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Establishing iPSCs as a method to model neurodevelopment in 
Down’s syndrome 

 

Margarita Bartish 

 

Populärvetenskaplig sammanfattning 
 

En stamcell är en mycket speciell celltyp som dels har förmågan att dela sig oändligt (vanliga celler 
har en begränsad livslängd) och dels kan betraktas som omogen. Den har ingen specifik identitet eller 
konkret biologisk funktion men den har möjligheten att bli en eller flera olika celltyper efter en 
mogningsprocess kallad differentiering. Relativt nyligen har man upptäckt att det är möjligt att 
omprogrammera helt vanliga celler från en vuxen människa till att bli pluripotenta - ”allsmäktiga” - 
stamceller som har förmågan att differentieras till vilken celltyp som helst.  Upptäckten har lett till 
mycket intensiv forskning. Cellerna som bildas efter omprogrammeringen kallas inducerade 
pluripotenta stamceller och är på många sätt funktionella ekvivalenter av embryonala stamceller – 
naturligt förekommande pluripotenta stamceller som dock endast kan skördas från ett embryo i ett 
mycket tidigt utvecklingsstadium.  Inducerade pluripotenta stamceller kräver till skillnad från 
embryonala stamceller inga etiska ställningstaganden då vilka celler som helst kan användas, 
inklusive lättillgängliga blodceller eller hudceller. 

Det här arbetets mål har varit att få fram och analysera inducerade pluripotenta celler från 
fibroblaster (hudceller) donerade av en patient med Downs syndrom och att på så sätt skapa en 
kraftfull in vitro plattform för studier av sjukdomens konsekvenser för tidig human hjärnutveckling, 
något som har varit helt omöjligt tidigare då vuxen människas hjärnceller kan av naturliga orsaker 
inte studeras alls. Det här arbetets mål har även varit att vidareutveckla tekniken i sig och att på en 
mycket liten skala leda till att inducerade pluripotenta stamceller kan fås fram enklare. 
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Introduction 

 

The report, published in 2006, of the generation of pluripotent stem cells (termed induced 
pluripotent stem cells, iPSC) through reprogramming of terminally differentiated adult mouse 
fibroblasts [1], has since elicited massive response in the scientific community. Some have predicted 
this technology to stand the test of time as one of the defining innovations in molecular biology, 
there along with the discovery of antibiotics and elucidation of the three-dimensional structure of 
DNA.  The enthusiasm is motivated. At a first glance, induced pluripotent stem cells combine the 
immortality and pluripotency of embryonic stem cells with the specificity of patient-derived cell 
cultures. Moreover, they have the additional benefit of the starting material being readily accessible 
with no irrevocable damage inflicted on the cell donor. If its full potential were to be harnessed, iPSC 
technology could thus entail an unlimited, ethically undisputed source of personalized stem cells and 
their differentiated progeny long-sought by both basic science and applied medicine.  

All stem cells share the fundamental characteristics of an indefinite life span and the potential to 
differentiate into one or multiple cell types, but pluripotent stem cells by definition are able to 
differentiate into every cell type found in an adult animal body. In a natural context, pluripotency is 
maintained for a brief window of time during foetal development in cells constituting inner cell mass 
of mammalian blastocysts. Under normal developmental conditions, these cells eventually mature 
into one of the more than two hundred cell types found in an adult mammal but if harvested at this 
stage, they can be maintained in the pluripotent state in vitro under the name of embryonic stem 
cells (ESC) [2]. The harvest invariably leads to the destruction of the embryo, causing the technology 
to be ethically disputed and, under some legislations, forbidden [3]. While ESCs have significantly 
advanced the fields of developmental and cell biology over the last 14 years as they are able to 
provide unique insights into processes such as cell differentiation, there are factors beyond ethics 
limiting the experimental and therapeutic capacity of these cells. For instance, cell replacement 
therapies much discussed in the advent of stem cell research generally result in the rejection of 
transplanted donor cells by the immune system of the host. Another possible branch of application - 
disease modelling using ESCs - is, in turn, significantly hampered by the fact that the availability of 
cell lines with the right genotype and phenotype cannot be guaranteed.  

