of 75% (approximately). 
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Figure 3.7 – Passaging PSC colonies maintained in feeder-independent cultures. (A) Wells at 
confluence about 75% were passaged every four days. (B) Size of cell aggregates after EDTA 
treatment and pipetting. (C) Size of the colonies one day after seeding the cells. Scale bars = 500 µm. 

 

 

Although media for feeder-independent platform exert positive selection on 

undifferentiated cell, colonies may present regions of differentiation, usually visualized as 

lighter spots in the colony or regions of cells with fibroblastoid shape (Figures 3.8-B and C). 

However, spontaneous differentiation is feeder-independent platform is observed at a lower 

frequency than in feeder platform. Colonies with regions of differentiation were manually 

removed prior to passage procedure using 50 µL tips and a stereomicroscope inside the cell 

culture hood. 

 

 

 
Figure 3.8 – PSC colonies maintained in feeder-independent cultures and displaying regions of 
spontaneous differentiation. (A) An example of two colonies without signs of differentiated cells. 
(B) Spontaneous differentiation recognized as lighter cells scattered in the colony, as indicated by the 
arrow. (C) Region of spontaneous differentiation formed by cells exhibiting morphologies different 
from the morphology of pluripotent cells. Scale bars = 500 µm. 
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3.2.7.f – Transition between feeder and feeder-independent cultures 
 

The patient-derived iPSCs were first established and maintained in feeder cultures, and 

then transferred to a feeder-independent platform in order to avoid MEFs interference in 

further experiments. The iPSCs maintained in different platforms display peculiarities such as 

differences in the colony format: colonies maintained in feeder cultures tend to exhibit 

rounded formats (Figure 3.9-A), while colonies in feeder-independent culture may be 

rounded or did not exhibit defined formats, occasionally resembling geographical maps 

(Figure 3.9-B). In order to transfer iPSCs in feeders to a feeder-independent culture, cells 

were passaged following procedures of feeder passaging, but were seeded in Matrigel plates 

instead of feeder plates, in ESC medium at the ratio 1:1. The next day, medium was replaced 

with either E8 or mTeSR. 

 

 

 
Figure 3.9 – iPSC clones maintained in feeder and feeder-independent cultures. (A) An example 
of a colony in feeder culture, displaying well-defined and rounded delimitation. (B) An example of 
colonies in feeder-independent culture, displaying different sizes, and varied formats, though also 
displaying well-defined borders. Scale bars = 500 µm. 

 

 

3.2.7.g – Freezing PSCs 
 

To freeze both feeder and feeder-independent PSCs, cells were collected as described 

above for regular passaging. In case of PSCs in feeders, after centrifugation and removal of 

supernatant, the remaining pellet was resuspended in ESC medium, 0.5 mL per well collected 

(e.g. if three wells were collected and centrifuged, pellet was resuspended in 1.5 mL ESC 

medium). In case of PSCs feeder-independent, after removing dissociation buffer, each well 

was rinsed with 0.6 mL E8 (or mTeSR). In both platforms, 0.5 mL aliquots (cell clumps in 
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medium) were transferred to cryogenic vials, following addition of 0.5 mL 2× freezing 

medium (20% DMSO in HyClone FBS). Vials were inverted to mix and immediately placed 

into   a   cell   freezing   container   in   the   −80°C   freezer.   After   24   h,   cryogenic   vials   were  

transferred to a liquid nitrogen storage system for long-term storage. For both culture 

platforms, the content of one confluent well (approximately 75%) of 6-well plates was frozen 

in one vial. In addition, the clumps collected to be frozen were bigger than the clumps at the 

moment of seeding, since these clumps would be pipetted several times before being seeded 

again. 

 

3.2.7.h – Thawing PSCs 
 

To thaw PSCs, each cryogenic vial was manipulated separately. Immediately after being 

removed from liquid nitrogen, the cryogenic vial was quickly thawed in water bath at 37°C 

for 2 min. The content was transferred dropwise to a 15 mL tube containing 9 mL of pre-

warmed (37°C) medium (the same medium in which cells were cultured before being frozen). 

The tube was centrifuged (200 × g for 5 min), the supernatant was removed, and cell pellet 

was resuspended in 2 mL of medium supplemented with 10 μM ROCK inhibitor. Cell 

clumps were carefully pipetted, and transferred to one well of a 6-well plate (MEFs or 

Matrigel plate, depending on the platform that cells had been cultured before being frozen), 

then maintained in the cell culture incubator. Daily media change was started the following 

day. Usually, the content of one vial was thawed in one well of 6-well plates. PSCs frozen 

from feeder-independent culture recover faster (usually in five days), while PSCs frozen from 

feeders take about two weeks to recover after freezing process. However, the recovering 

depends on the confluence of the cells before freezing (high confluences recover fast), as 

well as size of clumps (small clumps of cells usually do not adhere, and large clumps start 

differentiating after a few days of thawing). 

 

 

3.2.8. Nucleic acids isolation from iPSCs 
 

Pellets from the iPSCs in feeder-independent culture were collected and stored for DNA 

and RNA isolation. iPSCs were harvested with dissociation buffer similarly to passage 

procedures. After dissociation, cells were rinsed from wells with medium, centrifuged (200 × 

g for 5 min), and the supernatant was removed. The pellet was washed once with 1×PBS, 
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centrifuged (200 × g for 5 min), and all PBS was carefully removed. Pellets were maintained 

in  the  −80°C  freezer  until  proceeding  to  extraction. 

 

3.2.8.a – DNA extraction 
 

Total DNA was extracted from pellets containing around 1×106 cells using the DNeasy 

Blood   &   Tissue   kit   according   to   manufacturer’s   recommendations.   First,   each   pellet   was 

resuspended in 200 µL 1×PBS and 20 µL proteinase K; 200 µL buffer AL was added, sample 

was vortexed, and incubated at 56°C for 10 min; 200 µL ethanol 100% was added and 

sample was vortexed; the mixture was pipetted into the DNeasy Mini spin column (provided 

in the kit) placed in a collection tube and centrifuged (6,000 × g for 1 min). The flow-through 

was discarded; 500 µL buffer AW1 was added and centrifuged (6,000 × g for 1 min). The 

flow-through was discarded; 500 µL buffer AW2 was added and centrifuged (20,000 × g for 

3 min) to dry the column membrane. Finally, the column was placed in a 1.5 mL 

microcentrifuge tube; 30 µL ultra-pure water was pipetted directly onto the column 

membrane and incubated at room temperature for 1 min, then centrifuged (6,000 × g for 1 

min)  to  elute  DNA  from  membrane.  DNA  samples  were  stored  in  the  −20°C  freezer. 

 

3.2.8.b – RNA extraction 
 

Total RNA was extracted from pellets containing around 1×106 cells using the RNeasy 

Mini  Kit  according  to  manufacturer’s  recommendations.  First, cells were lysed by adding 350 

µL buffer RLT plus 35 µL β-mercaptoethanol, and vigorously pipetted; 350 µL ethanol 70% 

was added to the lysate and sample was homogenized by pipetting; 700 µL of the sample was 

transferred to an RNeasy spin column (provided in the kit) placed in a collection tube and 

centrifuged (8,000 × g for 15 s). The flow-through was discarded; 700 µL buffer RW1 was 

added to wash the column membrane and centrifuged (8,000 × g for 15 s). The flow-through 

was discarded; 500 µL buffer RPE was added to wash the column membrane and centrifuged 

(8,000 × g for 15 s); the flow-through was discarded; 500 µL buffer RPE was added a second 

time to wash the column membrane and centrifuged (8,000 × g for 2 min); the flow-through 

was discarded. Finally, the column was placed in a 1.5 mL microcentrifuge tube; 30 µL 

RNase-free ultra-pure water was pipetted directly onto the column membrane and centrifuged 

(8,000 × g for 1 min) to elute the RNA from membrane. RNA samples were stored in the 

−80°C  freezer. 
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3.2.8.c – Quantification and purity of DNA and RNA samples 
 

DNA and RNA samples were quantified using the NanoDrop spectrophotometer. 

Quantification was based on absorbance values at 260 nm (A260). Absorbance values at 230 

nm (A230) and 280 nm (A280) were also acquired in order to estimate the DNA and RNA 

purity. The ratio A260/A280 provides an estimate of purity concerning contaminants that 

absorb in the UV spectrum, such as proteins, while the ratio A260/A230 provides an estimate of 

purity concerning organic compounds contaminants, such as phenol. Ideal values for both 

ratios should be close to 2. Ratios ranging from 1.8 to 2.1 were considered acceptable for 

either DNA or RNA samples. 

 

 

3.2.9. Excision of exogenous reprogramming transgenes in the iPSCs 
 

The  lentiviral  vector  used  for  derivation  of  patient  iPSCs  (the  STEMCCA  “four  factors”)  

is flanked by loxP sites that allow the excision of integrated reprogramming genes by Cre-

LoxP mediated recombination (Somers et al., 2010). In order to produce transgene-free 

clones, the patient iPSCs were transfected with the non-integrating plasmid pCL20i4rEF1-

Puro-T2A-cre-GFP, which promotes transient cre-recombinase expression. First, iPSCs 

cultured in feeder platform were passaged and directly seeded in Matrigel-coated 12-well 

plates in conditioned ESC medium containing 10 μM ROCK inhibitor. When cells achieved 

confluence of 75% (three days after passaging), medium was replaced with 1 mL transfection 

medium (DMEM/F12 supplemented with 1% L-glutamine and 1% NEAA) per well. Next, 1 

µg of plasmid was added to 100 µL DMEM/F12, and 1 µL PLUS Reagent to dilute the DNA. 

The mixture was incubated for 5 min at room temperature. Then, 6 µL Lipofectamine LTX 

was added to the diluted DNA mixture, vortexed and incubated for 30 min at room 

temperature. Finally, 100 µL of the DNA mixture was dropwise added to each well 

containing iPSCs, and the plate was incubated for 6 h at 37°C. Cells that were effectively 

transfected with the plasmid started expressing cre-recombinase and were positively selected 

by puromycin treatment for three days. To select these cells, the day following transfection, 

medium was replaced with conditioned ESC medium containing 3 μg/mL puromycin. The 

next two days, medium was replaced with conditioned ESC medium containing 2 μg/mL 



51 
 

 
 

puromycin. After selection, MEFs were added in the wells and ESC medium was changed 

daily until individual cells form colonies. Assuming that one colony was formed by the 

expansion of one single iPSC that was transfected, cre-excised, and selected, each colony was 

referred to as one subclone that has arisen from the iPSC clone. The colonies with ESC-like 

morphology were mechanically collected and expanded on MEFs and ESC medium for 

several passages and then transferred to feeder-independent culture. 

A multiplex polymerase chain reaction (multiplex PCR) was performed in DNA samples 

from three iPSC clones before excision in order to assess copy numbers of STEMCCA 

vectors integrated into the genome of reprogrammed cells. Multiplex PCR was also 

performed after cre-excision in the subclones in order to verify whether the removal of 

transgenes was successfully performed. PCR reactions were prepared using the TaqMan 

Universal   Master   Mix   according   to   the   manufacturer’s   recommendations.   Reactions   were  

done in duplicates; each one consisted of the kit-supplied master mix, 160 ng DNA, primer-

probe mixes for HIV (FAM) and housekeeping gene STP (VIC/TAMRA), 0.8 μM each 

primer and 0.08 μM each probe. Conditions for reaction were: 50°C for 2 min, 95°C for 10 

min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, concluding with a 4°C 

incubation. Number of copies was calculated as 2–ΔΔCT, normalized by an iPSC control 

known as carrying one copy of the transgenes, as follows: 

 

ΔCT sample = CT(HIV RRE) sample −  CT(STP) sample 

ΔΔCT sample = ΔCT sample −  ΔCT iPSC one copy 

2-ΔΔCT sample = number of transgene copies 

 

 

3.2.10. iPSCs characterization 
 

In order to demonstrate that the iPSCs derived from the patient fibroblasts resembled 

hESCs and genotypic characteristics from patient, three excised iPSCs subclones were 

selected for further characterization, which encompassed karyotyping, 

immunocytochemistry, gene sequencing, embryoid bodies (EBs) formation assay, and 

quantitative PCR for checking the expression of endogenous markers. 
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3.2.10.a – Immunocytochemistry 
 

Immunocytochemistry for endogenous markers of pluripotency was performed in iPSC 

clones as well as H1 hESC line (positive control). Cells were cultured in 96-well plate for 2 

days in MEFs (negative control) and ESC medium. Cells were washed once with 1×PBS and 

fixed with 4% paraformaldehyde for 30 min at room temperature, and washed three times 

with 1×PBS. Cells were permeabilized with 0.2% Triton X-100 for 30 min at room 

temperature followed by another step of washing three times with 1×PBS. Cells were blocked 

in blocking buffer (1×PBS containing 3% BSA and 5% donkey serum) for 2 h at room 

temperature. Blocking buffer was removed. Primary antibodies against human OCT4, 

NANOG, SSEA4, TRA-1-81, and TRA-1-60 were diluted in blocking buffer (1:100) and 

added, then incubated at 4°C overnight. The next day, primary antibodies were removed and 

cells were washed three times with 1×PBS. Secondary antibodies diluted in blocking buffer 

(1:500) were added and cells were incubated at 4°C for 3 h in the dark. Secondary antibodies 

were removed and cells were washed three times with 1×PBS. Nuclei were stained using 

Vectashield with DAPI, one drop per well, incubated for 10 min. Finally, 1×PBS was added 

in the wells. Cell images were acquired in a fluorescence microscope. 

 

3.2.10.b – Embryoid bodies (EBs) formation assay 
 

In vitro differentiation assay (embryoid body formation) was performed in iPSCs and H1 

hESC line. Cells cultured in feeder-independent platform and mTeSR medium were passaged 

at confluence of 75% (approximately) using dissociation buffer as previously described 

(section  “3.2.7.e  – Passage of PSCs in feeder-independent  cultures”).  The  content  of  one  well  

was split into three wells in a Matrigel plate (6-well plates). Cells were grown for two days 

with daily medium change. Next, PSCs were incubated in mTeSR medium supplemented 

with 10 μM ROCK inhibitor for 1 h at 37°C. Medium was removed and cells were rinsed 

twice with 1×PBS, and incubated with dissociation buffer for 5 min at room temperature. The 

dissociation buffer was removed and PSCs aggregates were rinsed with mTeSR medium 

containing 30 µM polyvinyl alcohol, carefully pipetted to avoid dissociation of aggregates, 

which should be bigger in size than aggregates seeded in passage procedure (about 500 cells 

per clump). The content of two wells of cells was transferred to one well of ultra-low 

attachment 6-well plates and placed into the cell culture incubator. In the following day, 

plates were checked for embryoid bodies (EBs) formation. Two days later, medium was 
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changed for Essential 6, in which EBs were cultured for 15 days, with medium change in 

each 3 days. Then, EBs were collected and washed once with 1×PBS, followed by RNA 

extraction  as  previously  described  (section  “3.2.8.b  – RNA  extraction”). 

 

3.2.10.c – Quantitative PCR of pluripotency and differentiation markers 
 

The expression of endogenous pluripotency markers (OCT4, SOX2, KLF4, MYC, and 

NANOG), as well as differentiation markers for endoderm (AFP and GATA4), mesoderm 

(RUNX1 and CD34), and ectoderm (NCAM and NES) was assessed in RNA samples from EBs. 

In order to compare gene expression in EBs with the cells in the pluripotent state, RNA 

samples of the PSCs prior to EBs formation were also analyzed. First, reverse transcription 

polymerase chain reactions (RT-PCR) were performed. For each reaction, 500 ng RNA, 100 

ng random primer, 2 µL dNTP, and ultra-pure water (enough for final volume of 20 µL) were 

mixed and incubated at 65°C for 5 min. After, 4 µL 10× buffer, 5 mM MgCl2, 10 mM DTT, 

and 2 µL RNaseOUT were added and incubated at 25°C for 2 min. Then, 2 µL SuperScript II 

Reverse Transcriptase was added. Samples were incubated in the thermal cycler at 25°C for 

10 min, 42°C for 50 min, and 70°C for 15 min. Finally, 2 µL RNase H was added and 

incubated 37°C for 20 min. 

The cDNA obtained in RT-PCR was used for quantitative PCR (qPCR). Reactions were 

prepared in duplicate in 96-well plates, each one containing 2 µL cDNA (diluted 6 times in 

ultra-pure water), 7.5 µL SYBR Green PCR Master Mix, 0.14 µM primer forward, 0.14 µM 

primer reverse, and 5 µL ultra-pure water. The ABI Prism 7000 equipment was used for 

amplification and detection. The reaction conditions were: 95°C for 10 min followed by 40 

cycles of 95°C for 15 s and 60°C for 1 min, concluding with a 4°C incubation. The 

expression levels of each gene were calculated as 2ΔCT, normalized by ACTB expression, in 

which ΔCT was calculated as follows: 

 

ΔCT sample = CT(GENE) sample −  CT(ACTB) sample 

 

3.2.10.d – Karyotyping 
 

The reprogramming process is a putative source of acquisition of cytogenetics 

abnormalities, and karyotyping is a regular procedure to test the cytogenetics integrity in 

iPSCs. Karyotyping was performed by WiCell Research Institute (Madison, WI, USA). For 
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each iPSC subclone, a total of 20 metaphases were counted and 8 analyzed; 4 metaphases 

were karyotyped in a band resolution of either 425-450 or 450-475. 

 

 

3.2.10.e – Gene sequencing 
 

In order to confirm the DKC1 mutation previously detected in the patient at the 

diagnosis, the exon 11 of this gene was sequenced in the iPSCs subclones. For this purpose, 

total   genomic   DNA  was   extracted   from   cell   pellets   as   described   in   the   section   “3.2.8.a   – 

DNA   extraction”.   Exon   11   was   amplified   by   PCR   using   Platinum   PCR   SuperMix High 

Fidelity kit. For each PCR reaction, 200 ng DNA was added to 45 µL Platinum PCR Mix, 0.2 

µM DKC1 primer forward, 0.2 µM DKC1 primer reverse, and ultra-pure water to complete a 

final volume of 50 µL. Samples were incubated in the thermal cycler at 94°C for 2 min, 

followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min, concluding with a 

4°C incubation. 

Next, PCR products were purified using the QIAquick PCR purification kit according to 

manufacture’s   recommendations.   First,   one   volume of PCR reaction was added to five 

volumes of buffer PB. The mixture was added to a QIAquick column (provided in the kit) 

placed into a collection tube. The DNA was bound to the column by centrifuging sample 

(17,900 × g for 1 min); the flow-through was discarded. To wash, 750 µL buffer PE was 

added to the column and centrifuged (17,900 × g for 1 min). The flow-through was discarded. 

The column was dried by centrifugation (17,900 × g for 1 min). To elute DNA from 

membrane, 30 µL ultra-pure water was pipetted directly onto the column membrane and 

incubated at room temperature for 1 min, then centrifuged (17,900 × g for 1 min). Purified 

DNA was quantified using the NanoDrop spectrophotometer. 

In order to check the integrity and the size of the purified PCR products, 5 µL PCR 

products were added to 1 µL 5× Loading Dye (from the kit). Samples along with a molecular 

weight ladder (GeneRuler DNA Ladder Mix) were loaded in a 1% agarose gel containing 0.5 

μg/mL EtBr, and run in an electrophoresis unit filled with 1× TAE buffer (80 V for 30 min). 

The DNA fragments (bands) in the gel were visualized through a device that emits UV light 

(ImageQuant imaging system and software). 

Next, the sequencing reactions were prepared with 20 ng DNA, 0.5 µM DKC1 primer 

forward, 3 µL BigDye Terminator, and ultra-pure water to complete a final volume of 10 µL. 

Samples were incubated in the thermal cycler at 94°C for 2 min, followed by 35 cycles of 
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94°C for 10 s, 50°C for 5 s, and 60°C for 4 min. The sequencing reactions were purified 

using the DyeEx 2.0 spin kit. For this purpose, the spin column provided in the kit was first 

gently vortexed to resuspend the resin, then placed into a collection tube and centrifuged 

(1,000 × g for 3 min). The column was transferred to a 1.5 mL microcentrifuge tube. The 

sequencing reactions (10 µL) were slowly applied into the gel bed in the column and 

centrifuged (1,000 × g for 3 min). The purified DNA was dried in a vacuum concentrator for 

30 min at high speed. The dried products were resuspended in 15 µL Hi-Di formamide. 

Finally, products were loaded in the sequence analyzer ABI Prism 3100. The chromatograms 

were analyzed with CLC Main Workbench software. 

 

 

3.2.11. Quantitative PCR for telomere length 
 

Three patient iPSC clones were cultured in feeder-independent platform for 42 passages 

(represented as px, for cells passaged in a number x of times). Cell pellets were collected in 

intervals of approximately six passages and total genomic DNA was extracted and quantified 

as  previously  described  (section  “3.2.8.a  – DNA  extraction”).  Genomic  DNA  from  parental  

fibroblasts (fibroblasts at p7 collected immediately before reprogramming experiment) was 

also extracted. The integrity of DNA samples was tested through agarose gel electrophoresis: 

50 ng of each DNA sample, along with a molecular weight ladder (1 kb), was loaded in a 

1.5% agarose gel containing 0.5 μg/mL EtBr, and run in an electrophoresis unit filled with 1× 

TAE buffer (80 V for 30 min). The DNA fragments (bands) in the gel were visualized 

through a device emitting UV light (ImageQuant imaging system and software). 

The qPCR for telomere length was adapted from methods described by Cawthon (2002) 

and Callicott and Womack (2006). Each experiment of qPCR for telomere length consisted of 

two qPCR assays: one using primers for annealing and amplifying the telomere (referred as 

T), and the other assay using primers for a gene known to have a single copy in the genome, 

the 36B4 gene (referred as S). The qPCR reaction for T consisted of 8 µL DNA at 0.2 ng/µL 

(a total of 1.6 ng DNA per reaction), 10 µL 2× Rotor-Gene SYBR Green PCR Master Mix, 

900 nM primer Tforward, and 900 nM primer Treverse (final volume = 20 µL). Conditions for 

reactions were: 95°C for 5 min followed by 25 cycles of 98°C for 7 s and 60°C for 10 s, 

concluding with a 4°C incubation. The qPCR reaction for S consisted of 8 µL DNA at 0.2 

ng/µL (a total of 1.6 ng DNA per reaction), 10 µL 2× Rotor-Gene SYBR Green PCR Master 

Mix, 900 nM primer Sforward, and 1.5 µM primer Sreverse (final volume = 20 µL). Conditions 
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for reactions were: 95°C for 5 min followed by 35 cycles of 98°C for 7 s and 58°C for 10 s, 

concluding with a 4°C incubation. A standard curve was run in each assay using a control 

DNA at serial concentrations (10, 5, 2.5, 1.25, and 0.625 ng per reaction). An experiment was 

only accepted if standard curve had a correlation coefficient (r2 value)  ≥  0.9  for  both  T  and  S  

assays. As validation samples, the control DNA as well as DNA from an umbilical cord 

blood were run along with samples. PCR reactions were pipetted using the QIAgility robotic 

workstation. The amplification and quantification was performed in the Rotor-Gene Q real-

time PCR cycler. The threshold was set during the exponential phase of amplification, and 

the number of amplification cycles needed to reach the threshold fluorescence was denoted as 

cycle threshold (CT). CT values for both T and S assays were acquired for each sample. 

Samples were pipetted in triplicate, and the CT value for a given sample was represented as 

the average of CT values of triplicates. The telomere length was represented as a relative T/S 

ratio, which was inferred based on the relative quantification calculated using the 2-ΔΔCT 

method (Livak and Schmittgen, 2001), as follows: 

 

ΔCT sample = CT(T) sample −  CT(S) sample 

ΔΔCT sample = ΔCT sample −  ΔCT curve 

2-ΔΔCT sample = T/S ratio for sample 

 

The ΔCT curve represents the average of the ΔCT values obtained for each one of the five 

points in the standard curve. Three independent qPCR experiments were performed for each 

sample. The final T/S ratio for a given sample represents the mean and the standard deviation 

(SD) of the three experiments. 

 

 

3.2.12. Southern hybridization for telomere length 
 

In order to validate qPCR results, the mean terminal restriction fragment (TRF) length 

was assessed by Southern blot analysis. TRF length was measured in six iPSCs samples as 

well as parental fibroblasts. The TeloTAGGG Telomere Length Assay kit was used 

according  to  the  manufacturer’s  protocols.  The  solutions  used  in  this  technique  (and  that  were  

not   provided   in   the   TeloTAGGG   kit)   were   detailed   in   the   section   “3.1.13.   Solutions   and  

buffers”.  First,  a  total  amount  of  800  ng  of  genomic  DNA  per  sample  (from  the same DNA 

aliquots used for qPCR) was digested with restriction enzymes: 2 µL HinfI, 2 µL RsaI, and 
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2.5 µL 10× digestion buffer (final volume of 25 µL in ultra-pure water). The samples were 

incubated in the thermal cycler at 37°C for 90 min. Next, fragments of digested DNA were 

separated by gel electrophoresis. For this purpose, the samples were loaded in a 0.8% agarose 

gel. A molecular weight ladder (2 µL DIG molecular weight, 6 µL ultra-pure water, and 2 µL 

5x loading buffer) was loaded in both extremities of the gel (5 µL molecular weight ladder 

per lane). Samples and ladder were run in an electrophoresis unit filled with 1× TAE buffer at 

80 V for 4 h. The gel was carefully transferred to a recipient and washed with solutions and 

gentle agitation. First, gel was submerged in HCl solution for 15 min, and then rinsed twice 

with water. Second, gel was submerged two times in denaturation solution for 15 min (each), 

and then rinsed twice with water. Third, gel was submerged two times in neutralization 

solution for 15 min (each). The blotting was prepared: the DNA fragments were transferred 

from the gel to a positively charged nylon membrane by capillary action in 20× SSC buffer 

overnight. For this procedure, a tray was placed upside down inside a reservoir filled with 

20×  SSC  buffer.  Sheets  of  filter  paper  soaked  in  buffer  were  mounted  on  the  tray’s  surface,  

and in contact with the buffer. The gel was placed on the filter paper (the DNA side facing 

up), and the nylon membrane was placed on the gel, in contact with the DNA side. Sheets of 

filter paper and paper towels were pilled on the membrane, and a glass bottle filled with 

water was placed on the top such as a weight. The buffer carried the DNA from the gel to the 

membrane by capillarity, as the dry filter papers and paper towels absorbed the buffer from 

the reservoir, passing through the gel and the membrane. As membrane was positively 

charged, the DNA was bound to it on contact. 

The following day, the membrane was washed with 2× SSC buffer (always, DNA side 

up). The transferred DNA was permanently attached to the membrane by UV-crosslinking 

(1200J). Next, the membrane was washed one more time with 2× SSC buffer. The telomere 

sequences were hybridized with a telomere-specific probe. For this step, the membrane was 

submerged in pre-warmed DIG Easy Hyb solution (from kit) and incubated at 42°C for 1 h 

with gentle agitation. The solution was removed and replaced by hybridization solution 

composed of 1.8 µL digoxigenin (DIG)-labeled hybridization probe in 15 mL pre-warmed 

DIG Easy Hyb solution. The membrane was incubated in the hybridization solution at 42°C 

for 3 h with gentle agitation. Next, the hybridization solution was removed and the membrane 

was washed twice with stringent wash buffer I (5 min each) with gentle agitation. The 

membrane was washed twice with stringent wash buffer II (20 min each) at 50°C with gentle 

agitation. Membrane was washed once with washing buffer for 5 min. The membrane was 

submerged in blocking solution (containing maleic acid, from kit) and incubated for 1 h, and 
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then incubated for 30 min in Anti-DIG-Alkaline Phosphatase solution (from kit). The 

membrane was washed twice with washing buffer (15 min each), and equilibrated with 

detection buffer (from kit) by incubation for 5 min. The buffer was removed and 4 mL 

substrate solution (from kit) was dropwise applied to the membrane, with the DNA side 

facing up. The excess of substrate solution was removed, and the membrane was wrapped in 

plastic film, spreading the remaining substrate solution homogeneously over the membrane, 

and   avoiding the formation of air bubbles. Finally, the chemiluminescence detection was 

performed in the ImageQuant imaging system and software with exposure time of 30 min. 

The mean TRF length was calculated as: 

 

TRF = 
Σ  (ODi) 

Σ  (ODi /Li) 
 

ODi represents the chemiluminescent signal and Li is the length of the TRF at position i. 

 

 

3.2.13. Telomeric repeat amplification protocol (TRAP) for telomerase activity 
 

In vitro telomerase activity was assessed by TRAP assay using the TRAPeze XL 

Telomerase  Detection  kit   according   to  manufacturer’s   instructions.  First,   pellets   containing  

around 1×106 cells were collected from iPSC clones maintained in feeder-independent 

culture at different passages (p). Pellets from parental fibroblasts (p6) and fully 

undifferentiated hESC line H1 (p35) were also collected and used as negative and positive 

controls, respectively, for the telomerase activity of iPSCs. HeLa cells were used as 

normalizers. Proteins from cell pellets were extracted adding 200 µL of CHAPS lysis buffer 

(from kit) per sample; samples were incubated on ice for 30 min, and then centrifuged 

(12,000 × g for 20 min at 4°C); 160 µL of the supernatant was transferred to microcentrifuge 

tubes placed on ice. 

One aliquot of each sample was used to determine the protein concentration, which was 

performed   using   the   Pierce   BCA   Protein   Assay   kit   according   to   the   manufacturer’s  

instructions. First, 50 parts of BCA Reagent A was mixed to 1 part of BCA Reagent B; 25 µL 

of each protein sample was added to 200 µL of this mixture. BSA protein standards of known 

concentration were prepared in serial dilutions of 2, 1, 0.5, 0.25, and 0.125 µg/µL such as the 

samples: 25 µL of standard was added to 200 µL mixture. A blank standard was prepared 

adding 25 µL CHAPS buffer to 200 µL mixture. Samples and standards were pipetted in 
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duplicate in a 96-well plate. The plate was incubated at 37°C for 30 min. The absorbance was 

measure at 562 nm on the SpectraMax fluorometer and analyzed on the SoftMax software. 

For calculating protein concentrations, the average of 562 nm absorbance measurement of the 

blank standard duplicates from the 562 nm absorbance measurement of all other individual 

standard and unknown samples duplicates. A standard curve was potted with the absorbance 

measurements of standards. An assay was only accepted if standard curve had a correlation 

coefficient (r2 value)   ≥   0.9.   The   protein   concentration   of   each   unknown   sample   was  

determined using the standard curve. The final concentration of a given sample was 

calculated as the average of the duplicates. The protein samples were diluted in CHAPS 

buffer to a final concentration  of  150  ng/µL,  and  stored  in  the  −80°C  freezer. 

The activity of telomerase was detected by fluorometry. First, the telomerase enzymes 

present in each protein extract sample were allowed to add telomeric repeats in a given 

substrate oligonucleotide. Then, Taq polymerase was provided to synthesize the 

complimentary strands of the extended products using fluorescein-labeled primers, in which 

the fluorescence emitted was directly proportional to the amount of telomeric repeats 

products generated, corresponding to an estimative of telomerase activity. For performing 

this assay, qPCR reactions were prepared with 2 µL proteins (300 ng), 10 µL 5× TRAPeze 

XL Reaction Mix, 2 units of Taq polymerase (Platinum Taq DNA Polymerase), and ultra-

pure water to a final volume of 50 µL per reaction. Dilutions of a control template (TSR8) 

instead of sample extracts were prepared to generate a standard curve (0.4, 0.08, 0.016, and 

0.0032 amoles per reaction). The TSR8 is an oligonucleotide sequence composed of eight 

telomeric repeats. Telomerase positive control (HeLa cells protein extract), minus telomerase 

control (CHAPS instead of protein samples), minus Taq polymerase control (ultra-pure water 

instead of Taq polymerase), and no template control (ultra-pure water instead of protein 

samples) were also prepared. Reactions were pipetted in duplicate, and thermal cycled as 

follows: 30°C for 30 min (for telomerase extension), and a 4-step PCR of 36 cycles at 94°C 

for 30 s, 59°C for 30 s, and 72°C for 1 min, then a extension step at 72°C for 3 min, and 55°C 

for 25 min, concluding with a 4°C incubation. 

For fluorescence measurements, 50 µL PCR products were added to 150 µL buffer 

solution (10 mM TrisHCl pH 7.4, 0.15 M NaCl, 2 mM MgCl2) and acquired in the 

SpectraMax fluorometer and SoftMax software, using the excitation/emission parameters for 

fluorescein (495 nm/516 nm) and sulforhodamine (600 nm/620 nm). To calculate the 

increase  of   fluorescence  emission,   the   “minus   telomerase   control”  was   subtracted   from   the  

fluorescein emission   (∆FL),   and   the   “minus   Taq   polymerase”   was   subtracted   from   the  
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sulforhodamine  emission  (∆R)  in  each  reaction.  The  log10 of the relative ratio of fluorescence 

increase was calculated for each reaction: log10 (∆FL/∆R).   In   order   to   generate   a   standard  

curve, the log10 (∆FL/∆R)   calculated   for   each   TSR8   dilution   was   plotted   on   the   Y-axis 

against the log10 value of the corresponding concentration of TSR8 (0.4, 0.08, 0.016, or 

0.0032 amoles) on the X-axis. Since 1 amole of TSR8 corresponds to 1,000 TPG units 

(which are the units for measurement of telomerase activity), the linear equation generated 

from standard curve was applied for the calculation of the number of TPG units for each 

sample. One TPG (total product generated) unit corresponds to the number of primers (in 

10−3 amole) extended with at least 3 telomeric repeats. An experiment was only accepted if 

standard curve had a correlation coefficient (r2 value)  ≥  0.9.  Relative  telomerase  activity  was  

determined by setting the HeLa activity as 100%. The telomerase activity value of a given 

sample represents the mean and SD of two independent experiments. 

 

 

3.2.14. Expression of TERT, TERC, and DKC1 
 

Cell pellets were collected from patient iPSC clones and subclones maintained in feeder-

independent culture at early and late passages (p), as well as parental fibroblasts (p5), the 

negative control; hESC line H1 (p61) was used for calculating relative gene expression. First, 

total   RNA   was   extracted   and   quantified   as   described   in   the   section   “3.2.8.   Nucleic   acids  

isolation   from   iPSCs”.   The   RNA   integrity   was   checked   by   loading   1.2   µL   RNA   into  

microfluidic chips of the RNA 6000 Nano kit, and then analyzed on a 2100 Bioanalyzer 

instrument   according   to   the  manufacturer’s   recommendations.  RNA  samples  with   Integrity  

Number   (RIN)   ≥   7.0  were   used   for  RT-PCR. The reactions were performed using 500 ng 

RNA and the High-capacity cDNA Reverse Transcription kit according to  the  manufacturer’s  

recommendations. Each RNA sample was mixed with 2 µL 10× RT buffer, 4 mM dNTP mix, 

2 µL 10× RT random primers, 1 µL MultiScribe Reverse Transcriptase, and ultra-pure water 

(to complete a final volume of 20 µL). Reactions were incubated in the thermal cycler at 

25°C for 10 min, 37°C for 120 min, and 85°C for 5 min, concluding with a 4°C incubation. 

The cDNA obtained in RT-PCR was diluted in ultra-pure water (20 µL cDNA and 80 µL 

water). The expression levels of the TERT, TERC, and DKC1 genes were assessed by qPCR, 

using the expression levels of the GAPDH housekeeping gene as normalizer. 

The qPCR reactions were prepared in duplicate, each one containing 2.5 µL cDNA, 5 µL 

2× TaqMan Gene Expression Master Mix, 1 µL 10× TaqMan probe, and 1.5 µL ultra-pure 
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water. Conditions for qPCR reactions were: 50°C for 2 min, and 95°C for 10 min, followed 

by 40 cycles of 95°C for 15 s and 60°C for 1 min, concluding with a 4°C incubation. Data 

were acquired on a 7500 Real-Time PCR System. The threshold was set during the 

exponential phase of amplification, and the number of amplification cycles needed to reach 

the threshold fluorescence was denoted as cycle threshold (CT). The quantification of gene 

expression in the iPSCs (relative to H1) was calculated using the 2-ΔΔCT method (Livak and 

Schmittgen, 2001), as follows: 

 

 

ΔCT sample = CT(GENE) sample −  CT(GAPDH) sample 

ΔΔCT sample = ΔCT sample −  ΔCT H1 

2-ΔΔCT sample = expression of sample (relative to H1) 

 

 

3.2.15. SNP arrays for high-resolution genome-wide DNA copy number analysis 
 

A next-generation cytogenetics study was carried out through SNP arrays using the 

Genome-Wide   Human   SNP   CytoScan   HD   Arrays   according   to   the   manufacturer’s  

recommendations. First, total genomic DNA was extracted from three iPSC clones 

maintained in long-term culture in feeder-independent platform, according to methods 

described   in   the  section  “3.2.8.  Nucleic  acids   isolation  from  iPSCs”.  The   integrity  of  DNA  

samples was tested through agarose gel electrophoresis: 50 ng of each DNA sample, along 

with a molecular weight ladder (1 kb), was loaded in a 1.5% agarose gel containing 0.5 

μg/mL EtBr, and run in an electrophoresis unit filled with 1× TAE buffer (80 V for 30 min). 

The DNA fragments (bands) in the gel were visualized through a device emitting UV light 

(ImageQuant imaging system and software). 