Induced pluripotent stem cell technology, on the other hand, provides access to pluripotent stem 
cells lacking these disadvantages. As was shown by pioneering work of Takahashi and Yamanaka, 
fully differentiated adult cells can revert to a pluripotent state by forced overexpressed of a 
combination of certain transcription factors. [1] Fibroblasts were the first cell type to be 
reprogrammed and remain the cell type of choice still today due to their availability: human adult 
fibroblasts are obtained through a skin biopsy, a procedure causing little discomfort to the donor. No 
major permanent damage is done, the resulting iPSCs are immunologically matched to the donor, 
and they are bona fide pluripotent as was shown by their ability to reconstitute an entire organism. 
Furthermore, given donors with appropriate genetic material, they can be used to recapitulate 
phenotypes of complex diseases.  Given this propitious blending of the advantageous traits of 
different in vitro platforms, much effort is put into removing the obstacles preventing iPSC 
technology from fulfilling its potential to generate safe, patient-specific, cost-effective pluripotent 
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stem cell lines in short time with high efficiencies. Currently these obstacles lie in the safe delivery of 
the reprogramming factors, improvement of reprogramming efficiencies and validation of genome 
integrity post reprogramming.  

Methods of iPSC derivation 

In their landmark reprogramming study, Yamanaka and Takahashi began with a pool of 24 
transcription factors each previously shown to be involved in maintaining pluripotency of embryonic 
stem cells [1]. Through sequential testing, this pool was eventually reduced to the 4 – now classic – 
Yamanaka reprogramming factors: SOX2, c-MYC, KLF4 and OCT4. When transduced into cultures of 
murine fibroblasts, this combination of transcription factors led to the emergence of cells 
morphologically and functionally fulfilling the criteria of being pluripotent stem cells. Later studies 
demonstrated that neither the number nor the identity of transcription factors in this original 
reprogramming cocktail are definite: the only transcription factor shown to be indispensable to date 
is OCT4 [4]. It is considered preferable not to include the notoriously oncogenic [5] c-MYC in the mix. 
When attempted, this has, however, been shown to result in a significant decrease in reprogramming 
efficiency [1].  

To date, a variety of somatic cell types from different species have been successfully reprogrammed. 
Apart from the typical fibroblast-derived iPSCs, iPSCs originating from for example B lymphocytes [6] 
or melanocytes [7] have been created and apart from humans and mice, pigs [8], rats [9] and rhesus 
monkeys [10] (among others) have contributed cells to the iPSC generation process. The procedure 
has been shown to differ depending of the starting cell type. For example, neural stem cells 
reprogram more readily than fibroblasts and require fewer transcription factors [11]. Age of the 
organism may also introduce variations, with embryonic cells having higher reprogramming 
efficiencies than cells obtained from an adult. Furthermore, there are indications that the propensity 
of the reprogrammed cells to differentiate into a particular lineage may differ with their origin [12]. 
The cells, despite reprogramming, appear to retain some memory of their previous identity [13], 
[14]. These are all aspects which seem to indicate that there is considerable heterogeneity linked to 
reprogramming and this heterogeneity needs to be addressed before iPSCs can start to be applied 
therapeutically on a large scale. In general, however, the generated iPSCs, regardless of their cellular 
origin or reprogramming method, can be considered uniform in their expression of pluripotency 
markers and their potential to differentiate into all cell types constituting an adult organism.  

As described, iPSC generation requires forced overexpression of a set of transcription factors in the 
cells to be reprogrammed. Currently, much effort is put into designing safe and efficacious methods 
of achieving this mean and this field has also undergone significant evolution since the first iPSCs 
were derived using retroviral constructs to deliver each transcription factor separately into the cell. 
Today, non-integrative methods such as the Sendai virus system [15] or excisable loxP-Cre 
polycistronic lentiviral [16],[17] constructs are preferred out of concerns for the consequences of 
introducing viral genomes into the genome of cells to be studied and potentially transplanted back 
into a human. An alternative approach, to avoid including transgenes altogether, is to deliver the 
mRNA or the protein product directly into the cell. This has been successfully experimented with on a 
proof of principle basis [18],[19],[20] yet several rounds of potentially damaging mRNA transfections 
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were needed for successful reprogramming and in the case of protein transduction, given the 
amount of protein necessary, the cost for such a reprogramming is considerable.  

Validation of pluripotency 

Despite the apparent methodological simplicity of the method, the course of reprogramming on a 
cellular level is a complex, tightly orchestrated process complicated by the emergence of partially-
reprogrammed intermediates along with the small number of truly reprogrammed cells. 
Understanding the hallmarks of bona fide iPSCs is thus crucial for derivation and propagation of 
homogenous iPSC lines adequate for use in downstream applications.  