Then, 250 ng DNA was digested with the NspI restriction enzyme (as part of the 

Digestion Master Mix) at 37ºC for 2 h, and 65ºC for 20 min. The samples were ligated to Nsp 

I adaptors in a reaction containing T4 DNA ligase, incubated in the thermal cycler at 16ºC for 

3 h, and 70ºC for 20 min. The ligated DNA was amplified in a PCR reaction containing 2.5 

mM of each dNTP, PCR primer, GC-melt reagent, buffer, and Titanium Taq DNA 

Polymerase. The reactions were incubated in the thermal cycler at 94ºC for 3 min, followed 

by 30 cycles of 94ºC for 30 s, 60ºC for 45 s, and 68ºC for 15 s, and one cycle at 68ºC for 7 

min. The samples amplification was confirmed by running 3 µL of each PCR product on a 
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2% agarose gel. The PCR products were purified using magnetic beads. The purified samples 

(45 µL) were fragmented with 10 µL fragmentation buffer and reagent (containing DNase I) 

at 37ºC for 35 min, and 95ºC for 15 min. Again, fragmentation reactions were loaded in a 4% 

agarose gel. After, terminal regions of the fragments were labeled with biotin, and hybridized 

to the SNP CytoScan HD chips. The chips were automated washed, scanned, read, and 

analyzed   in   “The  Chromosome  Analysis   Suite   (ChAS)”   software   (Affymetrix).   First,   non-

cloning uniparental disomy (UPD) areas as well as chromosomal deletions and insertions 

previously identified in SNP arrays in the population as genomic variants were excluded 

using the Database of Genomic Variants (Center for Applied Genomics – 

http://projects.tcag.ca/variation/). For detection of copy number variants in the samples, filter 

was set at >300 kbp for lesions and number of probes >50. 

 

 

3.2.16. C-circles assay 
 

The assessment of DNA C-circles in the patient iPSCs was carried out according to 

methods described by Henson et al. (2009). The patient parental fibroblasts and the iPSC 

control were also evaluated. The human osteosarcoma cell lines U2-OS and Saos-2 were used 

as positive controls. The lysis buffer and solutions used in this technique were detailed in the 

section  “3.1.13.  Solutions   and  buffers”.   First,   pellets   containing  1×105 cells were collected 

from fibroblasts and iPSC clones maintained in feeder-independent culture at different 

passages (p). The DNA was extracted from cells by lysing them with addition of 47.5 µL 

lysis buffer and 2.5 µL of proteinase K per sample. Samples were incubated in a shaker at 

56°C and 1,400 rpm for 1 h. Then, proteinase was inactivated at 70°C and 1,400 rpm for 20 

min. Genomic DNA was digested using 2 µL of each restriction enzyme, HinfI and RsaI, and 

25 ng of RNase, incubated at 37°C for 90 min. The reaction for amplification of the DNA C-

circles (when present) was performed. For each reaction, 10 µL of digested DNA was 

combined with 10 µL BSA (0.2 mg/mL), 0.1% Tween 20, 1 mM each dATP, dGTP, and 

dTTP, 1× phi29 buffer and 7 U phi29 DNA polymerase. Reaction were incubated in the 

thermal cycler at 30°C for 8 h then 65°C for 20 min. The final product was diluted in 60 µL 

of 2× SSC and blotted to a positively charged nylon membrane using a 96-well holder 

attached to vacuum. After applying the samples, the membrane was air-dried. 

The membrane was washed with 2× SSC buffer (always, DNA side up). The transferred 

DNA was permanently attached to the membrane by UV-crosslinking (1200J). Next, the 
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membrane was washed one more time with 2× SSC buffer. The telomere sequences were 

hybridized with a telomere-specific probe. For this step, the membrane was submerged in 

pre-warmed DIG Easy Hyb solution (from TeloTAGGG Telomere Length Assay kit) and 

incubated at 42°C for 1 h with gentle agitation. The solution was removed and replaced by 

hybridization solution composed of 1.8 µL digoxigenin (DIG)-labeled hybridization probe in 

15 mL pre-warmed DIG Easy Hyb solution. The membrane was incubated in the 

hybridization solution at 42°C for 3 h with gentle agitation. Next, the hybridization solution 

was removed and the membrane was washed twice with stringent wash buffer I (5 min each) 

with gentle agitation. The membrane was washed twice with stringent wash buffer II (20 min 

each) at 50°C with gentle agitation. Membrane was washed once with washing buffer for 5 

min. The membrane was submerged in blocking solution (containing maleic acid, from kit) 

and incubated for 1 h, and then incubated for 30 min in Anti-DIG-Alkaline Phosphatase 

solution (from kit). The membrane was washed twice with washing buffer (15 min each), and 

equilibrated with detection buffer (from kit) by incubation for 5 min. The buffer was 

removed and 4 mL substrate solution (from kit) was dropwise applied to the membrane, with 

the DNA side facing up. The excess of substrate solution was removed, and the membrane 

was wrapped in plastic film, spreading the remaining substrate solution homogeneously over 

the membrane, and   avoiding the formation of air bubbles. Finally, the chemiluminescence 

detection was performed in the ImageQuant imaging system and software with exposure time 

of 20 min. 

 

 

3.2.17. Detection of telomere-associated promyelocytic leukemia bodies 
 

The Alternative Lengthening of Telomeres (ALT)-associated promyelocytic leukemia 

bodies (APBs) assay was performed on patient iPSC clones and subclones at different 

passages, as well as iPSCs control and H1 hESCs. Patient fibroblasts were set as negative 

control, and telomerase-deficient VA13 cell line was set as positive control. First, PSCs from 

confluent 6-well plates in feeder-independent culture were dissociated in single cells. For this 

purpose, cells were rinsed once with 1×PBS and detached with 1 mL per well of Accutase 

cell detachment solution, incubated for 10 min at 37°C. Cells were pipetted in order to 

dissociate colonies, and then resuspended in 10 mL DMEM/F12 medium, transferred to a 15 

mL tube and centrifuged (200 × g for 5 min). An aliquot of cells was prepared to be counted 

in the Neubauer chamber. After centrifugation, the supernatant was removed and cells were 
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resuspended in mTeSR medium containing 10 μM ROCK inhibitor; 3×105 cells were seeded 

in one well of 24-well plates previously covered with 13 mm coverslips and coated with 

Matrigel  matrix  (as  described  in  “3.2.7.d  – Preparation of feeder-independent  plates”).  PSCs  

were incubated overnight in the cell culture incubator. Next, media were aspirated and cells 

were washed once with 1×PBS, following fixation with pre-warmed (37°C) 2% 

paraformaldehyde in 1×PBS for 10 min at room temperature. Cells were washed twice with 

1×PBS and permeabilized with 0.5% Triton X-100 in 1×PBS for 10 min at room 

temperature, and washed three times with 1×PBS. Cells were blocked in blocking buffer (1% 

BSA in 1×PBS) for 1 h at 37°C, and then incubated overnight at 4°C with the mouse anti-

human PML protein primary antibody diluted in blocking buffer (1:200). The primary 

antibody was removed and cells were washed three times with 1×PBS. Diluted secondary 

antibody (1:500 in blocking buffer) donkey anti-mouse IgG Alexa Fluor 594 was added and 

cells were incubated at room temperature for 1 h. Secondary antibody was removed and cells 

were washed twice with 1×PBS, proceeding then to telomere fluorescence in situ 

hybridization (telomere FISH). For this purpose, cells were fixed again with 2% 

paraformaldehyde in 1×PBS for 2 min at room temperature, following two steps of washing 

with 1×PBS for 3 min. Cells were dehydrated with cold ethanol series (70%, 85%, and 

100%) for 2 min each step. Coverslips containing cells were pre-warmed in a hot plate 

(85°C) for 5 min in the dark. Meanwhile, pre-warmed (85°C) hybridization buffer (70% 

formamide, 3 mM Tris, and 0.01% BSA in 1×PBS) was added to 200 nM PNA telomere 

FISH probe (TelG-FITC). The mix was applied to the coverslips, then incubated for 15 min 

on the hot plate at 85°C. For hybridization, the coverslips were incubated in a humid chamber 

at room temperature for 2 h in the dark. Then, coverslips were washed with washing solution 

(2× SSC plus 0.1% Tween-20) at 56°C for 15 min, and washed twice with 1×PBS. Nuclei 

were counterstained with 1.5 µg/mL DAPI solution for 15 min at room temperature, and then 

washed with 1×PBS. Coverslips were removed from 24-well plates and placed upside down 

in slides using 6 µL mounting medium. Slides were analyzed under a fluorescence 

microscope, in which cell images were acquired. 

 

 

3.2.18. Hematopoietic Stem Cell differentiation 
 

Hematopoietic stem cell (HSC) differentiation was carried out in mutant iPSCs and 

controls. The differentiation of each PSC line was performed in at least two independent 
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experiment sets. The differentiation protocol was adapted from Ng et al. (2008) and 

Chadwick et al. (2003). In order to generate EBs prior to differentiation, cells cultured in 

feeder-independent platform and mTeSR medium were passaged at confluence of 75% 

(approximately)  using  dissociation  buffer  as  previously  described  (section  “3.2.7.e  – Passage 

of PSCs in feeder-independent  cultures”).  The  content  of  one  well  was  split  into  three  wells  

in a Matrigel plate (6-well plates). Cells were grown for two days with daily medium change. 

After, PSCs were incubated in mTeSR medium supplemented with 10 μM ROCK inhibitor 

for 1 h at 37°C. Medium was removed and cells were rinsed twice with 1×PBS, and 

incubated with dissociation buffer for 5 min at room temperature. The dissociation buffer was 

removed and PSCs aggregates were rinsed with mTeSR medium containing 30 µM polyvinyl 

alcohol, carefully pipetted to avoid dissociation of aggregates, which should be bigger in size 

than aggregates for passaging (about 500 cells per clump). The content of two wells of cells 

was transferred to one well of ultra-low attachment 6-well plates and placed into the cell 

culture incubator. In the next day, plates were checked for EBs formation and medium was 

changed for STEMdiff APEL basal medium supplemented with a series of cytokines 

combinations in specific timing and concentration. First, in order to induce EBs to the 

mesodermal germ layer, cells were exposed for four days to basal medium containing 30 

ng/mL VEGF, 30 ng/mL BMP4, 40 ng/mL SCF, and 50 ng/mL Activin A. Then, in order to 

induce mesodermal cells to the hematopoietic lineages, cells were exposed for nine days to 

basal medium containing 300 ng/mL SCF, 300 ng/mL Flt3L, 10 ng/mL IL-3, 10 ng/mL IL-6, 

50 ng/mL G-CSF, and 25 ng/mL BMP4). Medium was replaced in each three days (3 mL per 

well in the ultra-low attachment 6-well plates). 

At the end of day 13 of HSC differentiation, EBs were collected and dissociated using 

0.05% trypsin. For this purpose, EBs were collected with glass pipettes, placed in 15 mL 

tubes, rinsed once with 1×PBS and decanted by gravity. Supernatant was removed and 500 

µL trypsin was added per tube. Tubes were incubated at 37°C in the water bath for 6 min, 

with regular pipetting in each 2 min. Trypsin was inactivated by addition of 1 mL D10. For 

complete dissociation of EBs, the cells were homogenized five times using 21-gauge needles 

attached to syringes, then filtered using 70 µm cell-strainers placed into 50 mL tubes. An 

aliquot of the single cells was collected for counting in the Neubauer chamber. Cells were 

centrifuged (200 × g for 5 min) and resuspended in 1×PBS to a final concentration of 1×103 

cells per 1 µL PBS, proceeding immediately to colony-forming cell (CFC) assay. 

For the CFC assay, 1.5×105 cells (150 µL) were pipetted into aliquots of 3 mL 

methylcellulose medium with recombinant cytokines (MethoCult H4435); 2.5 mL of 
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methylcellulose medium containing cells was aspirated using 16-gauge needles attached to 

syringes; the medium was carefully dispensed into 35 mm cell culture dishes, 1 mL per dish 

(5×104 cells per dish), avoiding bubbles. Four dishes were prepared per PSC line in each 

differentiation experiment. Dishes were placed in the cell culture incubator. Fourteen days 

after seeding cells in the methylcellulose medium, the CFUs (colony-forming units) that have 

grown were identified and counted under an inverted microscope according to the standard 

morphological criteria. Colonies composed of at least 50 cells were considered for counting. 

The criteria classify colonies as follows: CFU-GM, CFU-granulocyte, macrophage; CFU-G, 

CFU-granulocyte; CFU-M, CFU-macrophage; BFU-E, burst forming unit erythroid; CFU-E, 

CFU-erythroid; CFU-GEMM, CFU-granulocyte, erythrocyte, monocyte, megakaryocyte; 

CFU-F, CFU-fibroblast. First, the average of the four dishes counting was calculated for a 

PSC line in each independent experiment. The results of CFU counting for a given PSC line 

express the average and standard deviation of at least two independent experiments. 

The Figure 3.10 provides a schematic timeline of the steps performed in the HSC 

differentiation experiments. 

 

 
 
Figure 3.10 – Overview of the HSC differentiation in the PSCs. First, EBs were derived from the 
PSCs colonies one day before starting cytokines treatment. Next, EBs were guided to mesodermal 
differentiation with specific cytokines for three days (day 0 to 3). By day 4, medium was replaced 
with a different cytokines cocktail in order to promote maturation of the hematopoietic stem and 
progenitor cells. On day 13, EBs were harvested and dissociated, and cells were seeded in semi-solid 
medium (methylcellulose) containing cytokines. CFUs formed after 14 days in methylcellulose were 
classified and counted. 

 

After CFU counting, representative colonies were collected using 50 µL pipettes and 

tips, washed three times with 1×PBS, centrifuged (200 × g for 5 min), counted, and 

transferred to slides for morphological analysis. For preparing slides, 1×105 cells were 

resuspended in 200 µL 1×PBS, and spun at 200 × g for 10 min in a cytospin centrifuge. 

Then, cells were fixed on slides using 4% paraformaldehyde for 10 min. Cells were stained 
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with  Wright’s   stain  by  covering  slides  with   the  staining  solution  and   incubating for 7 min. 

Slides were washed with 1×PBS, and analyzed under a microscope. 

 

 

3.2.19. Statistical analysis 
 

The GraphPad Prism software was used for statistics and graph creation. Linear 

regression was applied in Southern blot and qPCR results. Coefficient of variance was 

calculated for TERT, TERC, and DKC1 expression levels. One-way analysis of variance 

(ANOVA) was applied for the comparison of telomere elongation rates. Nonparametric 

statistics (Kruskal-Wallis   and   Dunn’s   post   test)   were   used   for   comparison of grouped 

samples (for expression of pluripotency and differentiation markers, as well as for telomerase 

activity). The p-values bellow 0.05 were considered statistically significant. 
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4. Results 
 

4.1. Patient clinical characteristics 
 

In order to investigate the telomere dynamics in the reprogramming process of cells from 

DC patients, a 3-year-old male patient previously diagnosed with DC was selected. The 

patient displayed the classical triad that characterizes the disease (leukoplakia of the tongue, 

nail dystrophy, and auricular hyperpigmentation), as well as recurrent pneumonia, cerebellar 

hypoplasia, pancytopenia, and hypocellular bone marrow suggesting aplastic anemia. 

Southern blot was used to measure telomere length of the patient in his blood leukocytes, 

resulting in a length of seven kilobases (kb). This telomere length is below the tenth 

percentile of the telomere length curve obtained for healthy subjects. The Figure 4.1 displays 

the telomere length (kb) from leukocytes of 205 healthy blood donors, in which the DC 

patient was highlighted. 

 

 

 
Figure 4.1 – Telomere length from leukocytes as a function of age. Telomere lengths were 
measured by Southern blot from leukocytes of 205 healthy blood donors (grey circles); the DC patient 
was represented as a red circle, displaying shorter telomeres adjusted for his age. The telomere 
lengths from healthy subjects were provided by Scatena, 2014, master’s  dissertation. 

 

 

The sequencing of DKC1 gene identified a nucleotide substitution C>T at position 1058 

(exon 11) (Figure 4.2), which is responsible for the A353V amino acid missense substitution 

in the dyskerin, the protein encoded by the DKC1 gene.  Because   the  patient’s  mother  was  
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clinically healthy and did not present any mutation in the DKC1 gene (Figure 4.2), the 

nucleotide substitution was classified as a de novo mutation. 

 

 

 

 

 

 

 

 

Figure 4.2 – Detection of a DKC1 mutation in 
the patient. A nucleotide substitution C>T at 
position 1058 (exon 11) was identified in the 
DKC1 gene   in   the   patient’s   leukocytes,   which  
resulted in the missense mutation A353V. The 
patient’s  mother  did  not  display  the  alteration. 

 

 

 

4.2. Reprogramming 
 

4.2.1. Virus production 
 

4.2.1.a – Plasmid expansion and preparation 
 

Competent cells (Stbl3 E. coli) were transformed with the following plasmids: pMD2.G, 

psPAX2,   STEMCCA   “four   factors”,   and   STEMCCA   “mCherry”.   The   plasmid   DNA   was  

isolated and restriction digestion was performed to exclude recombination events and 

confirm the identity of the plasmids. The Figure 4.3 shows the image of the agarose gel with 

the digested plasmid samples. 
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Figure 4.3 – Plasmid DNA digested with specific restriction enzymes. Plasmid pMD2.G without 
digestion (Ø), digested with NotI alone, HindIII alone, and both (NotI + HindIII); plasmid psPAX2 
without digestion (Ø), digested with BamHI alone, and EcoRI   alone;;   plasmid   STEMCCA   “four  
factors”   without   digestion   (Ø),   and   digested   with   both BamHI and EcoRI; plasmid STEMCCA 
“mCherry”  without  digestion  (Ø),  and  digested  with  HincII. MM: molecular marker; kb: kilobases. 

 

 

In general, the results on the gel matched the predicted sizes inferred from the plasmid 

maps (provided in Figures 3.1 and 3.2). Table 4.1 provides a summary of the results. 
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Table 4.1 – Fragment sizes expected and observed for plasmids after digestion with 

restriction enzymes. 

 

Plasmid Lane  Restriction enzyme Fragment size (kb) 
Expected Observed (approx.) 

pMD2.G 

2 None 5.8 5 
3 NotI 5.8 6 
4 HindIII 5.8 6 
5 NotI and HindIII 2.7 and 3 2.7 and 3 

psPAX2 
7 None 10.7 10 
8 BamHI 0.3, 1, and 9.3 1 and 9 
9 EcoRI 4.3 and 6.3 4 and 6 

STEMCCA 
“four  factors” 

11 None 12.6 12 
12 BamHI and EcoRI 4 and 8.6 4 and 9 

STEMCCA 
“mCherry” 

14 None 11.9 12 
15 HincII 1.6 and 10.3 1.5 and 10 

 

 

4.2.1.b – Production and titration of lentiviral particles 
 

Lentiviral particles were produced in 293T-packaging cells through transfection of 

plasmids expressing VSV-G envelope (pMD2.G plasmid), HIV-based lentiviral packaging 

system (psPAX2 plasmid), and either STEMCCA carrying OCT4, SOX2, KLF4, and MYC 

(STEMCCA   “four   factors”),   or   STEMCCA   carrying   mCherry gene in place of MYC 

(STEMCCA  “mCherry”).  Virus  particles  were  collected 24 h and 48 h after transfection, and 

concentrated  by  ultracentrifugation.  The  purpose  of  producing  STEMCCA  “mCherry”  along  

with  the  “four  factors”  virus  was  to  estimate  the  number  of  viral  particles  in  the  “four  factors”  

batch that does not have a marker to easily visualize transduced cells. Figure 4.4 shows high 

mCherry expression in the cell line 293T indicating a good transfection efficiency and 

possibly production of viral particles. 
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Figure 4.4 – The fluorescence emitted by mCherry protein in 293T cells transfected with 
STEMCCA   “mCherry”. The cells were visualized under a fluorescence microscope 48 h after 
transfection with the plasmids for virus production. Scale bars = 500 µm. 