Once a putative iPSC line has been established, it is thus necessary to validate the expression of 
pluripotency-associated genes by RT-PCR and immunocytochemistry as well as to confirm the 
reactivation of their respective promoters through bisulfite sequencing. Typical genes whose 
expression levels in pluripotent stem cells make them suitable to be employed as such markers 
include: TRA-1-60, TRA-1-80, SSEA3/4, NANOG [1]. Along with AP (alkaline phosphatase) staining, 
these methods serve to confirm pluripotency on a genetic level. They need to be complemented with 
evidence of differentiation into cells from all three germ layers before the established cell line can be 
used as a functional equivalent of ESCs. This is generally achieved in vitro by removing the cells from 
the pluripotency-maintaining environment they are cultured in and allowing them to mimic early 
embryonic development through the formation of so called embryonic bodies consisting of various 
cell types. In vivo, differentiation of the cells can be traced by transplanting the cells into a model 
organism (e.g. a mouse) and analyzing the tumours (teratomas) formed as a result. In the most 
extreme case of pluripotency confirmation, iPSCs were used to reconstitute an entire mouse [21, 22]; 
for obvious reasons this is not a feasible experiment to be conducted on human iPSCs.  

Finally, as reprogramming is tightly associated with increased genomic instability and since frequency 
of iPSCs with chromosomal aberrations is high, the integrity of the cell genome post reprogramming 
needs to be confirmed by karyotyping or equivalent methods [23].  

iPSC in disease modelling  

Anyone wishing to study the progress of human disease on a molecular level is invariably confined to 
the restrictive realms of disease modelling, let that be through in vivo or in vitro platforms. Primary 
human cell cultures have long been an important source of insights into pathological tissue 
behaviour while animal models, generally murine models, serve to provide a more holistic 
understanding of disease progress on an organismal level. Yet for many human diseases, particularly 
neurological diseases, neither platform nor even their combination may provide a truly adequate 
grasp of underlying mechanisms extrapolatable onto concrete clinical cases. After all, access to 
material, given the limited life span of primary cell cultures, provides a formidable challenge. Most 
neural cell types cannot be sampled at all. Furthermore, any conclusions drawn from murine disease 
models have to be evaluated against the backdrop of obvious differences in murine and human 
genetics and physiology. 

The establishment of the first ESC lines in 1998 was heralded to advance the disease-in-a-dish 
approach by the promise of these cells to supply virtually any cell type required [2]. Indeed, our 
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current knowledge of directed stem cell differentiation and thus our ability to culture human 
neurons is largely due to work on embryonic stem cells [24]. The emergence of iPSCs, given the 
degree of artificiality the platform carries, has not by any means made these cells obsolete. For 
example, differences in gene expression signatures between iPSCs and ESCs [25] and the 
documented signs of genomic instability post reprogramming [23], [26], [27] make some scientists to 
prefer to employ the “naturally” pluripotent ESCs for their particular research purposes. Yet the 
control scientists have over these cells’ genetic material and thus the kind of models that can be 
constructed using them is severely limited [28]. Preimplantation genetic diagnostics may lead to the 
establishment of lines with a certain genetic characteristic but this is merely making use of what is 
available. Moreover, the genetic signs of a given trait may not present themselves at this particular 
stage in an embryo’s development or the trait in question is dependent on a complex interplay of 
genetic and environmental factors and will not emerge until late in the individual’s life span. Thus, 
generally, an embryonic stem cell line from an embryo with a given genetic disease cannot be 
ordered à la carte and this, perhaps above all other benefits of the technology, is what makes iPSCs 
so attractive.   

To date, iPSC lines representing a wide range of diseases have been derived [29] and reports of 
established disease models covering such diseases as Rett’s syndrome [30], LEOPARD syndrome  [31] 
and even schizophrenia [32] have been published. These reports serve to confirm the utility of 
personalized pluripotent stem cell models in understanding disease but also in giving insights to 
possible routes to its treatment. iPSC schizophrenia model allowed to highlight novel molecular 
pathways affected in schizophrenia neurons and to identify new genes not previously implicated with 
this disorder. Rett syndrome model suggested a possible therapeutic window during disease 
progression enabling further investigations of treatment opportunities. These examples of 
conclusions drawn from studies of neurons representing complex neurological disease would be 
impossible to obtain otherwise.   

Aims of current work 

The work behind this thesis followed two quite disparate directions. The main goal reflected in the 
title of this thesis has been the establishment of a robust in vitro disease model platform of Down’s 
syndrome. Concurrently, work on modifying the lentiviral genetic construct (“Stem Cell Cassette”) 
used in delivering the reprogramming factors into cells to be reprogrammed has been performed 
with a long-term aim of creating a more efficient reprogramming construct lacking c-MYC.  

Down’s syndrome is a congenital, neurodevelopmental disease resulting from a complete or partial 
aneuploidy of chromosome 21. Observed phenotypes are complex and variable, but generally, all 
afflicted individuals suffer from impaired cognitive functions to some degree. This is believed to be a 
consequence of documented decrease in brain volume and neuronal density in DS patients, as well 
as altered neuronal circuitry, which, in turn, is believed to originate from the overexpression of genes 
present on chromosome 21 [33]. Distortions to several molecular pathways are implicated in shaping 
the developing DS brain [33]. Given the discussion concerning the shortcomings of current means to 
study Down’s syndrome disease progression, the interest in obtaining Down’s syndrome iPSC lines is 
motivated. Indeed, Down’s syndrome iPSCs were among the first to be derived [29] yet no attempts 
to establish a disease model using these cells have been made to date and to the best of author’s 
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knowledge. There are DS animal models employing the conserved synteny between human 
chromosome 21 and mouse chromosome 16, but these do not always satisfactory recapitulate Down 
syndrome specific phenotypes [34], [35] of interest to researchers. A human Down’s Syndrome 
disease model could be used to investigate the very early stages of neuronal differentiation and 
elucidating the key factors influencing this crucial stage in embryonic development. In particular, the 
precise spacio-temporal expression of the protein kinase MNB/DYRK1A, which is a highly interesting 
target in the context of Down’s Syndrome due to its location on chromosome 21, could be traced 
with such a model and its role in shaping the developing brain confirmed.  

From a technological perspective, there are currently many concerns raised against the use of c-MYC 
as one of the reprogramming factors, yet not including c-MYC decreases the number of successfully 
reprogrammed cells. Recently, large intergenic non-coding (linc) RNAs have been found to facilitate 
reprogramming [36]. By attempting to exchange c-MYC with a gene coding for one of these lincRNAs, 
lincRNA-RoR, it is hypothesized that the reprogramming efficiency drop following c-MYC removal can 
be averted or even reversed. Current work on stem cell cassette modification aimed to create an 
intermediate construct exchanging c-MYC with a reporter gene dsRED and assessing its functionality 
in iPSC generation. While not providing the end result, this work serves as a crucial stepping stone on 
the path of a complete lincRNA-RoR -stem cell cassette reprogramming construct.  
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Materials and methods 
 

Basic cell culturing 

All cells were cultured at standard conditions (37 °C, 5% CO2). 

All fibroblasts and feeder cells were cultured in HFF medium (DMEM (Gibco) supplemented with 15% 
Fetal Bovine Serum (Invitrogen) and 50U.50 mg/ml Penicillin/Streptomycin (Gibco). Fibroblasts were 
passaged when 80-95% confluent.  

Mitotically arrested feeder cells for iPSC culture were obtained by mytomycin-c treatment of βFGF-
producing GFP-tagged human foreskin fibroblasts (βFGF-GFP HFF) or regular human foreskin 
fibroblasts (HFF). Briefly, 1 mg/ml of mytomycin-c (Roche) was added to HFF medium and this 
mixture applied onto a confluent cell culture for 2,5h at standard conditions (37 °C, 5% CO2). Medium 
was then changed to normal HFF medium, the cells were allowed to recover for 2h at standard 
conditions and were subsequently harvested by trypsination and frozen.  

Generation of a pEF1aCCA_dsREDΔc-MYC construct 

For a schematic presentation of the cloning procedures, consult appendix A. Primer sequences are 
summarized in table 1.  

dsRED was amplified from a plasmid by means of PCR (initial denaturation 98 °C, 30 sec; 
denaturation 98 °C, 10 sec; annealing 55 °C, 30 sec; extension 72 °C, 30 sec) using primers E2A-RFP 
(forward) and RFP-ClaI (reverse). Phusion proofreading polymerase (Fermentas) was used.   

SOX2 was amplified from pEF1aCCA (“Stem Cell Cassette”) by means of PCR (initial denaturation 98 
°C, 30 sec; denaturation 98 °C, 10 sec; annealing 55 °C, 30 sec; extension 72 °C, 30 sec) using primers 
NdeI-Sox (forward) and Sox E2A (reverse). Phusion proofreading polymerase (Fermentas) was used.  