 

 

Subsequently, the number of viral particles was determined through titration. HeLa cells 

were   transduced   with   the   STEMCCA   “mCherry”   viruses   collected   24   h   and   48   h   after  

transfection with different volumes of concentrated viral supernatant (4 µL, 1.6 µL, 0.64 µL, 

and 0.256 µL). As negative control, the medium from one well was replaced with 

transduction medium without viruses. The cell number before transduction was 98,670 cells. 

Five days after transduction, the cells were harvested and the fluorescence emitted by 

mCherry was assessed by flow cytometry. The results of flow cytometry analysis, and steps 

of the calculation, as well as the final titration, are shown in Table 4.2. The average titer was 

calculated from sample showing mCherry expression between 3 to 35%. This is the linear 

range when, in average, one viral particle   infects   one   cell.   STEMCCA   “four   factors”   and  

STEMCCA   “mCherry”   are   very   similar   viruses   with   comparable   transfection   capabilities.  

Hence,   the   titration   results   from   “mCherry”   reflect   the   simultaneously   produced   “four  

factors”   titer.  The  viruses   collected 48 h after transfection in 293T cells were used for the 

following reprogramming experiments. 
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Table 4.2 – Titration  of  viral  particles  produced  with  STEMCCA  “mCherry”. 

 

Time after 
transfection 

Serial 
dilution 

Volume 
of virus 

(µL) 
mCherry+ 
cells (%) 

Correction 
* 

Total 
viruses 

** 

Titer 
(particles/mL) 

*** 

Average 
(particles/mL) 

**** 

24 h 

No virus 0 0.4 n/a n/a n/a 

2.7×106 
1 4 14.5 14.1 1.4×104 3.5×106 
2 1.6 3.4 3 3.0×103 2.0×106 
3 0.64 1.4 1 1.0×103 1.5×106 
4 0.256 0.6 0.2 2.0×103 7.7×105 

48 h 

No virus 0 0.4 n/a n/a n/a 

7.6×106 
1 4 34.5 34.1 3.4×104 8.4×106 
2 1.6 14.3 13.9 1.4×104 8.6×106 
3 0.64 4.1 3.7 3.6×103 5.7×106 
4 0.256 1.5 1.1 1.1×103 4.2×106 

 
* Subtraction of autofluorescence of cells (mCherry+ cells  from  “no  virus”);; 
** Total cells at the beginning (98,670) × mCherry+ cells; 
*** Total viruses divided by the volume of transduced mCherry virus; 
**** Virus 24 h: average of serial dilutions 1 and 2; virus 48 h: average of serial dilutions 1, 
2, and 3. 

 

 

4.2.2. Derivation of induced pluripotent stem cells (iPSCs) from DKC1[A353V] 
fibroblasts 

 

Fibroblasts from the DC patient described in the section 4.1 were isolated from a skin 

biopsy and were cultured for several passages for expansion (Figure 4.5). For reprogramming 

experiments,   passage   7   fibroblasts   were   transduced   with   STEMCCA   “four   factors”.   In  

parallel,   fibroblasts   were   transduced   with   STEMCCA   “mCherry”   to   monitor   transduction    

efficiency. 

 

 

 
 
 
 
 
 
 
 
 
Figure 4.5 – DKC1-mutant fibroblasts. 
Dermal fibroblasts on passage 3 (p3) that 
were isolated from a skin biopsy of the DC 
patient. Scale bar = 500 µm.  
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Flow  cytometry  analysis  of  fibroblasts   transduced  with  STEMCCA  “mCherry”  showed  

26% positive cells on day 5 after transduction for the MOI of 2.5. Low reprogramming of 

cells from telomeropathy patients have been reported (about 0.002%; Agarwal et al., 2010; 

Batista et al.,   2011),   thus   only   fibroblasts   transduced   with   STEMCCA   “four   factors”   and  

MOI = 5 were used for iPSC derivation. Unlike in previous studies, all experiments were 

performed under normoxic conditions. 

Small colonies resembling ESC morphology started to appear by day 10. The ESCs 

colonies are characterized by their tightly packed and flat formats, with rounded and well-

defined borders, and consisting of hundreds to thousands cells with large nuclei and scant 

cytoplasm (Figure 4.6). The Figure 4.7 displays colonies at different days, illustrating their 

growth and morphology during early phase of reprogramming. The Figure 4.8 illustrates two 

colonies observed in the reprogramming experiment, one displaying the classical ESCs 

morphology (Figure 4.8-A), and the other, a non-classical morphology probably formed by 

the division of a not fully reprogrammed fibroblast (Figure 4.8-B). 

 

 

 

 
 
 
 
 
 
 
Figure 4.6 – H1 human embryonic stem 
cells (hESCs). Cells tightly packed forming a 
flat colony; pluripotent cells display large 
nuclei and scant cytoplasm; the colony was 
plated on feeder-independent culture, at p47. 
Scale bar = 100 µm. 

 

 

 



76 
 

 
 

 
Figure 4.7 – DKC1-mutant colonies resembling ESCs at different days after transduction. 
DKC1-mutant   fibroblasts   were   transduced   with   STEMCCA   “four   factors”   and   seeded   in   dishes  
coated with gelatin and feeder cells. At day 8, human fibroblasts could not be distinguished from 
MEFs. From day 10, small colonies were arising and growing on the feeders. Different colonies are 
shown on days 12, 21, and 29 after transduction. Scale bars = 500 µm. 

 

 

 
Figure 4.8 – DKC1-mutant colonies observed in the reprogramming experiment. Colonies 
observed at day 25 after transduction. (A) Colony resembling ESCs morphology, displaying well-
defined and rounded border, and a flat format with tightly packed cells. The darker region in the 
center was composed of differentiated cells. (B) Colony formed by not compacted, darker cells, some 
of them displaying fibroblastoid morphology. Colony may be a result of a fibroblast that was infected 
but not completely reprogrammed to the pluripotent state. Scale bars = 500 µm. 

 

 

At the day 29 after transduction, individual colonies with ESC-like morphology were 

counted in the two dishes. A total number of 27 iPSC colonies were identified, demonstrating 
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that the efficiency of reprogramming experiment was 0.01% (Table 4.3). Since each colony is 

thought to be derived from one single fibroblast, 27 clones (or 27 independent iPSC lines) 

were derived. The colonies were manually passaged and individually propagated. 

 

 

Table 4.3 – Reprogramming experiments of DKC1-mutant fibroblasts. 

 

Dish Number of 
fibroblasts seeded* 

Number of iPSC 
colonies** 

Efficiency 
(%)*** 

1 1×105 11 0.01 
2 1.5×105 16 0.01 

 
*  Fibroblasts  seeded  5  days  after  transduction  with  viral  particles  STEMCCA  “four  factors”;; 
** Colonies resembling ESCs morphology that were counted at day 29 after transduction; 
*** Efficiency based on the number of transduced fibroblasts seeded and the number of iPSCs 
colonies on day 29. 

 

 

4.2.3. Characterization of DKC1[A353V] iPSC clones 
 

Three randomly selected DKC1-mutant iPSC clones, also referred to as DKC1[A353V] 

iPSCs, clones 4, 7, and 12 (hereafter referred as c4, c7, and c12) were further expanded and 

characterized. First, the expression of classic pluripotency markers OCT4, NANOG, SSEA4, 

TRA-1-81, and TRA-1-60 was confirmed by immunocytochemistry. All clones stained 

positive similar to the H1 hESC reference line (Figure 4.9). The selected clones were 

maintained in culture for several passages. At this stage, samples were obtained for later 

assessment of telomere length and telomerase function. 

Epigenetic reprogramming is not completed when the colonies are identified, and several 

passages are required to complete this remodeling process. Therefore, excision of the 

transgenes should be performed at later passages. Also, complete characterization of the 

pluripotent state of derived cells should be performed after successful transgene removal. 
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Figure 4.9 – Morphology and immunocytochemistry of DKC1[A353V] iPSC clones. Patient-
derived iPSC clones (c) 4, 7, and 12, at specific passages (p), stained positive for the pluripotency 
markers SSEA4, TRA-1-81, NANOG, TRA-1-60, and OCT4. H1 hESC line is shown as positive 
control. Cells were grown on MEFs that expectedly did not stain with the selected markers (negative 
control). Scale bar = 100 µm. 

 

 

4.2.4. Derivation of transgene-free DKC1[A353V] iPSCs 
 

DKC1[A353V] iPSCs c4, c7, and c12 were maintained in culture for excision of the 

reprogramming transgenes by transient cre-recombinase expression. Before excision, a 

multiplex PCR was carried out in order to estimate vector copy number. Clones 4 and 12 

contained one copy whereas clone 7 showed 3 integrated viruses (Figure 4.10). 
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Figure 4.10 – Multiplex PCR for 
number of inserted transgenes 
into the iPSC clones. Three 
DKC1[A353V] iPSC clones (c4, 
c7, and c12) were compared to 
iPSCs previously known as 
containing none (cre-excised 
iPSCs), one (iPSCs 1 copy), or 
two copies (iPSCs 2 copies) of 
inserted transgenes. Data was 
normalized  by  “iPSCs  1  copy”. 

 

 

 

 

 

 

 

The iPSCs c4, c7, and c12 were transfected with a non-integrating vector transiently 

expressing cre-recombinase. After positive selection with puromycin for cells transduced 

with the cre-recombinase plasmid, it took about 15 days before iPSC colonies grew to size 

large enough for manual selection. Each colony was formed by the division of one single 

pluripotent cell that was successfully transfected and selected. Therefore, each new clone 

represents a subclone derived from a parental iPSC clone. Consequently, the subclones were 

named with the number of the parental clone and a new number. Table 4.4 displays the 

subclones derived from the parental iPSCs c4, c7, and c12. 

 

 

Table 4.4 – Transgene-free subclones derived from the DKC1[A353V] iPSCs c4, c7, and 

c12. 

 

Parental iPSCs (clone) Amount of subclones Nomenclature of subclones 
4 8 4-1 to 4-8 
7 8 7-1 to 7-8 
12 5 12-1 to 12-5 

 

 



80 
 

 
 

One subclone from each parental line was maintained in culture for further 

characterization (c4-7, c7-4, and c12-5). Multiplex PCR confirmed efficient transgene 

removal (Figure 4.11). 

 

 
 

Figure 4.11 – Multiplex PCR for 
confirmation of transgene removal in 
the iPSC clones. Three DKC1[A353V] 
iPSC clones (c4-7, c7-4, and c12-5) were 
compared to iPSCs previously known as 
containing none (cre-excised iPSCs), or 
one copy (iPSCs 1 copy) of inserted 
transgenes. Data was normalized by 
“iPSCs  1  copy”. 

 
 

 

 

 

 

4.2.5. Characterization of transgene-free DKC1[A353V] iPSC clones 
 

4.2.5.a – DKC1[A353V] iPSCs express pluripotency markers 
 

Selected iPSCs expressed the pluripotent cell surface markers SSEA4, TRA-l-60, and 

TRA-1-81, as well as the nuclear markers OCT4 and NANOG. Expression resembled the 

reference hESC line H1 (Figure 4.12). 
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Figure 4.12 – Morphology and immunocytochemistry of DKC1[A353V] iPSCs c4-7, c7-4, and 
c12-5. The iPSCs stained positive for the pluripotency markers SSEA4, TRA-1-81, NANOG, TRA-1-
60, and OCT4. H1 hESC line is shown as positive control. Cells were grown on MEFs that expectedly 
did not stain with the selected markers (negative control). Scale bar = 100 µm. 

 

 

4.2.5.b – In vitro differentiation 
 

Embryoid body (EB) differentiation was performed to evaluate the differentiation 

capacity and thus the pluripotency of the iPSCs in vitro. When transferred to low attachment 

plates, PSCs tend to form three-dimensional structures, the EBs, that further mature in vitro 

and may contain tissue from all three germ layers (Itskovitz-Eldor et al., 2000). The three 

iPSC clones readily differentiated to EBs in a similar manner and time scale to those 

observed in the H1 hESC line, as shown in the Figure 4.13. 
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Figure 4.13 – Embryoid bodies formation performed in DKC1[A353V] iPSC clones. iPSCs and 
H1 hESC line (positive control) colonies on feeder-free culture prior to EBs formation assay are 
shown on Day 0; three-dimensional aggregates of pluripotent stem cells like EBs one day after 
passaging in medium containing polyvinyl alcohol are shown on Day 1; EBs after 2 weeks of 
maturation in culture are shown on Day 14. Scale bar = 500 µm. 

 

 

Subsequently, mRNA was extracted from undifferentiated PSCs and EBs, and the 

expression of typical pluripotency-associated genes like OCT4, SOX2, KLF4, MYC, and 

NANOG, as well as markers of endoderm (AFP and GATA4), mesoderm (RUNX1 and CD34), 

and ectoderm (NCAM and NES) were determined by RT-qPCR. All iPSCs showed 

expression of pluripotency markers OCT4, SOX2, KLF4, and MYC comparable to control 

ESCs (Figure 4.14). NANOG expression was higher in PSCs than in EBs. However, the 

expression of this marker was lower in iPSCs than in H1 hESCs. On the other hand, EB-

differentiated cells exhibit lower or absent expression of pluripotency genes OCT4, MYC, and 

NANOG (Figure 4.14). The expression of SOX2 and KLF4 was higher in EBs than in PSCs. 

KLF4 is not PSC-specific and is also involved in the differentiation of epithelial cells. SOX2 

is also involved in neural development. Thus, it may explain the higher expression of these 

transcription factors in EBs. 
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Figure 4.14 – Expression levels of endogenous pluripotency markers. Gene expression of EBs and 
iPSC clones (c) 4-7, 7-4, 12-5, as well as H1 (positive control); expression levels were normalized by 
ACTB (actin, beta). EBs = embryoid bodies; PSCs = pluripotent stem cells (iPSCs and H1 hESC line). 

 

 

The expression levels of endoderm, mesoderm, and ectoderm markers are shown on 

Figure 4.15. The expression levels of AFP were higher in the pluripotent cells than in EBs, 

different from expected, though exhibiting similar expression patterns in the iPSC clones and 

positive control. iPSCs c4-7 displayed increased expression of GATA4 in EBs compared to 

the other iPSCs and H1, which is indicative for the previously described clonal heterogeneity 

of iPSCs. The same clone also had a higher expression of the mesodermal transcription factor 

RUNX1 and the hematoendothelial marker CD34. Both ectoderm markers NCAM and NES 
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were up-regulated in EBs compared to the undifferentiated state of the three iPSC clones. In 

general, there was no significant difference between expression patterns of iPSC clones and 

H1 hESC line for both biological conditions analyzed (EBs and undifferentiated cells). 

Some discrepancies were observed in the expression levels of markers such as SOX2 and 

KLF4, which were highly expressed in EBs than in PSCs (Figure 4.14), and AFP, which was 

highly expressed in PSCs than in EBs (Figure 4.15). However, these discrepancies were 

detected not just in the iPSC clones, but also in H1, the positive control. Thus, it suggests that 

a possible interference of one or more environmental factors, such as components of the 

medium in which the EBs were cultured, may have contributed to these patterns of gene 

expression. 
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Figure 4.15 – Expression levels of endoderm, mesoderm, and ectoderm markers. Gene 
expression in EBs and iPSCs of clones c4-7, c7-4, c12-5, as well as H1 (positive control); expression 
levels were normalized by ACTB (actin, beta). EBs = embryoid bodies; PSCs = pluripotent stem cells 
(iPSCs and H1 hESC line).  
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4.2.5.c – No chromosomal abnormality was acquired in the DKC1[A353V] iPSC 

clones 
 

Genotoxicity is a major concern for in vitro culture of somatic and pluripotent cells. 

Epigenetic reprogramming itself may also contribute to genomic instability and clonal 

selection of cells with aberrant genotype. All iPSCs retained a normal karyotype throughout 

reprogramming, initial passaging and transgene removal. Cells were examined by G-banding 

(Figure 4.16). 

 

 

 
Figure 4.16 – Karyotyping of DKC1[A353V] iPSC clones 4-7, 7-4, and 12-5. The three iPSC 
clones presented 46, XY normal karyotype in the band resolution (BR) analyzed: c4-7, BR = 450-475; 
c7-4, and c12-5, BR = 425-450. 
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4.2.5.d – DKC1[A353V] iPSC clones retained the mutation of the parental fibroblasts 
 

Exon 11 of the DKC1 gene was sequenced in the three clones and results were compared 

to the parental fibroblasts and the reference genome. Sequencing analysis confirmed that the 

derived iPSCs retained the nucleotide substitution C>T at position 1058 of the gene (Figure 

4.17), which leads to the A353V amino acid missense substitution in the dyskerin protein. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 – Confirmation of the 
DKC1 mutation in patient-derived 
iPSC clones. Patient-derived iPSCs 
retained the nucleotide substitution 
C>T at position 1058 (exon 11), 
previously identified in the parental 
fibroblasts. 

 

 

 

4.3. DKC1[A353V] iPSCs can be maintained in long-term culture 
 

The DKC1[A353V] iPSCs c4, c7, and c12 were cultured for several passages (p58, p46, 

and p45, respectively) in feeder-free platform in order to assess the ability of these cells to be 

maintained in long-term culture. The clones were capable of maintaining characteristics of 

pluripotent cells, as ESC-like morphology, and ability to remain in the undifferentiated state 

(Figure 4.18), which indicates self-renewal capacity. One of the clones (c4) is still been 

maintained in culture in the same conditions, currently at passage 140. Colonies of this clone 
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at passages 95 and 125 are shown in Figure 4.19 at different magnifications. This clone was 

positively stained for alkaline phosphatase, a cell surface marker that characterizes 

undifferentiated ESCs. The clone was tested at passage 111 (Figure 4.20). 

 

 

 
Figure 4.18 – DKC1[A353V] iPSC clones in long-term culture. iPSC clones (c) 4, 7, and 12 
cultured for several passages (p) in feeder-independent conditions. Colonies of iPSCs displayed 
hESC-like morphology and absence of differentiated cells even at high confluences. Scale bars = 500 
µm. 

 

 

 
Figure 4.19 – DKC1[A353V] iPSC clone 4 at passages 95 and 125 at different magnifications. 
Colonies exhibited hESC morphology and no sign of differentiated cells. Sb = scale bar. 
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Figure 4.20 – 
DKC1[A353V] iPSC clone 
4 at passages 111 stained 
for alkaline phosphatase. 
The colonies stained 
positive for the cell surface 
marker of undifferentiated 
ESCs. Black scale bar = 500 
µm; white scale bar = 200 
µm. 

 

 

 

4.4. Dynamics of telomere length and telomerase activity in DKC1[A353V] iPSC clones 
 

4.4.1. Telomere length is stabilized in DKC1[A353V] iPSC clones 
 

Telomere length was determined using quantitative PCR. Serial samples of 

DKC1[A353V] iPSCs were collected and the telomere length was measured at different time 

points between passages 4 to 42. DNA integrity is crucial for accurate telomere 

measurements using qPCR. Samples analyzed did not show signs of degradation (Figure 

4.21). 

 

 

 
Figure 4.21 – Integrity of DNA samples checked through agarose gel electrophoresis. Aliquots of 
50 ng DNA extracted from DKC1[A353V] iPSC clones 4, 7, and 12 at specific passages (p), as well 
as DKC1[A353V] fibroblasts (Fib) were loaded in an agarose gel. No smear was detected, which 



90 
 

 
 

confirmed the integrity of the DNA samples. MM: molecular marker. 
 

Compared to parental fibroblast (time point 0) telomeres shortened during the first 

passages. However, starting around passage 20, when epigenetic remodeling is usually 

completed, telomere length plateaued. Telomere length displayed variation at lower levels 

and did not significantly changed upon prolonged culture (Figure 4.22). Clone 12 exhibited 

modest telomere elongation in the last two passages. In contrast to Batista et al. (2011), the 

shortening of telomeres was not associated with increased differentiation or decreased 

proliferation in later passages. Clone 4 was maintained in culture for 140 passages without 

obvious signs of losing its self-renewal or differentiation capacity. 

 

 

 
Figure 4.22 – Quantitative PCR for telomere length in DKC1[A353V] iPSC clones. Telomere 
lengths represented as a T/S ratio. Telomere shortening was observed in iPSCs during the first 
passages compared to parental fibroblasts (time point 0). Telomere length stabilized (c4 and c7) or 
slightly elongated (c12) at later passages. 

 

 

To confirm the qPCR results, Southern blot analysis for telomere length was performed 

in seven selected samples previously analyzed by qPCR. Samples with either very high or 

very low T/S ratios of each clone were chosen because of potential inaccurate measurement 

of telomere length. The samples selected were: c4 p34, c7 p10, c7 p40, c12 p10, c12 p22, and 

c12 p30, and the parental fibroblasts (Figure 4.23). TRF lengths analyzed by Southern blot 
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were (in kilobases): c4 p34 = 3.9, c7 p10 = 6.1, c7 p40 = 5.6, c12 p10 = 5.2, c12 p22 = 3.8, 

c12 p30 = 3.8, and Fib p7 = 11.7. 

 

 

 

 

 

 

 

 

Figure 4.23 – Southern 
hybridization for telomere length in 
DKC1[A353V] iPSC clones and 
parental fibroblasts. Telomere 
lengths by Southern blot using 
genomic DNA from DKC1[A353V] 
fibroblasts (Fib p7) and iPSC clones 
4, 7, and 12 at indicated passages (p). 
MM: molecular marker; kb: kilobases. 

 

 

 

A strong positive linear relationship was found between qPCR and Southern blot 

measurements. The linear regression correlation coefficient (r2 value) was 0.95 (Figure 4.24). 

 

 

 

 
Figure 4.24 – Correlation 
between qPCR and 
Southern blot results. 
Linear regression was 
applied in telomere length 
results from qPCR (given as 
T/S ratio) and Southern blot 
(kilobases) from seven 
samples. Correlation 
coefficient (r2 value) was 
0.95. 
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4.4.2. DKC1[A353V] iPSC clones display telomerase activity 
 

Telomerase activity in the iPSC clones was determined by the TRAP assay at early, late, 

and very late passages (Figure 4.25). The telomerase activity of the DKC1[A353V] iPSC c4 

was assessed at p9, p16, p26, p34, p67, p81, p102, and p116 (Figure 4.25-A). Clone 7 was 

analyzed at p9, p10, p16, p22, and p34 (Figure 4.25-B), and the c12 was analyzed at p8, p10, 

and p30 (Figure 4.25-C). The telomerase activities of the parental fibroblasts and H1 hESCs 

(positive control) were also measured. The activity was normalized to HeLa cells. 

Expectedly, fibroblasts showed almost undetectable telomerase activity, whereas high 

activity was measured in H1. Telomerase is reactivated in the induction of pluripotency and 

is the major mechanism responsible for elongating telomeres in iPSCs. The DKC1[A353V] 

iPSC clones reestablished telomerase activity following the reprograming, though variation 

was observed. However, higher activity was observed at time points with telomere 

stabilization or elongation, apparently at later passages. 
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Figure 4.25 – Dynamics of telomerase activity and telomere length in the DKC1[A353V] iPSC 
clones 4, 7, and 12 maintained in long-term culture. The telomerase activity of iPSCs (grey bars) 
and H1 hESCs (black bars) was measured and normalized to the activity of HeLa cells. Data represent 
the average and standard deviation (SD) of two independent experiments. Telomere length previously 
measured by qPCR (T/S ratio) was plotted along with telomerase activity. Each dot (connected with 
colored lines) represents the average and SD of three independent qPCR assays, at a specific passage 
of: (A) clone 4, red line; (B) clone 7, blue line; (C) clone 12, green line. Passage 0 represents the 
measurement of parental fibroblasts (p7) immediately before reprogramming.  
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4.4.3. DKC1[A353V] iPSC clones restore TERT, TERC, and DKC1 expression 
 

Expression of telomerase complex members TERT, TERC, and DKC1 was investigated 

by RT-qPCR in DKC1-deficient iPSCs to investigate potential compensatory mechanisms for 

telomere maintenance in these cells. Firstly, the quality of the RNA samples was analyzed 

using the Bioanalyzer, which generates an RNA Integrity Number (RIN) ranging from 

degraded (RIN = 2) to intact (RIN = 10). RIN values were greater than 9.2 (Figure 4.26). 

 

 

 
Figure 4.26 – Evaluation of the integrity of RNA samples from DKC1[A353V] iPSC clones prior 
to RT-qPCR. The graphs represent electropherograms for each RNA sample analyzed. The two 
peaks represent the 18S and 28S subunits of ribosomal RNA. The software generates an RNA 
Integrity  Number  (RIN)  for  each  sample.  RNA  samples  displaying  RIN  ≥  7  are  considered  integrate. 

 

 

Expression levels of TERT, TERC, and DKC1 in DKC1[A353V] iPSC clones were 

normalized to H1 (Figure 4.27). All iPSC clones had marked increases in the mRNA 

expression levels of the three genes compared to parental fibroblasts. The TERT expression 

levels were undetectable in the parental fibroblasts, and reestablished after reprogramming, 

achieving, on average, 60% of the expression levels observed in H1. TERT expression varied 
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between clones and passages (coefficient of variance [CV] of 48%). iPSC c4 and c12 

displayed a two-fold increase in TERT expression at late passages (c4 p42, c12 p40) 

compared to early passages (c4 p10, c12 p10). Clone 7 did not display differences between 

p10 and p40. The cre-excised clone 12-5 at p30 displayed TERT level similar to H1. TERC 

expression was fairly stable among different clones and passages (CV = 17%). Relative to 

parental fibroblasts, TERC levels increased four-fold in the reprogrammed cells, but the 

expression levels were still lower than the level observed in H1 (on average, 42% of the 

TERC level in H1). DKC1 expression was increased between three to seven-fold in the 

reprogrammed cells compared to the parental fibroblasts. Compared to H1, DKC1[A353V] 

iPSCs exhibit an up to three-fold increase of DKC1 expression (c7 p40). Variation was 

observed between clones and passages (CV = 31%). 

 

 

 
Figure 4.27 – Expression levels of TERT, TERC, and DKC1 in DKC1[A353V] iPSC clones. The 
expression levels were assessed by RT-qPCR at different passages (p) in the clones (c) 4, 7, and 12, in 
the transgene-free clones 4-7 and 12-5, and in the parental fibroblasts (Fib). Expression levels were 
normalized to GAPDH and results shown are normalized to H1 hESCs. 
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4.5. Absence of copy number variations in the DKC1[A353V] iPSC clones maintained in 
long-term culture 

 

Prolonged in vitro culture of ESCs and iPSCs can result in chromosomal abnormalities 

that may confer a selective advantage and influence telomere maintenance (Winkler et al., 

2013; Hong et al., 2014). To exclude potential chromosomal alterations in the 

DKC1[A353V] iPSC clones, next generation cytogenetics was performed using the 

Affymetrix CytoScan HD Arrays. The three DKC1[A353V] clones were analyzed in long-

term culture (c4 p42, c7 p34, and c12 p40). The Figure 4.28 exemplifies results showing the 

chromosome 11 of the three clones. No gain or loss of DNA copy number variants was 

observed in the genome of the clones compared to the Database of Genomic Variants for the 

human population. However, a deletion of 3 exons (17 to 19) of the DLG2 gene 

(chromosome 11), was detected in c7 p34 after adjusting the filter of copy number variants 

for >200 kbp (Figure 4.28-B). This filter is more restrictive, and is not applied in regular 

analysis for pathological lesions according to previous studies. Since this deletion was 

observed in clone 7, the transgene-free version of the clone (c7-4) was excluded of 

hematopoietic differentiation experiments, as it was not clear whether this alteration could 

play a role in the differentiation. 
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Figure 4.28 – SNP array analysis on DKC1[A353V] iPSC clones. Example of screening for copy 
number variants of chromosome 11 in DKC1[A353V] iPSCs (A) clone 4, (B) clone 7 with a deleted 
region indicated by the red arrow, and (C) clone 12. Clones 4 and 12 did not display copy number 
variants.  
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4.6. Absence of alternative lengthening of telomeres in the DKC1[A353V] iPSC clones 
 

4.6.1. DNA C-circles are absent in the DKC1[A353V] iPSC clones 
 

Due to the unexpected pattern of telomere length stabilization in the DKC1[A353V] 

iPSC clones, two approaches were applied to investigate Alternative Lengthening of 

Telomeres (ALT): DNA C-circles and ALT-associated promyelocytic leukemia bodies 

(APBs). The accumulation of DNA C-circles represents a quantifiable marker for ALT 

activity. The DKC1[A353V] iPSC c4, c7, and c12 were assessed at different passages, 

according to T/S values observed in the qPCR results for telomere length (Figure 4.22). 

Passages were selected for each clone in moments of supposed telomere shortening (c4 p18; 

c7 p34, p42; c12 p10), or telomere stabilization (c4 p54; c7 p22; c12 p40). In addition, the 

parental fibroblasts, one control iPSC line, and one cre-excised clone (c4-7 at p24) were 

analyzed. No accumulation of DNA C-circles was detected in the samples evaluated (Figure 

4.29). 

 

 
Figure 4.29 – Absence of DNA C-circles in DKC1[A353V] iPSC clones. Dot blot of C-circle assay 
performed on genomic DNA from DKC1[A353V] fibroblasts (Fib p6) and iPSC clones 4, 7, and 12 at 
indicated passages (p), as well as iPSCs from control (Ctrl iPSC clone 26). The transgene-free clone 
4-7 at p24 was also evaluated. Genomic DNA from the ALT-positive cell lines U2-OS and Saos-2 
was used as positive control.  
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4.6.2. No co-localization of PML protein and telomeres in the DKC1[A353V] iPSC 
clones 

 

The APB assay was carried out in order to check whether the PML proteins (the putative 

platforms for homologous recombination of telomeres) were co-localizing with telomeric 

DNA in the cellular nuclei. The assay was performed on DKC1-mutant iPSC clones at 

different passages. Clone 4 was investigated in one early and one very late passage (p11 and 

p124, respectively). Clone 7 was investigated at p13. Clone 12 was investigated in an early 

passage (p15), and in a late passage of its transgene-free version (c12-5 at p34). The parental 

fibroblasts, the iPSCs control (c26 p53), and H1 hESCs were also investigated for APBs. No 

co-localization was observed in the DKC1-mutant iPSCs either in early passages (c4 p11, c7 

p13, c12 p15) or after long-term culture (c4 p124). Fibroblasts, transgene-free c12-5, iPSCs 

control, and H1 hESCs were all negative for APBs. VA13 cell line was set as positive control 

(Figure 4.30). 
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Figure 4.30 – PML bodies did not co-localize with telomeres in DKC1[A353V] iPSC clones. 
Immunofluorescence of DKC1[A353V] fibroblasts (Fib p5) and iPSC clones 4, 7, and 12 at indicated 
passages (p), as well as iPSCs from control (Ctrl iPSC clone 26), and H1 hESCs. The transgene-free 
clone 12-5 was also evaluated. PML bodies were stained with anti-PML antibody (red) and telomeres 
were labeled with FITC-conjugated PNA probe (green). Interphase nuclei were counterstained with 
DAPI (blue). Co-localization of PML bodies and telomeres was detected only in VA13 cells (positive 
control).  
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4.7. Increased capacity of generating hematopoietic progenitors in the DKC1[A353V] 
iPSC clones 

 

Bone marrow failure is a hallmark of DC phenotype. Thus, Hematopoietic Stem Cell 

(HSC) differentiation was carried out in the DKC1-mutant clones in an attempt to assess the 

capacity of these pluripotent cells in generating hematopoietic progenitors. The 

differentiation was performed on DKC1[A353V] c4-7 at p28 and c12-5 at p29, as well as on 

H1 hESCs and iPSC controls (c26 p47, c26-3 p56, and iPSCs c7 p16: a PBMCs derived 

control line). The HSC formation was induced by exposing the PSCs-derived EBs to 

hematopoietic cytokines over a period of 13 days. Then, the EBs were dissociated, and single 

cells were seeded on methylcellulose, a semi-solid culture medium containing a cytokine 

cocktail that favors the differentiation of hematopoietic progenitors toward myeloid lineages 

(including erythroid and megakaryocyte progenitors). After 14 days of culture in the 

methylcellulose, the hematopoietic colony-forming units (CFUs) were identified and 

counted. Although no difference was observed between control and DKC1-mutant iPSCs in 

the formation and morphology of EBs during differentiation (Figure 4.31), an increased 

capacity on generating hematopoietic progenitors in the DKC1-mutant iPSCs (c4-7 p28, c12-

5 p29) was observed, as demonstrated by the number of CFUs (Figure 4.32). Moreover, the 

colonies were bigger in these DKC1-mutant iPSCs in comparison to the CFUs generated 

from iPSCs controls (Figure 4.33-A). The cytological analysis of CFUs from DKC1-mutant 

clone 4-7 confirmed the generation of hematopoietic lineages (Figure 4.33-B). 

In order to test whether later passages could exhibit different patterns of HSC generation, 

the c12-5 at p35, and the clone 4 maintained in long-term culture (p114) were differentiated. 

The differentiation capacity was reduced in c12-5 in the later passage when compared to c12-

5 at p29 (Figure 4.32). The c4 at p114 indicated differentiation capacity even for a DKC1-

mutant iPSC line in very late passage. However, reduction in the differentiation capacity of 

this clone was observed when compared to earlier passages (c4-7 p28, and c12-5 p29, p35; 

Figure 4.32). These findings indicate that the DKC1-mutant iPSC clones exhibited a superior 

HSC differentiation capacity in earlier passages compared to late passages. Moreover, the 

DKC1-mutant clones at early passages displayed increased ability to generate hematopoietic 

progenitors compared to the PSCs controls differentiated in the assays. 
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Figure 4.31 – Morphological changes during the hematopoietic differentiation process of the 
DKC1-mutant and control iPSCs. The iPSCs (control and DKC1-mutants) were shown during the 
differentiation process, from iPSCs colonies in the undifferentiated state (on day –1), EBs on day 0, to 
differentiated EBs with cystic structures on days 7 and 13. Both iPSCs mutants and control exhibited 
no morphological differences that could be detected under the inverted microscope during the 
differentiation. Scale bar = 500 µm.  
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Figure 4.32 – Colony-forming units (CFU) counts from control and mutant iPSCs after 
hematopoietic stem cell differentiation. Qualitative and quantitative analysis of hematopoietic 
colonies derived from controls (H1 hESC, iPSCs generated from peripheral blood mononuclear cells 
[PBMCs], and from fibroblasts [c26 and c26-3]) as well as clones (c) of DKC1- and TERT-mutant 
iPSCs at distinct passages (p). CFU analysis showed elevated capacity of DKC1-mutant iPSCs in 
generating myeloid lineages (c4-7 p28 and c12-5 p29). Counts represent average of two independent 
experiments. CFU-GM, CFU-granulocyte, macrophage; CFU-G, CFU-granulocyte; CFU-M, CFU-
macrophage; BFU-E, burst forming unit erythroid; CFU-F, CFU-fibroblast. Colonies of the types 
CFU-E (CFU-erythroid), and CFU-GEMM (CFU-granulocyte, erythrocyte, monocyte, 
megakaryocyte) were not observed in the assays. 
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Figure 4.33 – Morphology of hematopoietic cells and colonies from DKC1-mutant iPSCs 
induced to hematopoietic stem cell differentiation. (A) Morphology of CFUs generated from iPSCs 
control and DKC1-mutant clones 4-7 and 12-5, visualized under stereomicroscope. CFU-G, CFU-
granulocyte; CFU-M, CFU-macrophage; BFU-E, burst forming unit erythroid. Scale bars: yellow = 
500 µm, black = 200 µm. (B) Cytological analysis of CFUs from HSC differentiation of 
DKC1[A353V] iPSCs c4-7  after  cytospin  and  Wright’s  staining. 
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5. Discussion 
 

In the present study, skin fibroblasts from a DC patient carrying a DKC1 A353V gene 

mutation were successfully reprogramed into the pluripotent state. Telomere dynamics was 

investigated during passaging and telomere erosion was detected in the first passages after 

reprogramming; telomere length stabilization was achieved after passage 20. Telomerase 

activity was detected after reprogramming, especially at late passages. Hematopoietic 

differentiation was carried out in two DKC1-mutant iPSC clones, displaying increased 

capacity to generate hematopoietic lineages. 

For adequate use of iPSCs to model disease, careful characterization is required to ensure 

the two properties that make iPSCs similar to ESCs: pluripotency and self-renewal. Carpenter 

et al. (2003) reviewed the data available for 26 hESC lines derived from multiple laboratories 

and demonstrated that these cell lines shared common features, including similar morphology 

(cells grew as tightly compacted colonies), similar expression profiles of surface markers 

(SSEA4, TRA-1-60, and TRA-1-81), and pluripotency markers (OCT4), as well as high 

levels of telomerase expression. Other defining feature of the hESC lines highlighted by the 

authors was the ability to differentiate into derivatives of all three germ lineages both in vivo 

(generation of teratomas when inoculated in immunodeficient mice) and in vitro (formation 

of EBs). Thus, iPSCs must fulfill the same criteria required for ESC characterization 

(reviewed by Asprer and Lakshmipathy, 2015): 

x Morphology, must resemble hESCs (Takahashi et al., 2007); 

x Expression of self-renewal and pluripotency markers (Adewumi et al., 2007), along 

with ability to differentiate into the three germ lineages (Itskovitz-Eldor et al., 2000; 

Muller et al., 2010): together, these features ensure the functional pluripotency of the 

iPSCs; 

x Normal karyotype: genetic abnormalities may have been acquired during 

reprogramming, which may lead to alterations in cell behavior (Martins-Taylor et al., 

2011; Mayshar et al., 2010). 