Fragments combined by means of overlap PCR (10 cycles no primers, annealing temperature 55 °C, 
30 cycles using primers NdeI-Sox (forward) and RFP-ClaI (reverse), annealing temperature 62 °C). 

PCR product was visualized on a 1% agarose gel. Band of correct size (1700 bp) was cut out and 
purified using Wizzard gel purification kit (Promega) according to manufacturer’s instructions.  

Fragment was subcloned in a TOPO TA cloning vector (Invitrogen) according to manufacturer’s 
instructions and sequenced using M13 forward and reverse primers (Invitrogen). Once the sequence 
was verified, the fragment was ligated into pEF1aCCA from which SOX2-E2A-c-MYC fragment was 
removed by means of ClaI and NdeI restriction enzymes.  

Ligation mixture was transformed in chemically competent E.coli (Invitrogen) and the resulting 
colonies were analyzed for presence of construct by means of colonyPCR. Four colonies were 
selected for further culture and their plasmid DNA was isolated by means of miniprep (Qiagen). 
Purified pEF1aCCA_RFPΔc-MYC  plasmid was used in virus preparation.  
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Table 1: Primer sequences used in  pEF1aCCA_RFPΔc-MYC construction 

Primer name and direction Sequence 5’-3’ 

E2A-dsRED (forward) CTTTGTTGAAACTCGCTGGCGATGTTGAAAGTAACCCCGGTCCTATGGACAACACCGAGGACGT
CATCAAGGAGTTCATGCAG 

dsRED-ClaI (reverse) ATCGAT CTACTGGGAGCCGGAGTGGCGGGCCTCGGCGTGCTCG 

NdeI-SOX2 (forward) GGTTTCTTACATATGATGTATAACATGATGGAGACGGAGCTGAAG 

Sox-E2A (reverse) TTTCAACATCGCCAGCGAGTTTCAACAAAGCGTAGTTAGTACATTGCCCACTACCCATGTGCGAC
AGGGGCAGTGTGCCGTTAATGGCCG 

 

Lentivirus generation  

Viral particles were packaged in HEK 293T cells. One day prior to transfection, the cells were seeded 
onto 60 mm dishes at a density of 750000 cells per dish. For transfection, 2 µg of transcription factor-
encoding plasmid (Stem Cell Cassette, StemCCA, as described in [16]) per reaction was mixed with 
1,5 µg and 0,5 µg of helper packaging plasmids pMD2G and psPAX respectively. Transfection was 
performed using FuGENE transfection reagent following manufacturer’s instructions. Cells were 
incubated with the transfection mixture in OptiMEM overnight, medium was changed to HFF culture 
medium after 14-16h and virus-containing supernatant was collected after 24h and 48h post removal 
of transfection mixture. In transfections with the modified dsRED-StemCCA, dsRED-positive cells 
could be observed under a fluorescent microscope after 24 hours. The supernatant was filtered 
through 0,45 µm filters, aliquoted, concentrated by centrifugation at 26000g for 120 minutes and 
kept frozen at -80 C prior to use. Viral titers were determined using the QuickTiter Lentivirus titer kit 
(Cell Biolabs) according to the manufacturer’s instructions.  

iPSC generation 

Primary human fibroblasts at an early passage number (between 5-8) were used in iPSC generation. 
Three previously established Down’s Syndrome fibroblast lines (termed DS1, DS2, DS3) were used in 
generating Down’s Syndrome iPSC. One control fibroblast line (K02) was used in iPSC generation 
efficiency experiments.  

One day prior to infection, the cell line(s) in question were seeded at a density of 150000 cells per 10-
cm dish. Medium was changed to HFF culture medium supplemeted with 1 µg/ml polybrene and viral 
supernatant. Volumes of viral supernatant varied: set volume of 2 ml was used in generating DS iPSC 
but in experiments comparing StemCCA and dsRED-StemCCA iPSC generating efficiency, the amounts 
of viral supernatant used were normalized against viral p24 concentration determined by kit; 
volumes corresponding to equal p24 concentrations were applied onto cells. Virus-containing 
medium was removed after 24h and the cells were allowed to grow in HFF culture medium for 6-7 
days. Subsequently the cells were passaged onto feeder cells, at densities between 50000 and 
250000 cells per dish (densities varied between experiments and different densities were 
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experimented with within a single experiment). Culture medium was exchanged to HES culture 

medium (KnockOut DMEM, 20% KnockOut serum replacement, 2 mM Glutamax, 1% Non-
essential amino acids, 50U.50 mg/ml Penicillin/Streptomycin, all supplied by Gibco) 

supplemented with 10 ng/ml β-FGF (R&S Systems) and medium was changed every other day in the 
beginning and every day towards the end of the iPSC generation process. Colonies were picked 
mechanically using a 23 gauge needle when sufficiently large in size, usually around day 35-40 post 
infection.  

iPSC maintenance 

iPSC cells were cultured on feeder cells ( β-FGF-GFP HFF or only HFF) in Human Embryonic Stem Cell 
culture medium (HES) supplemented with 4 ng/ml β-FGF or 10 ng/ml β-FGF (if cultured on HFF 
feeders). Medium was changed daily and cells were enzymatically passaged (by means of 1 mg/ml 
collagenase IV) once a week.  

Alkaline Phosphatase staining  

Cells to be stained were fixed in 4% PFA for 1-3 minutes and washed with PBS. 40µl of 40µg/ml 
Naphtol-As-MX-phosphate (Sigma) was added to 1 mg/ml of FastRed (Sigma) and 1 ml of this mixture 
was applied onto fixed cells.  
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Results 

Derivation of an induced pluripotent stem cell line (DS1) from fibroblasts 
donated by a patient with Down’s syndrome 

Thirty five days post lentiviral infection, compact colonies of cells morphologically distinct from the 
surrounding fibroblasts were selected for transfer onto fresh feeder plates. After further culture 
under embryonic stem cell conditions, one colony began to exhibit the characteristic signs of bona 
fide reprogramming: the cells in this colony were round, compact, uniform with a large nucleus-to-
cytoplasm ratio (fig.1). This colony was cultured and it was shown to be alkaline phosphatase (AP) 
positive.  

 

Figure 1. A) DS1 fibroblasts in culture, 100X magnification B) Cells displaying characteristic signs of reprogramming at day 10 post lentiviral 
infection , 100X magnification C) Reprogrammed colony prior to first passage, 200X magnification D) DS1 iPSC colony, passage 10, 100X 
magnification E) Alkaline Phosphatase positive DS1 iPSC colony, 200X magnification F) Example of spontaneous differentiation into neural 
lineage. Observe the rosette-like cell formation and long neural projections, 100X magnification 
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Modified stem cell cassette carrying a reporter gene (dsRED) in lieu of c-MYC is 
functional in iPSC generation and enables visual tracking of the 
reprogramming process 

The functionality of the created lentiviral construct pEF1aCCA_dsREDΔc-MYC carrying a reporter 
gene (dsRED) but not c-MYC was confirmed in an iPSC generation experiment reprogramming a 
fibroblast line donated by a healthy individual. Around 10 days post lentiviral infection, dsRED-
positive colonies began to appear. For comparison, cells infected with the standard “Stem Cell 
Cassette”-derived virus produced colonies without any visible dsRED signal. Interestingly, no 
particular difference in reprogramming efficiencies (as in number of colonies formed) could be noted 
between these two reprogramming constructs, but it should be said that the number of colonies 
established was far too low in both cases for any statistically significant conclusions to be drawn from 
this observation.  

 

Figure 2. A) iPSC colony formed after infection with CCA-dsRED construct, normal phase-contrast view, 200x magnification 
B) iPSC colony formed after infection with CCA-dsRED construct, fluorescence view, 200x magnification C) iPSC colony 
formed after infection with standard Stem Cell Cassette construct, normal phase-contrast view, 200x magnification, D) iPSC 
colony formed after infection with standard Stem Cell Cassette construct, fluorescence view, 200x magnification 
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Discussion 

iPSC as a platform to model Down’s syndrome 

In this thesis, a cell line originating from Down’s syndrome fibroblasts and subjected to 
reprogramming was shown to be AP-positive and to exhibit typical morphological features of induced 
pluripotent stem cells. This cell line has also been observed to spontaneously differentiate into a 
variety of uncharacterized cell types in the course of culture, further confirming its pluripotent state. 
Due to time constraints, no further analysis could be attempted, which naturally limits the scope of 
potential that can be ascribed to this line. Being AP-positive, while promising, is also by no means 
definite: only one of ten AP-positive lines is expected to be validated as true iPSCs [11]. The 
application of the full pluripotency-validating tool kit (as described in the introduction) onto a 
putative iPSC line is indispensible before the task of modeling disease using this line can be 
attempted. Furthermore, disease modeling based on only one cell line is statistically unsound, in 
particular given the expected heterogeneity of resulted iPSCs, making current work merely the 
starting point of a much more extensive process.   