 

The three DKC1-mutant iPSC clones generated in the present study fulfilled all the 

criteria described above. The iPSCs resembled ESCs since the arising of the colonies in the 

reprogramming experiment (Figure 4.7). The three iPSC clones selected for expansion 

maintained this morphology even after several rounds of cell passaging (Figure 4.18). Clone 

4, maintained in long-term culture, not only kept morphology (Figure 4.19), but also stained 
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positive for alkaline phosphatase (Figure 4.20), a cell surface marker that characterizes 

undifferentiated ESCs (Thomson et al., 1998). All the three DKC1-mutant iPSC clones 

stained positive for pluripotency markers before (c4, c7, c12, Figure 4.9) and after transgene 

removal (c4-7, c7-4, c12-5, Figure 4.12). 

In vitro differentiation of the transgene-free clones 4-7, 7-4, and 12-5 was performed. All 

three clones formed EBs that expressed differentiation markers similarly to EBs derived from 

H1 ESCs. In vivo differentiation (teratoma assay) of the transgene-free clones 4-7 and 12-5 

was performed, and a tumor resembling teratoma was collected from one mouse inoculated 

with cells from the clone 4-7, whereas the two mice inoculated with the clone 12-5 developed 

cystic teratomas. Unfortunately, at the time of sending this thesis to press, the 

histopathological analysis was not fully completed and the results could not be added as part 

of the thesis. However, the EB formation assay was sufficient to demonstrate the ability of 

the three clones to differentiate into the endoderm, mesoderm, and ectoderm lineages. 

No chromosomal abnormality was observed during reprogramming of the three clones, 

as demonstrated by standard G-banding technique (Figure 4.16). Several studies have 

described the acquisition of copy number variations in iPSCs due to time in culture, or even 

during reprogramming (Hussein et al., 2011; Laurent et al., 2011; Martins-Taylor et al., 

2011). No copy number variation, deletions, or insertions were detected in clones 4, 7, and 12 

at late passages in the present study (Figure 4.28). 

The results presented here are sufficient to conclude that the DKC1-mutant fibroblasts 

derived from a DC patient were successfully reprogrammed to the pluripotent state, retained 

the mutation from the parental cells, and did not acquire cytogenetic alterations or copy 

number variations due to the reprogramming process or the time in culture. 

 

Induced PSCs are not a stable and homogeneous clonal population in culture, and factors 

as culture conditions or stochastic events may yield variation in the experimental results. 

Winkler et al. (2013) derived multiple clones from each starting patient sample, and observed 

significant heterogeneity in telomere dynamics among individual iPSC clones derived from 

the same patient, as well as among clones from different patients with identical mutations. 

Particularly, the acquisition of a chromosomal abnormality was detected in one clone 

displaying major discrepancies. In agreement with these findings, Mills et al. (2013) derived 

and analyzed three independent iPSC clones from fibroblasts of three different normal 

subjects. The authors performed gene expression profiling and hematopoietic differentiation 

assays and found that clones from the same subject were generally more similar among them 
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than clones from different subjects. However, one clone displayed different proliferation rates 

and hematopoietic potential compared to other clones from the same individual. The 

differences were associated with the acquisition of several copy number variations (CNVs) 

during reprogramming. Together, these findings emphasize the risk of relying on single 

mutant clones and single control clones in any assay that uses iPSCs (Chang et al., 2008; 

Jung et al., 2015). In the present study, three independent DKC1-mutant clones (4, 7, and 12) 

were used for telomere dynamics experiments, and two clones (4-7 and 12-5) were used for 

hematopoietic differentiation. The reprogramming transgenes did not influence the 

expression of telomerase genes (Winkler et al. 2013), thus clones before transgene removal 

were used in telomere and telomerase dynamics experiments. Since there is no evidence that 

transgenes do not influence hematopoietic differentiation, this assay also was performed with 

the transgene-free clones. Clone 7-4 was excluded of differentiation experiments, since a 

deletion of 3 exons in the DLG2 gene was detected in the clone 7, from which clone 7-4 was 

derived (Figure 4.28). 

 

The DKC1 A353V gene mutation, carried by the patient studied, is the most common 

lesion found in humans with X-linked DC (approximately 40% of cases and often as a de 

novo mutation) (Knight et al., 1999; Vulliamy et al., 2006) – Figure 4.2. It represents an 

example of a CpG > TpG change that is known to occur at high frequency as a result of the 

deamination of the methylated cytosine (Knight et al., 1999). The A353V substitution is 

responsible for affecting the dyskerin region localized in the PUA RNA-binding domain, the 

putative site for interaction with TERC. In mouse ESCs carrying the same lesion in Dkc1, 

cells display severe destabilization of mTerc, reduction in telomerase activity, and significant 

continuous telomere loss in in vitro cell culture (Mochizuki et al., 2004). Conversely, the 

DKC1-mutant iPSCs derived in the present study (also referred as DKC1[A353V] iPSCs) 

exhibited telomere length stability and telomerase activity similar to levels detected in H1 

hESCs, especially at late passages. 

Three other groups have reprogrammed DKC1-mutant iPSCs (Agarwal et al., 2010; 

Batista et al., 2011; Gu et al., 2015). Different results were described in telomere dynamics 

and telomerase activity, even when the same mutation, or the same initial population of 

somatic cells was reprogrammed. Table 5.1 summarizes the main findings. 

 



 
 

 
 

 
Table 5.1 – Overview of current studies describing reprogramming of DKC1-mutant fibroblasts. 
 Agarwal et al. (2010) Batista et al. (2011) Gu et al. (2015) Donaires et al. 

DKC1 mutations x A386T 
x del37L* 

x L54V 
x del37L* 

x A353V 
x Q31E 
x del37L* 

x A353V 

Reprogramming method Retroviruses of Oct4, 
Sox2, Klf4, and c-myc 

x L54V: lentiviral 
(STEMCCA); hypoxia 

x del37L: retroviral; hypoxia 
lentiviral (STEMCCA) lentiviral (STEMCCA); 

normoxia 

Reprogramming efficiency 0.002% x L54V: 0.002% 
x del37L: 0.04%*** Not shown 0.01% 

Telomere length of parental 
fibroblasts Not clearly described 

x L54V: bellow 1st percentile 
(PBMCs)** 

x del37L: not clearly 
described 

x A353V: very short; bellow 
1st percentile (PBMCs)** 

x Q31E: short; at 1st percentile 
(PBMCs)** 

x del37L: not shown 

Bellow 10th percentile 
(PBMCs)** 

Telomere length after 
reprogramming compared to 
parental fibroblasts 

Shorter Shorter 
x A353V: significantly shorter 
x Q31E: similar 
x del37L: shorter 

Shorter 

Telomere length in the iPSCs 
achieved lengths of parental 
fibroblasts 

Yes (around p20) No 
x A353V: no 
x Q31E: yes 
x del37L: no 

No 

Telomere maintenance of 
iPSCs over time Elongation Attrition Not clearly described Achieved a plateau 

Long-term culture of iPSCs Feasible Impossible: iPSCs achieved 
senescence around p36 Not clearly described Feasible (currently at p140) 

Telomerase activity (TRAP 
assay) in the iPSCs 40% of wild-type iPSCs 5 to 15% of wild-type iPSCs 

x A353V and del37L: 20% of 
wild-type iPSCs 

x Q31E: similar to wild-type 
iPSCs 

x Clone 4: 4 to 100% of H1 
x Clone 7: 1 to 60% of H1 
x Clone 12: 1 to 74% of H1 

* Same del37L fibroblasts; cells commercially available (GM01774, Coriell Cell Repository, Camden, NJ, USA); 
** PBMCs: peripheral blood mononuclear cells; telomere measurements performed in patients peripheral blood at time of diagnosis.   Patients’   telomere 
lengths compared to curves of telomere length from healthy control subjects; 
*** Fibroblasts were unable to be reprogrammed in normoxic condition (21% O2). 
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Similar to the present study, Gu et al. (2015) reprogrammed fibroblasts carrying the 

DKC1 A353V gene mutation using STEMCCA lentivirus. Reprogramming efficiency of their 

experiments was not provided. Here, reprogramming efficiency was 0.01%, five-fold higher 

than the efficiency described by Agarwal et al. (2010) and Batista et al. (2011). The 

reprogramming experiments were conducted in normoxic conditions, whereas Batista et al. 

(2011) were able to reprogram DKC1-muntat fibroblasts only in hypoxia. Low (5%) oxygen 

levels alter the intracellular redox state and enhance the generation of iPSCs (Yoshida et al., 

2009). It promotes telomerase expression and telomere extension in human iPSCs, regardless 

of telomerase mutation status (Winkler et al., 2013). 

In   Agarwal’s,   Batista’s,   and   Gu’s   studies,   the   same   mutant   fibroblasts   (commercially 

available del37L fibroblasts) were reprogrammed. Telomere length of these fibroblasts was 

not provided. However, the three groups described telomere erosion during the first passages 

of iPSCs compared to parental fibroblasts. Telomere length of L54V fibroblasts (Batista et 

al., 2011) was short (below the first percentile), and derived iPSCs displayed telomere length 

even shorter. Q31E fibroblasts (Gu et al., 2015) displayed short telomeres (at the first 

percentile), and similar telomere length was observed in the Q31E iPSCs. 

Telomere  length  of  A353V  fibroblasts  in  Gu’s  study  was  described  as  very  short  (below  

the first percentile), the shortest in comparison with telomeres of the other patients in the 

study. Telomere lengths of the derived iPSCs were significantly shorter than the parental 

fibroblasts; these cells displayed the most severe effect on telomere maintenance compared to 

the other derived iPSCs (Q31E and del37L). In the present study, fibroblasts carrying the 

same mutation displayed telomere length below the tenth percentile, which is short, though 

not critically short (below the first percentile). Although telomere erosion was observed in 

the first passages of iPSCs, telomere lengths stabilized at passage 20. Together, these 

findings suggest that reprogramming efficiency and telomere length of the derived iPSCs 

may be related to the telomere length of the fibroblasts prior to reprogramming. Fibroblasts 

that are wild-type for mutations in telomere pathways are efficiently reprogrammable even 

when telomeres are critically short, since reprogramming activates telomerase (Lapasset et 

al., 2011). However, reactivation of impaired telomerase in cells deficient for telomerase-

related genes is unable to efficiently elongate telomeres, thus reflecting poor reprogramming 

efficiency. In murine cells, telomerase is reactivated approximately ten days after 

reprogramming is initiated (Stadtfeld et al. 2008). Thus, the reactivation of telomerase is a 

late event during reprogramming, which may explain the telomere attrition observed in the 

first passages of iPSCs in the four studies. The late activation of telomerase may not recover 
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telomere length in time when somatic cells display damaged telomeres along with 

dysfunctional telomerase, such as cells from DC patients. 

Telomere maintenance of iPSCs over time was the most discrepant aspect of these 

studies.   In  Batista’s  work,   telomeres  of   the  DKC1-mutant iPSCs continued to shorten after 

several rounds of cell division leading to senescence. Conversely, Agarwal et al. observed 

that their reprogrammed cells overcame a critical limitation in TERC levels to restore 

telomere maintenance and self-renewal. Here, the three clones exhibited a pattern of telomere 

stabilization over time. Telomere length behavior in the clones was consistent with a possible 

late activation of telomere-maintenance mechanisms. Thus, the known mechanisms 

responsible for telomere maintenance were investigated: ALT and telomerase. 

Henson et al. (2009) demonstrated that partially single-stranded telomeric (CCCTAA)n 

DNA circles (C-circles) represent specific markers for ALT activity, and developed an assay 

to measure these DNA circles. The assay was performed in the three iPSC clones at different 

passages, including the ones with apparent telomere shortening, or stabilization, in which the 

putative activation of ALT mechanisms might be responsible for this phenomenon in the 

absence of normal dyskerin. No DNA C-circles was detected (Figure 4.29). The localization 

of telomeres at the PML bodies (the so-called APBs) is another hallmark of ALT. PML 

bodies are the putative nuclear platforms for telomere recombination (Yeager et al., 1999). 

No APBs were detected when screening the three DKC1-mutant iPSC clones at different 

passages (Figure 4.30). The absence of both DNA C-circles and APBs suggests that the 

pattern of telomere length stabilization in the DKC1-mutant iPSC clones is likely ALT-

independent and thus telomerase-mediated. 

Human ESCs bypass telomere attrition and exhibit unlimited capacity of division by 

highly expressing telomerase (Thomson et al., 1998). Reprogramming stimulates TERT 

through direct or indirect action of both endogenous and exogenous MYC and KLF4 

transcription factors (Takahashi et al., 2007; Wu et al., 1999). The TERC promoter is a 

transcriptional target of NANOG, one of the genes overexpressed in the pluripotent state, 

which culminates in TERC up-regulation (Agarwal et al., 2010). Thus, telomerase appears to 

be the major mechanism responsible telomere elongation in the induction of pluripotency 

(Winkler et al. 2013), which extends telomeres to lengths that exceed the parental somatic 

cells (Agarwal et al., 2010; Batista et al., 2011). However, in DKC1-mutant iPSCs, this 

mechanism is unlikely, due to the intrinsic mutation in the dyskerin region responsible for 

TERC binding, resulting in destabilization of the telomerase holoenzyme, which is the 

molecular basis for disease development. 
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Telomerase activity was assessed in the three DKC1[A353V] iPSC clones along several 

passages. Generally, higher telomerase activity was observed at time points followed by 

telomere elongation, for instance c4 p34 (Figure 4.25-A), c7 p16 (Figure 4.25-B), and c12 

p30 (Figure 4.25-C), and reduced levels of telomerase activity were associated with shorter 

telomeres in further passages, as evidenced in c4 p16, p26, and p67 (Figure 4.25-A), c7 p10 

(Figure 4.25-B), and c12 p8, and p10 (Figure 4.25-C). However, telomerase activity did not 

directly correlate with telomere length. 

Telomere length and telomerase activity were assessed in H9 hESCs and in two clonal 

cell lines isolated from H9: H9.1 and H9.2 (Amit et al., 2000). Similar to that observed here 

and in other telomerase-positive cell lines, the changes in telomere length did not directly 

correlated with telomerase activity. In agreement with our observations, the authors detected 

telomere length fluctuations from passage to passage (ranging from 8 to 12 kb) in each clone, 

but the length was generally stable to a level that bypassed senescence. Amit et al. also 

observed that H9 displayed telomere shortening with increased passaging, which did not 

affect the proliferation rate of the hESC line. Similarly, Yang et al. (1999) demonstrated that 

immortalized endothelial cells expressed telomerase and continued to proliferate, though 

displaying telomere shortening that was eventually stabilized. 

The three DKC1[A353V] iPSC clones derived in the present study displayed higher 

telomerase activity compared to DKC1-mutant iPSCs from the other three studies (Table 

5.1). Clone 4 has exhibited telomerase activity levels similar to H1 hESCs at passages 34 and 

102 (Figure 4.25-A). Agarwal et al. (2010) observed that their two DKC1-mutant iPSC lines 

exhibited 40% of telomerase activity of wild-type iPSCs. Batista et al. (2011) observed 

severe reduction of telomerase activity in the two DKC1-mutant iPSC lines, ranging from 5 

to 15% of wild-type iPSCs. Gu et al. (2015) observed about 20% of telomerase activity in the 

DKC1-mutant iPSCs (carrying either A353V or del37L) compared to wild-type iPSCs. Since 

Agarwal et al. and us reported telomere elongation or maintenance in the mutant iPSCs, 

whereas Batista et al. and Gu et al. reported telomere attrition, the explanation for this 

apparent paradox may rely on the capacity of the mutant iPSCs in maintaining telomerase 

activity. However, functional dyskerin is necessary for the active telomerase enzyme 

complex (Cohen et al., 2007). The results presented here suggest that late-passage DKC1-

mutant iPSCs were able to overcome telomerase deficiency caused by the DKC1 mutation 

and maintain telomere lengths. Based on our findings that point to telomerase as the 

responsible for telomere length stability, this phenomenon may have at least two potential 

explanations. First, mutant iPSCs may display very high telomerase complex gene 
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expression, which counter the short half-life of the telomerase holoenzyme due to the 

deficient dyskerin. Alternatively, additional mechanisms that replace dyskerin in its function 

to stabilize the complex may be activated. 

In order to address these hypotheses, TERT, TERC, and DKC1 expression levels were 

investigated in the three DKC1-mutant iPSC clones. TERT levels were absent in parental 

fibroblasts and recapitulated in the iPSCs (Figure 4.27). Previous studies have demonstrated 

that ectopic expression of TERT is enough for elongating telomeres through telomerase and 

extending replicative life span in normal human cells (Bodnar et al., 1998; Vaziri et al., 

1998). However, in DKC1-mutant fibroblasts, both TERT and TERC are required for 

elongating telomeres, whereas reduced TERC levels impair telomerase activity (Wong and 

Collins, 2006). Overexpression of TERC may overcome limitations in telomere maintenance 

in DKC1-mutant iPSCs (Agarwal et al. 2010). In the DKC1-mutant iPSC clones derived in 

the present study, TERC expression was four-fold increased compared to parental fibroblasts. 

Together, these observations may demonstrate that the DKC1-mutant fibroblasts recapitulate 

telomerase activity following reprogramming through up-regulation of both TERT and TERC. 

Thus, in accordance with Agarwal et al. (2010), the DKC1-mutant iPSCs may stabilize 

telomeres in a telomerase-dependent mechanism, despite the mutation in DKC1. However, it 

is still unclear whether other mechanisms apart of telomerase were involved in the telomere 

maintenance observed in the DKC1-mutant clones. Expression levels of TERT and TERC 

displayed variation along passages, but no significant correlation was verified between the 

levels of these genes and telomerase activity. In agreement with these findings, Winkler et al. 

(2013) also observed heterogeneity in TERT and TERC expression in telomerase-mutant 

iPSC clones at different passages, also demonstrating that telomerase activity did not directly 

correlate with either TERT or TERC mRNA. 

As TERT and TERC, the levels of DKC1 are increased in iPSCs compared to fibroblasts, 

which likely play an important role in the elevated telomerase enzymatic activity and 

efficiency of telomere elongation after reprogramming (Batista and Artandi, 2013). However, 

TERT and TERC expression was lower in mutant-iPSCs in comparison to H1 hESCs, 

indicating that the expression of these telomerase components does not counter the shorter 

holoenzyme half-life imposed by the mutation (Figure 4.27). Similarly, increased expression 

of DKC1 was observed in all three clones at different passages, even three-fold increased 

when compared to H1 hESCs and seven-fold increased when compared to parental 

fibroblasts (c7 p40, Figure 4.27). However, despite up-regulation of DKC1, the dyskerin 

point mutations in iPSCs markedly compromise the amount of TERC incorporated into active 
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telomerase holoenzyme (Batista et al., 2011). However, even a hypomorphic telomerase 

impaired by mutations offers advantages in contrast to cells with complete abolishment of 

this enzyme (Batista and Artandi, 2013). Thus, the overexpression of mutant DKC1 in the 

iPSCs may overcome the limitations imposed by the deficient protein. High levels of 

deficient dyskerin may contribute for assembling sufficient telomerase that avoids telomere 

attrition in the DKC1-mutant iPSC clones. Gu et al. (2015) demonstrated that both wild-type 

and mutant dyskerin proteins (including A353V) were located predominantly in the iPSCs 

nucleoli, as expected. Thus, even mutant dyskerin may present diminished function, but still 

superior than total abolishment of this protein. 