When establishing a disease model using cells from disease-afflicted individuals, any phenotype 
observed must of course be evaluated against the corresponding behavior of cells from non-afflicted 
backgrounds. iPSC lines from cells donated by healthy individuals (“healthy controls”) have been 
previously established in the laboratory and work on validating these lines has been performed in 
parallel to work on the main aspects of this thesis (data not shown). Access to good control lines is 
indispensable in the field of disease modeling.  Given the natural variability between individuals – 
and between reprogrammed cells – a deviating performance of a cell line in any given aspect must be 
unambiguously shown to be disease-related and not a result of random variation between the 
behavior of one cell line and another. Ideally, one envisions the perfect disease modeling platform to 
consist of a diseased individual and his or her identical twin, but such scenarios are, of course, 
idealized.  

Down’s syndrome is the name of a disease whose phenotypes are united in displaying trisomy 21 but 
that otherwise can be rather diverse. Trisomy 21 can be complete, as in the karyotype of afflicted 
individuals containing an additional chromosome, or translocational, whereby part of the 
chromosome is duplicated. Prior to reprogramming, Down’s syndrome fibroblasts were karyotyped 
and the presence of an extra chromosome 21 confirmed. Recently, a group reported derivation of 
Down’s syndrome iPSCs from Down’s syndrome patients with different karyotypes, including 
incomplete chromosome 21 translocation [37]. Should these cells be used in Down’s syndrome 
modeling, such a model could undoubtedly provide more breadth in answering questions regarding 
neurodevelopment in Down’s syndrome as it would apply to a wider variety of clinical cases. On the 
other hand, the relevance and scientific potential of any given model is contingent on the hypotheses 
being addressed and depending on these, such a variety may be welcome but not necessary. The 
iPSC lines established in the course of this thesis project and beyond will be evaluated (amongst 
other aspects) for the expression of Mnb/Dyrk1A protein kinase, a protein overexpressed in 
developing Down’s syndrome fetuses due to its location on chromosome 21 and implicated to 
underlie neurodevelopmental deficits of Down’s syndrome [35]. Current platform, with the ongoing 
establishment of several separate full trisomy 21 Down’s syndrome iPSC lines from different patients, 
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is fully capable of addressing questions related to the role of this protein in disease development, 
even though it could, of course, be interesting to study the effects (if any) of its overexpression in a 
translocational context as well.  

No model can be expected to be exhaustive and given the expected heterogeneity between iPSC 
lines, variation should be encouraged not only in the genotype of the cells but also in laboratories 
studying a disease. Down’s syndrome is a complex disease not yet addressed by iPSC modeling. There 
are many questions to answer and many angles from which to do so. Alternative models could only 
benefit the field as a whole.     

Modifying the lentiviral reprogramming construct 

The long term aim of the cassette-modification part of this thesis is the establishment of a novel, 
potentially more efficient reprogramming construct based on the recent findings of the involvement 
of lincRNAs in iPSC reprogramming. The work presented in this thesis has not gone so far; instead the 
generation of an intermediate construct without c-MYC but coding for reporter dsRED has been 
presented. This construct has been shown to be functional in iPSC generation despite absence of      
c-MYC and enables visual monitoring of reprogrammed colonies. Such a construct in itself is not 
scientifically novel or particularly advantageous at this stage when compared to other alternatives – 
its primary application will be as a backbone for lincRNA addition. Reprogramming constructs 
carrying reporter genes such as GFP have long been employed and the design of the current cassette 
does not enable more information than the successful integration of the Yamanaka factors into the 
genome of the fibroblast to be obtained. iPSC generation is, as has been described, a frustratingly 
inefficient process and only a fraction of the cells displaying early signs of reprogramming will reach 
the bona fide iPSC stage. Expressing dsRED at day 10 post lentiviral infection does not guarantee that 
any given colony will give rise to a quality iPSC line, so it cannot help in differentiating between the 
“good” and the ”bad” iPSC colonies. At most, such a reporter can give an indication of when the 
transduced construct has been silenced in the cell, which is a useful but not crucial piece of 
information. Furthermore, it should be noted that currently, the established construct has only been 
shown to give rise to colonies – the fate of these colonies is not clear at this stage. To be fully 
confirmed as functional for use in iPSC generation, the emerging colonies should be expanded and 
the resulting cells should be put through the standard iPSC validating tests.  