Finally, additional mechanisms may compensate for dyskerin deficiency. RNA 

sequencing (also called whole transcriptome shotgun sequencing) is warranted to address this 

hypothesis. The comparison between transcriptomes before and after telomere stabilization 

may clarify whether telomerase and/or other proteins and pathways are involved in the 

telomere length stabilization in the DKC1-mutant iPSCs. 

 

The differentiation of iPSCs has been extensively described as a powerful disease-

modeling system, and also is a promise as source of cells for autologous transplant 

(Nishikawa et al., 2008). In the present study, transgene-free DKC1-mutant iPSCs were 

derived and differentiated toward hematopoietic lineages. Both DKC1[A353V] clones (4-7 

and 12-5) at similar passages (p28 and p29, respectively) displayed increased counts of 

hematopoietic lineages compared to controls (Figure 4.32). Four controls were included in 

the experiments. However, four issues should be considered when interpreting the 

differentiation results. 

First, the efficiency of H1 hematopoietic differentiation presented here was lower than 

anticipated by previous studies. In independent EB formation experiments, the average 

hematopoietic differentiation output was found to be approximately 50 colonies per 1×105 

iPSCs plated (reviewed in Kardel and Eaves, 2012). However, these previous studies used 

different media, cytokines cocktails, and experimental time lengths than ours, making 

comparisons among studies difficult. 

Second, Ctrl iPSCs c26 and c26-3 were derived from fibroblasts using reprogramming 

methods similar to the ones used for deriving the DKC1-mutant iPSCs. Ctrl iPSCs c26-3 is 

the transgene-free version of c26, thus representing the closest control (in terms of method) 

of the DKC1-mutant iPSCs. The differentiation of both c26 and c26-3 yielded similar 

numbers of hematopoietic colonies, suggesting that the presence of the reprogramming 
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transgenes did not influence hematopoietic differentiation in the controls. However, the 

differentiation efficiency was lower than anticipated by Winkler et al. (2013). The authors 

performed hematopoietic differentiation in an iPSC line derived from the same parental 

fibroblasts (CTRL-1), which resulted in approximately 47 colonies per 5×104 cells plated. 

Again, differentiation results between studies are not directly comparable, which makes this 

observation inconclusive. On the other hand, the same TERT-mutant iPSC line differentiated 

in  the  Winkler’s  study  (TERT[R889X]m c20-8) resulted in similar number of hematopoietic 

colonies compared to the present study (approximately 20 colonies per 5×104 cells plated in 

both  studies).  In  Winkler’s  study,  this  iPSC  line  presented  impaired  differentiation;;  here,  the  

differentiation capacity was increased in comparison to H1, Ctrl iPSCs c26, and c26-3, and 

impaired in comparison to control iPSCs PBMCs. These observations may imply that H1, 

Ctrl iPSCs c26, and c26-3 yielded poor differentiation efficiencies. 

Third, H1, Ctrl iPSCs c26, and c26-3 were used at late passages. However, Kotini et al. 

(2015) demonstrated that increasing passage number did not alter the differentiation potential 

of control PSC lines. Thus, a plausible reason to avoid the use of PSCs at late passages is the 

increased probability of these cells to acquire genetic abnormalities due to long-term culture. 

In the present study, it was speculated that there is a low probability that these three controls 

have acquired genetic abnormalities. These PSCs did not display abnormal behavior in 

culture, such as variation in proliferation rates or increased spontaneous differentiation, as 

experienced by Mills et al. (2013) and Winkler et al. (2013) in their abnormal clones. 

However, karyotyping is ongoing in these three PSCs lines in order to verify their cytogenetic 

integrity. 

Finally, control iPSCs PBMCs was derived from a different source of somatic cells 

(PBMCs) and using a different reprogramming method (non-integrating episomal vectors). 

Methylation analysis has evidenced that iPSCs may retain an epigenetic memory of their 

somatic cell of origin, which could result in a bias in their differentiation potential (Kim et 

al., 2011). This control was derived from PBMCs and the epigenetic memory may favor its 

hematopoietic differentiation. However, the number of hematopoietic colonies in this control 

was decreased in comparison to DKC1-mutant clones 4-7 and 12-5 (at p28 and p29). Thus, 

even considering the issues in the differentiation of H1, Ctrl iPSCs c26, and c26-3, the Ctrl 

iPSCs PBMCs provides evidence that DKC1-mutant clones 4-7 (p28) and 12-5 (p29) 

displayed increased capacity in generating hematopoietic colonies. 

Winkler et al. (2013) derived and differentiated iPSCs from four patients with AA or 

reduced bone marrow cellularity and heterozygous mutations in either TERT or TERC. The 
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hematopoietic differentiation was significantly decreased in the telomerase-mutant iPSCs in 

comparison to iPSCs generated from healthy subjects. The TERT-mutant iPSCs matched 

patients’   clinical   features,   strictly   reflecting   the   different   severities   of   the   hematopoietic  

phenotypes. This observation was clearly demonstrated in the differentiation of a sibling pair 

carrying the same TERT mutation (R889X), but featuring distinct clinical manifestations. The 

production of hematopoietic colonies following differentiation of the sibling presenting 

severe cytopenias was, on average, twenty-fold decreased when compared to the other sibling 

whose clinical presentation was minimally decreased marrow cellularity. In agreement with 

Winkler’s   study,   Batista   et al. (2011) demonstrated that the magnitude of the telomere 

maintenance defect in iPSCs is correlated with the clinical severity found in DC patients. 

The DC patient carrying the DKC1 lesion presented in this study has developed BMF 

and died one year after the isolation of his fibroblasts, by age of 4 due to a brain hemorrhage. 

In contrast to Winkler et al. and Batista et al., the DKC1-mutant iPSCs derived here 

displayed elevated capacity to generate hematopoietic progenitors (c4-7 p28, c12-5 p29) 

compared to controls. Given the severity of the clinical presentation of the DC patient, these 

findings gave rise to two hypotheses: (1) the elevated capacity in producing hematopoietic 

progenitors in the DKC1-mutant iPSC clones may reflect the hematopoietic stem cell 

exhaustion in vivo due to diminished self-renewal; and (2) the unexpected pattern of telomere 

length stabilization over time may explain the unexpected increasing in the production of 

hematopoietic colonies in the DKC1-mutant iPSC clones. 

HSCs can undergo extensive proliferation and expansion in response to stress, whereas 

under normal conditions, these cells avoid premature exhaustion and preserve their capability 

for long-term and multi-lineage differentiation standing most of the time in a quiescent state 

(Singh et al., 2014). The telomere lengths in HSCs from human fetal liver and umbilical cord 

blood are approximately four kilobases longer than HSCs from adult bone marrow, 

suggesting that the HSCs have a finite replicative potential that may range from 100 to 5,000 

population doublings, thus decreasing through aging (Lansdorp et al., 1994; Lansdorp et al., 

1995; Vaziri et al., 1994). The differentiation of DKC1[A353V] clones 4-7 and 12-5 at earlier 

passages (p28 and p29) resulted in an increased number of hematopoietic colonies compared 

to late passages: clone 12-5 at passage 35, and clone 4 at passage 114 (Figure 4.32). 

However, telomeres play an essential role in signaling cell cycle progression and cell division 

in human HSCs (Baerlocher et al., 2003). Telomere stabilization observed in the DKC1-

mutant iPSCs over time suggests that critical telomere length did not represent a cofactor in 

these cells. DC is considered a telomere and stem cell dysfunction (Kirwan and Dokal, 2009). 
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Thus, the stem cell dysfunction that leads to DC may be reversible in a system in which 

telomeres are stabilized to levels that guarantee self-renewal. 

The increased differentiation potential in the DKC1-mutant iPSCs may be a consequence 

of telomere length stabilization and telomerase activity. HSCs from telomerase knockout 

mice exhibit impaired self-renewal through transplantation (Allsopp et al., 2003). When 

stimulated in culture, these HSCs undergo apoptosis (Rossi et al., 2007), indicating that 

functional telomerase and telomere maintenance are required for efficient HSC self-renewal 

and survival. In human HSCs, Morrison et al. (1996) adapted the telomerase activity assay 

for single cells of the HSC system at four stages of differentiation and demonstrated that the 

frequency of cells presenting telomerase activity was proportional to the frequency of cells 

inferred to have self-renewal potential in each differentiation stage. These findings suggest 

that the self-renewal potential of HSCs may be dependent on the level of telomerase activity. 

Thus, permanent or even transient activation of telomerase might enhance the self-renewal of 

HSCs (Elwood, 2004). Given the importance of telomerase in HSCs, the reestablishment of 

this enzyme in the DKC1[A353V] iPSC clones might have conferred an elevated capacity of 

hematopoietic differentiation, even in a clone that was maintained in long-term culture (c4 

p114). 

 

Understanding the complete mechanisms behind telomere maintenance and stem cell 

self-renewal observed in the DKC1-mutant model presented here may imply the development 

of more effective therapies for telomeropathies, such as DC. Also, the comprehensive 

understanding of the mechanisms whereby the DKC1-mutant iPSCs increase their 

hematopoietic differentiation potential may serve to develop therapies that either reverse or 

attenuate the effects of the mutations in the diseases. 
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6. Conclusion 
 

In the present study, fibroblasts from a DC patient harboring a DKC1 mutation were 

successfully reprogrammed to the pluripotent state. A comprehensive investigation of 

telomere dynamics was conducted in three patient-derived iPSCs clones over time. These 

cells were able to stabilize telomeres and displayed telomerase activity especially at late 

passages. The effects of dysfunctional dyskerin were investigated in hematopoiesis through 

differentiation of two DKC1-mutant iPSC clones, which displayed increased capacity to 

generate hematopoietic lineages. The developed model might be useful for further molecular 

studies on telomere biology and represent a platform for screening molecules that may serve 

for the treatment of telomeropathies, such as DC. 
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Appendix 
 

A.1. Brief introduction 
 

Telomere attrition as a consequence of mutations in telomerase genes has been linked to 

human dysfunctions with broad clinical spectrum, the telomeropathies. Mutations in 

telomerase genes have been described in familial degenerative diseases as hematopoietic 

dysfunctions (Calado, 2009), aplastic anemia (Yamaguchi et al., 2003; Yamaguchi et al., 

2005; Calado and Young, 2008), idiopatic pulmonary fibrosis (Armanios et al., 2007; Tsakiri 

et al., 2007; Mushiroda et al., 2008), myelodysplastic syndrome, and hepatic diseases 

(Calado and Young, 2009; Hartmann et al., 2011; Calado et al., 2011). Despite widely 

variable genetic penetrance in telomeropathies, a common characteristic that leads to the 

progressive failure of high proliferative tissues is restrict telomerase activity. These tissues 

require telomerase activity in their stem cell compartments to maintain proliferation rates. 

In DC, although bone marrow failure is the most common cause of death, failure of other 

highly proliferative tissues is frequent, including the intestinal epithelium (Jonassaint et al., 

2013). Moreover, tissues with remarkable regenerative capacity, such as the liver, may also 

be affected (Calado and Young, 2009). Given the broad range of organ systems involved in 

telomeropathies, such as DC, to investigate the development of these diseases in different 

tissues may provide important information. 

The  derivation  of  iPSCs  from  patients’  somatic  cells  provides  a  powerful  disease  model,  

since these pluripotent cells can be differentiated in virtually any cell type. Several studies 

have focused on differentiation of pluripotent stem cells (iPSCs and ESCs) into 

hematopoietic stem cells (reviewed in Jung et al., 2015), hepatocytes (Hay et al., 2007; 

Basma et al., 2009; Sullivan et al., 2010; Greenhough et al., 2010; Medine et al., 2011), and, 

most recently, intestinal tissue (McCracken et al., 2011). 

Besides the hematopoietic tissue, differentiation in other tissues was carried out in the 

DKC1[A353V] iPSCs derived in the present study. Differentiations in hepatocytes and 

intestinal tissue (usually affected in telomeropathies) were conducted. Moreover, a different 

protocol of hematopoietic differentiation was tested before establishing the methods 

described previously. Here information is provided regarding other experiments that were 

conducted in the present study, but that were not concluded in time to be added as part of the 

thesis. 
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A.2. Material and methods 
 

A.2.1. Hematopoietic differentiation in adherent cell culture 
 

Hematopoietic stem cell (HSC) differentiation was first performed in adherent cell 

cultures of iPSCs using a protocol adapted from the published protocols of Ng et al. (2008) 

and Chadwick et al. (2003). The company Stem Cell Technologies provided the protocol, 

which was adapted for iPSCs in feeder-independent platform, and using STEMdiff APEL 

(Albumin Polyvinyl alcohol Essential Lipids) medium as basal medium (Stem Cell 

Technologies). Instead of deriving EBs prior to differentiation, cells cultured in Matrigel 

(Corning) and mTeSR medium (Stem Cell Technologies) were submitted to differentiation in 

the adherent layer using STEMdiff APEL supplemented with a series of cytokines 

combinations. In order to induce iPSCs to the mesodermal germ layer, cells were exposed for 

four days to medium containing 30 ng/mL VEGF, 30 ng/mL BMP4, 40 ng/mL SCF, and 50 

ng/mL Activin A (all R&D Systems). Then, to induce mesodermal cells to the hematopoietic 

lineages, cells were exposed for nine days to basal medium supplemented with 300 ng/mL 

SCF, 300 ng/mL Flt3L, 10 ng/mL IL-3, 10 ng/mL IL-6, 50 ng/mL G-CSF, and 25 ng/mL 

BMP4 (all R&D Systems). 

The efficiency of HSC differentiation was checked through Fluorescence Activated Cell 

Sorting (FACS) analysis at different time points (days 0, 7, and 13) for the expression of the 

hematopoietic endothelial markers CD34 and CD45. Cells were harvested using 0.05% 

trypsin (Gibco), dissociated in single cells using cell strainer, washed twice with 1×PBS, and 

counted. Aliquots of 2×105 cells were prepared and stained with LIVE/DEAD Fixable Violet 

Dead Cell Stain Kit (Invitrogen) to check viability, followed by CD34 (PE) and CD45 (FITC) 

antibodies (BD) staining. Data was acquired on a LSR II Flow Cytometer System (BD) and 

analyzed using FlowJo software. Additionally, colony-forming cell (CFC) assay was 

performed on day 13. For this purpose, 1×105 cells were plated in 35 mm culture dishes in 

methylcellulose medium with recombinant cytokines (MethoCult H4435, Stem Cell 

Technologies) and incubated at 37°C for 14 days. Dishes were checked on day 14, and 

colonies, when present, were identified and counted under an inverted microscope according 

to the standard morphological criteria. The Figure A1 provides a schematic overview of the 

HSC differentiation procedure. 
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Figure A1 – Overview of the HSC differentiation in adherent iPSCs. First, iPSCs fully 
undifferentiated in feeder-independent cultures were passaged two days before starting cytokines 
treatment. Next, cells were guided to mesodermal differentiation with specific cytokines for three 
days (day 0 to 3). By day 4, medium was replaced with a different cytokines cocktail in order to 
promote maturation of the hematopoietic stem and progenitor cells. On day 13, the adherent 
differentiation tissue was harvested with trypsin, and cells were seeded in semi-solid medium 
(methylcellulose) containing cytokines. CFUs formed after 14 days in methylcellulose were classified 
and counted. The efficiency of the differentiation was accompanied by regular flow cytometry 
analyzes (FACS) on days 0, 7, and 13. 

 

 

A.2.2. Hepatic differentiation 
 

Two different protocols were tested to promote hepatic differentiation of PSCs. The first 

test was performed in collaboration with Dr. T. Jake Liang and his lab (Liver Diseases 

Branch, NIDDK, NIH, USA). Methods described by Basma et al. (2009) were adapted for 

iPSCs differentiation in adherent cell cultures. Cells cultured in Matrigel (BD) and mTeSR 

medium (Stem Cell Technologies) were first differentiated towards definitive endoderm 

(DE). For DE induction, cells were maintained for three days in RPMI 1640 medium 

supplemented with 2 mM L-glutamine (all Gibco), 100 ng/mL bFGF (Peprotech), 100 ng/mL 

Activin A (R&D Systems), and increasing amounts of HyClone FBS (Thermo Scientific): 0% 

(first day), 0.2% (second day), and 2% (third day). The efficiency of DE induction was 

assessed by immunofluorescence for SOX17 (R&D Systems) and FOXA2 (Santa Cruz 

Biotechnology). Hepatic specification was achieved after eight days of cell culture in 

DMEM/F12 (Gibco) containing 10% KSR, 1% NEAA, 1% L-glutamine (all Gibco), 1% 

DMSO (Sigma-Aldrich), and 100 ng/mL HGF (R&D Systems). Then, hepatoblasts 

maturation was achieved after three days in similar medium containing 10 µM 
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dexamethasone (Sigma-Aldrich) in place of DMSO and HGF. Finally, human hepatocytes, 

when derived, can be maintained for up to one week in L15 medium with 8.4% FBS, 1% L-

glutamine, and 1% tryptose phosphate (all Life Technologies), 1 μM insulin, 10 µM 

hydrocortisone, and 10 µM dexamethasone (all Sigma-Aldrich). Hepatic specification 

efficiency was assessed by the percentage of alpha-fetoprotein (AFP)-positive cells using 

immunofluorescence. Moreover, the efficiency of final differentiation was assessed by the 

percentage of albumin-positive  cells.  Researchers  of  Dr.  T.  Jake  Liang’s  lab  performed  these  

assays. The Figure A2 provides a schematic overview of the hepatic differentiation. 

 

 

 
Figure A2 – First approach for hepatic differentiation of PSCs. First, iPSCs were guided to 
definitive endoderm differentiation with exposure to Activin A and bFGF. Hepatic specification was 
performed treating cells for eight days with medium containing HGF. The maturation of hepatoblasts 
was achieved through three days of treatment with medium containing dexamethasone. The 
hepatocytes, when derived, can be maintained in medium containing insulin, hydrocortisone, and 
dexamethasone for seven days. 

 

 

The second test was performed in collaboration with Dr. Lygia da Veiga Pereira and her 

lab (National Laboratory of Embryonic Stem Cells, USP, Brazil). Hepatic differentiation was 

carried out according to methods described by Medine et al. (2011). First, fully 

undifferentiated PSCs were platted three days before starting differentiation. The colonies 

were guided to DE differentiation by supplementing RPMI 1640 medium (Gibco) with 1× 

B27 (Invitrogen), 100 ng/mL Activin A, and 50 ng/mL WNT3a (R&D Systems), and treating 

cells for three days with daily media change. Next, the generation of hepatoblasts was carried 

out using Knockout DMEM medium (Gibco) plus 20% KSR (Gibco), and 1% DMSO 

(Sigma-Aldrich), for 5 days, with media changing every 48 h. Then, hepatic maturation was 

achieved by culturing hepatoblasts for nine days in HepatoZYME medium (Gibco) 

supplemented with 10 ng/mL HGF, and 20 ng/mL Oncostatin M (R&D Systems), changing 
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media every 48 h. The Figure A3 provides a schematic overview of the second protocol used 

for hepatic differentiation. 