Many researchers claim that the iPSC field is still in its infancy and that as of yet, we do not fully 
grasp the finer details of the reprogramming process on a cellular level. Even so, in the six years since 
Yamanaka and Takahashi’s seminal paper, deriving iPSC lines has become a conveyor belt procedure 
much simplified by the availability of commercial kits from companies such as Invitrogen and 
Millipore. Merely deriving an iPSC line could be compared to generating a stably transfected cell line: 
a routine procedure on the path of tackling a concrete question and it is only after a line is derived 
and validated that the real science can be said to begin. Given this background, is current work on 
modifiying the lentiviral reprogramming construct scientifically motivated? If successful in 
establishing an efficacious construct lacking c-MYC, the value of not including a known oncogene has 
to be estimated against the fact that the construct is still being based on a lentiviral backbone, 
haphazardly integrating into the host cell genome and potentially disrupting vital parts of it. 
Currently, non-integrative approaches are showing much potential (reviewed by [38]) so optimizing a 
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lentiviral construct could be viewed as trying to brush up a method that is showing signs of 
potentially being outdated within a few years. On the other hand, the proposed reprogramming 
cassette, if shown to be functional, will be very cost-effective, favoring its use in contexts where 
lentiviral integration is not a major concern. Furthermore, from a long-term perspective, 
demonstrating the efficacity of lincRNAs in an iPSC-generating process opens up for opportunities of 
taking the principle but not the details further. If viewed in this light, current work can be considered 
probing the hypothesis from a proof of principle point of view, to be subsequently customized for 
use with more promising reprogramming platforms should it be shown to be valid.  

lincRNAs are far from being the only entities showing promise to increase reprogramming efficiencies 
to date. Employing chromatin-remodeling components of the BAF complex, one research team 
managed to generate iPSCs without c-MYC with high efficiencies [39].  Vitamin C [40] and valproic 
acid [43] have also been implicated in raising the numbers of reprogrammed cells. What can current 
work add to the field that these other methods cannot? Each finding demonstrating the involvement 
of a novel pathway, gene or molecule in facilitating cellular reprogramming is a valuable step towards 
promoting more extensive clinical and biotechnological applications of the iPSC technology. The iPSC 
research field is far from saturated in terms of the efficiencies of the current established protocols - if 
cellular reprogramming were to become a truly routine laboratory procedure, there is much room 
for improvement. When evaluating the efficiency of any given method, it is arguably more important 
to look at not the numbers of emerging colonies after the time frame allotted to reprogramming as 
such, but rather at the numbers of bona fide iPSC lines established. In addition, the kinetics of the 
process is important as well. Currently it takes between three to four weeks to generate mature 
colonies suitable for propagation when working with human cells, whereas only a few days is 
sufficient if reprogramming cells by a contrasting method of cell fusion [41]. A truly efficient 
reprogramming protocol would thus be not one that necessarily generates many iPSC-like cells, but 
one that gives rise to a higher truly reprogrammed to partially reprogrammed cell ratio and does it 
within a span of one or two weeks, not several as it is today. If the proposed lincRNA-mediated 
reprogramming can address these aspects, its establishment would indeed be scientifically 
motivated.  

Each finding demonstrating the involvement of a novel pathway, gene or molecule in facilitating 
cellular reprogramming is furthermore a step towards understanding the underlying cellular 
mechanisms behind reprogramming. Relatively little is known about the precise events that 
accompany this process and each finding shown to enhance it, let that be lincRNA, valproic acid or 
miRNA clusters, illuminates important aspects of the pathway as a whole. Understanding the cellular 
mechanisms involved provides means of controlling them and this has obvious applications for basic 
cellular biology beyond the induced pluripotent stem cell field.  
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Appendix A 
 

Oct4 Klf4 Sox2 c-myc

IRESEF1a WPRE

Sox2

RFP

Sox2 RFP

PCR 1

PCR 2

Overlap-extension PCR

Restriction and cloning/ligation

Construction of pEF1aCCA_RFPHHlinc-RoRHDV/LoxP
Step 1: Replace c-myc by RFP

/LoxP

Oct4 Klf4

IRESEF1a WPRE

Sox2 RFP /LoxP

pEF1aCCA_RFP/LoxP

Figure A1. Schematic overview of the cloning steps to generate a pEF1aCCa_RFPΔc-MYC 
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