 

 

 
Figure A3 – Second approach for hepatic differentiation of PSCs. First, the PSCs were guided to 
definitive endoderm with Activin A and WNT3a. Hepatic differentiation was stimulated in medium 
containing DMSO. Then, hepatic maturation was achieved with HGF and OSM (adapted from 
Medine et al., 2011). 

 

 

A.2.3. Intestinal tissue differentiation 
 

Generation of intestinal tissue from PSCs was performed as described by McCracken et 

al. (2011). Fully undifferentiated PSCs were cultured until achieve high confluence (about 

95%), in Matrigel (BD) and mTeSR medium (Stem Cell Technologies). First, cells were 

differentiated towards DE for three days in RPMI 1640 medium supplemented with 2 mM L-

glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin (all Gibco), 100 ng/mL Activin A 

(R&D Systems), and increasing amounts of HyClone FBS (Thermo Scientific): day 1 = 0%, 

day 2 = 0.2%, and day 3 = 2%. DE induction efficiency was assessed by 

immunocytochemistry of FOXA2 and SOX17 (as previously described in the section 

“3.2.10.b   – Immunocytochemistry”).   Primary   and   secondary   antibodies   were   provided in 

Table S1. DE was differentiated into mid- and hindgut for four days in RPMI 1640 medium 

supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin (all 

Gibco), 2% HyClone FBS (Thermo Scientific), 500 ng/mL FGF4, and 500 ng/mL WNT3a. 

Immunocytochemistry was carried out on the epithelial monolayers at the end of four days of 

mid- and hindgut induction using anti-CDX2 antibody (Table S1). 
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Table S1 – Antibodies for DE and epithelial markers. 

 

Marker Primary antibody Secondary antibody 

FOXA2 Rabbit Anti-FOXA2 
(Abcam) 

Donkey anti-rabbit Cy3 
(Jackson ImmunoResearch) 

SOX17 Goat anti-SOX17 
(R&D Systems) 

Donkey anti-Goat IgG H&L DyLight 488 
(Abcam) 

CDX2 Rabbit anti-CDX2 
(Thermo Scientific) 

Donkey anti-rabbit Cy3 
(Jackson ImmunoResearch) 

 

 

After 48 h of exposure to mid- and hindgut differentiation medium, free-floating 

structures (mid- and hindgut spheroids) that have budded from the adherent epithelium were 

collected and transferred to three-dimensional culture in Matrigel (Corning) containing 1× 

B27 supplement (Invitrogen), 500 ng/mL RSpondin1, 100 ng/mL Noggin, and 100 ng/mL 

EGF (all R&D Systems). The Matrigel drops containing the spheroids were maintained 

immersed in intestine growth medium composed of Advanced DMEM/F12, 2 mM L-

glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 15 mM HEPES buffer (all Gibco), 

1× B27 supplement (Invitrogen), 500 ng/mL RSpondin1, 100 ng/mL Noggin, and 100 ng/mL 

EGF (all R&D Systems). Mid- and hindgut spheroids were grown into human intestinal 

organoids for 28 days and then split manually by cutting the organoids into halves using a 

sterile scalpel under stereomicroscope. Organoids collected on day 15 after transferring to 3D 

culture were fixed in 4% paraformaldehyde and sent to the NHLBI (NIH) pathology core 

facility for cutting and staining. A schematic overview of the intestinal tissue differentiation 

is provided in the Figure A4. 

 

 

 

 

 

 



136 
 

 
 

 
Figure A4 – Overview of intestinal tissue differentiation of PSCs. Cells at high confluence (about 
95%) and fully undifferentiated were induced to definitive endoderm with Activin A for three days. 
The DE tissue was then differentiated into mid- and hindgut with FGF4 and WNT3a for four days. 
After 48 h of exposure to the medium with cytokines, rounded structures were budding from the 
adherent tissue and remained floating in the medium. These structures, called spheroids, were 
collected and transferred to a three-dimensional culture in Matrigel drops (supplemented with 
RSpondin1, Noggin, EGF). Matrigel drops were immersed into medium containing the same cocktail 
of cytokines, in which spheroids were grown to form more complex and differentiated structures, 
called intestinal organoids. 

 

 

A.3. Results and discussion 
 

A.3.1. Hematopoietic differentiation in adherent cell culture 
 

Before establishing the HSC differentiation method through EBs formation (described in 

the   section   “3.2.18.  Hematopoietic  Stem  Cell   differentiation”),   another  method  was   tested.  

First, a pilot experiment was conducted encompassing the control iPSCs and DKC1[A353V] 

iPSCs c12. The percentage of CD34+ cells on day 7 was higher in mutated than in control 

iPSCs (44.8% and 30.2%, respectively). However, in the end of differentiation (day 13), 

iPSCs control was more efficient in generating hematopoietic progenitors, as evidenced by 

percentage of CD34/CD45 double positive cells (3.11% in control against 0.03% in mutant) – 

Figure A5. 
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Figure A5 – FACS analysis of HSC differentiation of iPSCs control and DKC1[A353V] (c12) 
over time. Percentage of CD34+ cells was increased in mutant iPSCs on day 7, but is not efficient as 
iPSCs control to give rise to CD34+/CD45+ hematopoietic progenitors (day 13). 

 

 

The HSC differentiation experiment of DKC1[A353V] iPSCs c12 was repeated in 

different passages (p18 and p34). Again, a marked difference was observed on day 7: while 

percentage of CD34+ cells was 0.25 in the control, percentage was 3.47 in c12 p18, and 7.82 

in c12 p34 (data from FACS analysis not shown). Following the pilot experiments, HSC 

differentiation was carried out in two independent sets of experiments. First, the control 

iPSCs and two DKC1[A353V] iPSCs clones (c4-7 and c7-4) in the same passage (p26) were 

differentiated. In the second experiment, the iPSC control was differentiated along with 

DKC1[A353V] iPSCs c12-5 also in p26, as well as c4-7 in higher passage (p32). First 

experiment resulted in a poor differentiation towards hematopoietic progenitors even in the 

control (Figure A6). DKC1[A353V] iPSCs c4-7 and c7-4 (both p26) displayed impaired 

generation of hematopoietic progenitors (based on percentage of CD34+/CD45+ cells on day 

13). Moreover, the pattern of higher percentage of CD34+ cells in mutant iPSCs on day 7 was 

not observed. However, second experiment evidenced the same pattern observed in pilot 

experiments for c12, this time performed for c12-5 (Figure A7). Percentage of CD34+ 

hemogenic endothelial cells observed on day 7 was 18.4% for c12-5 and 11.4% for control; 

c4-7 p32 was lower than control (6.1%). Again, despite higher number of CD34+ cells, 

efficiency in generating CD34+/CD45+ cells was lower in mutant iPSCs. 
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Figure A6 – FACS analysis of HSC differentiation of iPSCs control and DKC1[A353V] (c4-7 
and c7-4) over time. Percentage of CD34+ cells was increased in control iPSCs on day 7, reflecting in 
increased generation of CD34+/CD45+ hematopoietic progenitors when compared with mutants (day 
13). 
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Figure A7 – FACS analysis of HSC differentiation of iPSCs control and DKC1[A353V] (c12-5 
and c4-7) over time. Percentage of CD34+ cells was increased in mutant iPSCs c12-5 on day 7, but 
was not efficient as iPSCs control to give rise to CD34+/CD45+ hematopoietic progenitors (day 13); 
c4-7 p32 presented decreased efficiency to differentiate and generate hematopoietic progenitors. 

 

 

As demonstrated by the FACS analyzes (specifically the number of CD34+/CD45+ cells 

in the controls) the global efficiency of differentiation was low. The same control was 

previously differentiated, generating 7% double positive cells by the end of the differentiation 

(Winkler et al., 2013). Although the authors have applied a different protocol, and results 

from different methods are not directly comparable, the efficiency of the differentiation 

presented here was lower than expected. Additionally, CFC assay was performed with the 

cells collected on day 13 of differentiation. No colony was observed in CFC assay, even for 

the control, confirming the low efficiency of the differentiation method. Due to this issue, the 

method of HSC differentiation in adherent cells was replaced by the method of EBs 

formation prior to hematopoietic differentiation. 
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A.3.2. Hepatic differentiation 
 

Hepatic differentiation of H1 ESCs as well as iPSCs control and DKC1 mutant (clone 

12) were performed in collaboration with Dr. T. Jake Liang (NIDDK, NIH). Previously, 

pluripotent cells were differentiated into DE and then guided towards hepatic specification, 

hepatoblasts maturation, and finally differentiated hepatocytes. DE differentiation of 

pluripotent cells was efficiently achieved, as demonstrated by immunostaining on day 3, in 

which cells were positive for the DE markers SOX17 and FOXA2 (Figure A8). However, 

hepatic specification was not achieved for DKC1 iPSCs clone. The cells displayed impaired 

differentiation and proliferation (data not shown). Conversely, H1 ESCs and control iPSCs 

were able to differentiate towards hepatoblasts and hepatocytes. The efficiency of the 

differentiation in the control iPSCs was lower than H1 (Figure A9). 

 

 
Figure A8 – Immunocytochemistry for DE markers. Staining performed on day 3; majority of 
cells were positive for markers, confirming efficiency of DE induction. 

 

 



141 
 

 
 

 
Figure A9 – Immunocytochemistry for hepatic markers. Staining performed on days 11 and 14; 
H1 ESCs and iPSCs control both stained positive for all markers. 

 

 

A second approach of hepatic differentiation was tested on H1 hESCs. The first step for 

the procedure was the generation of DE, which was tested in two different initial confluences 

of colonies (85% and 60%). In both cases, cells started differentiating the day after exposure 

to Activin A and WNT3a cytokines, but could no longer be cultured due to cellular death in 

the last day of DE derivation, the day 2 (Figure A10.A and B). 
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Figure A10 – Hepatic differentiation of H1 hESC. Days 0 to 2 of definitive endoderm generation 
prior to hepatoblasts differentiation; clumps of dead cells on day 2. (A) Initial confluence of 85%. (B) 
Initial confluence of 60%. 

 

 

Then, an initial confluence of 30% was tested. As observed on Figure A11, the H1 ESCs 

at low confluence were guided until the last stage of differentiation. The morphological 

changes observed in the cells at the end of the differentiation were consistent with the 

morphology of hepatocyte-like cells (Figure A12). Currently, expression profiles of these 

cells  are  under  investigation  in  order  to  check  the  efficiency  of  the  hepatocytes’  derivation. 

 

 

 
Figure A11 – Morphological changes during hepatic differentiation of H1 hESC. Initial 
confluence was 30% at day 0. After 6 days of derivation, polygonal cells resembling hepatoblasts 
were observed. On day 13, a good number of cells in the differentiated tissue displayed hepatocyte-
like morphology. Scale bars: black = 500 µm, yellow = 200 µm. 
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Figure A12 – Hepatocyte-like cells on day 13 of hepatic differentiation of H1 hESC. Cells in the 
differentiated tissue displayed large polygonal shape, and multiple nuclei, which resembled 
hepatocyte morphology. Scale bar = 100 µm. 

 

 

The three tests performed on H1 highlighted the importance of the initial confluence of 

PSCs prior to differentiation. Thus, confluence represents a factor that influences the success 

of the differentiation process. Moreover, the growth rate of the cells is another important 

factor that should be considered before establishing an initial confluence. In conclusion, for 

each PSC line, the growth rate and initial confluence should be carefully defined in order to 

ensure a successful derivation of hepatocytes. New experiments are planned with the iPSCs, 

both control and DKC1[A353V] clones. 

 

 

A.3.3. Intestinal tissue differentiation 
 

In order to establish this differentiation method, two PSC lines were tested (H1 ESCs 

and one iPSCs control). The differentiation towards DE was achieved after three days of 

exposure to Activin A, as evidenced by immunostaining of SOX17 and FOXA2 performed 

on day 3 (Figure A13). Both pluripotent cells presented similar DE differentiation efficiency, 

but different confluence and morphological characteristics (Figure A14). 
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Figure A13 – Immunocytochemistry for DE markers. Staining performed on day 3; both 
pluripotent cells lines presented similar DE differentiation efficiency based on amount of positive 
cells for markers. 

 

 

 
 

Figure A14 – Cell morphology changes during DE induction. On day 0, confluence of pluripotent 
cells immediately before Activin A exposure (~85%). The following days, amount of floating cells 
was increased on iPSC control and confluence of attached tissue was clearly higher in H1. 

 

 

Following DE induction, cells were exposed to FGF4 and WNT3a to induce 

differentiation into mid- and hindgut. The next day of exposure (day 4), three-dimensional 

structures became visible on H1; hindgut spheroids bud from monolayer epithelium on days 

5-7, which were collected daily and transferred to three-dimensional Matrigel culture. No 

spheroids were observed in iPSCs control (Figure A15). Staining for CDX2 was performed in 

the attached monolayer epithelium on day 7, and majority of cells were positive in both 

pluripotent cell lines. However, confluence was clearly higher in H1 than in iPSCs control 

(Figure A16). Although majority of cells was CDX2+, no spheroid was observed for iPSCs 

control and differentiation could not be continued. Spheroids collected from H1 were grown 
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into intestinal organoids in the presence of RSpondin1, Noggin, and EGF (Figure A17). On 

day 14, organoids were transferred to new Matrigel and split on day 28. Organoids collected 

on day 15 resembled intestinal epithelium in early development, presenting a tube-like 

structure (Figure A18). Moreover, no morphological evidence of tissue from other germ 

layers was found. Thus, H1 was successfully differentiated into intestinal tissue, but the 

differentiation of the control iPSCs was impaired, and could not be continued beyond de DE. 

 

 

 
 
 
 
 
 
Figure A15 – Differentiation into mid- 
and hindgut. H1: 3D structures became 
visible on day 4; hindgut spheroids bud 
from the adherent layer of epithelium on 
days 5-7 and were collected daily. iPSCs 
control: no spheroid was observed and 
density of adherent tissue was clearly 
lower than H1. 

 

 

 

 
Figure A16 – Immunocytochemistry for CDX2. Majority of cells stained positive for CDX2, but 
density was clearly higher in H1 compared to control iPSCs. 
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Figure A17 – Hindgut spheroids growing into intestinal organoids. Spheroids collected and 
transferred to 3D Matrigel culture were maturated into organoids and cultured for 28 days before 
passaging. 

 

 

 
Figure A18 – Histological analysis of organoids on day 15. Organoids collected on day 15 
presented tube-like structure and resembled intestinal epithelium at early development. 

 

 

Since initial confluence of pluripotent cells is a limiting factor in intestinal 

differentiation, another test of differentiation was performed including control iPSCs in two 

different initial confluences, as well as DKC1[A353V] iPSCs c12-5 (p29). Again, cells were 

differentiated into DE (Figure A19). Increased cell death and morphological differences in 

control iPSCs at higher initial confluence were observed. Control iPSCs in lower confluence 

and DKC1 c12-5 formed a dense adherent tissue, but density was lower than observed for H1 

in the first test. Majority of cells stained positive for DE markers, but iPSCs control in higher 

initial confluence maintained regions of non-differentiated cells (Figure A20). After exposure 

to FGF4 and WNT3a to induce differentiation into mid- and hindgut, three-dimensional 

structures were visualized attached in the adherent epithelium of control iPSCs (lower initial 

confluence) and DKC1 c12-5. However, no floating spheroid was observed; morphology of 

control iPSCs (higher initial confluence) was completely different of usually observed after 

mid- and hindgut induction (Figure A21). Monolayer epithelium of iPSCs control (lower 
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initial confluence) and DKC1 c12-5 was stained for CDX2 on day 7 (Figure A22). Although 

cells stained positive for CDX2, no spheroid was derived and differentiation was 

discontinued from this step. 

 

 

 
Figure A19 – Cell morphology changes during DE induction. Two initial confluences were tested 
for iPSCs control, lower (L, ~75%), and higher (H, ~100%). Confluence of DKC1 c12-5 was ~85%. 
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Figure A20 – Immunocytochemistry for DE markers. Cells stained on day 3; majority of 
differentiated cells from iPSCs control in lower initial confluence (L) and DKC1 c12-5 stained 
positive for both SOX17 and FOXA2. DE differentiation of iPSCs control in higher initial confluence 
(H) was not completely achieved, as evidenced by absence of stained cells in some regions of 
attached tissue. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure A21 – Cell morphology changes on day 6. Formation of 
adherent 3D structures was observed on control iPSCs at lower 
initial confluence (L) and DKC1 c12-5, but there was no spheroid 
formation; control iPSCs at higher initial confluence (H) displayed 
unusual morphology in this step. 
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Figure A22 – Immunocytochemistry for CDX2. Cells stained on day 7; majority of differentiated 
cells from iPSCs control in lower initial confluence (L) and DKC1 c12-5 stained positive for CDX2. 

 

 

Next, intestinal differentiation was conducted on control iPSCs and DKC1[A353V] 

clone 4-7. Both iPSC lines were apparently guided to DE generation, as shown in Figure 

A23-A. However, spheroid-like structures were just visualized on DKC1-mutant clone in the 

end of day 7 (mid- and hindgut differentiation). These structures were collected and cultured 

for additional 26 days on three-dimensional Matrigel cultures supplemented with cytokines 

(Figure A23-B). The histological analysis of putative organoids collected on day 26 revealed 

the generation of a stromal tissue, not resembling the intestinal epithelium (Figure A23-C). 
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Figure A23 – Intestinal tissue differentiation of iPSCs control and DKC1[A353V] clone 4-7. (A) 
Definitive endoderm differentiation. (B) Formations of structures (spheroids) by day 5 to 7; collection 
and culture of spheroids into organoids in 3D matrigel culture for 26 days. (C) Histological analysis 
of putative organoids collected on day 26; hematoxylin and eosin staining. 

 

 

As observed in the hepatic differentiation, the initial confluence is critical for the 

successful derivation of intestinal tissue from PSCs. Conversely to hepatic differentiation, the 

initial confluence of PSCs for the derivation of intestinal tissue must be 85% or higher, and 

PSCs must be fully undifferentiated (McCracken et al., 2011). Thus, the difficulty in this 

differentiation is to fulfill this prerequisite, since high confluences may accelerate 

spontaneous differentiation. One alternative for this issue is the adaptation of the PSCs in 

non-colony type monolayer culture (Chen et al., 2012). This type of culture allows the 

growth of the PSCs in a monolayer and homogenized cellular state at high confluences 
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(100%) without loss of pluripotent features. New tests of intestinal tissue differentiation are 

planned for control and DKC1[A353V] iPSCs, also establishing the culture of these cells in the non-

colony type. 

 

 

A.4. Conclusions 
 

The differentiation of PSCs requires laborious tests in order to establish ideal conditions 

for the successful differentiation. For some differentiations, such as hematopoietic and 

hepatic, multiple methods are available, which requires testing of multiple protocols and, 

occasionally, some adaptation. Two protocols of hematopoietic differentiation were tested in 

the present study: starting with adherent PSCs or EBs prior to cytokines. The method that 

requires adherent PSCs was disregarded after several tests due to its variability and low 

efficiency. The tests of differentiations in hepatic and intestinal tissue demonstrated the need 

of careful establishment of initial confluence of the PSCs prior to differentiation. The 

experience acquired in the tests may provide useful insights for the next experiments. 
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