
  

Master’s thesis 

Improving Human Pluripotent Reprogramming by 

Targeted Activation of the miR-302/367 Cluster Using 

CRISPRa 

  

Christian Stadelmann 

International Master’s program in Translational Medicine 

Faculty of Medicine 

University of Helsinki 

December, 2019  



Abbreviations 1 
Abstract 3 
1. Introduction 5 

1.1 Pluripotent Stem Cells	 5


1.2 Cellular Reprogramming	 6


1.2.1 Reprogramming Phases	 7


1.2.2 Barriers and Epigenetics of Reprogramming	 10


1.2.3 Reprogramming Factors	 11


1.2.3.1 OCT4 (POU5F1)	 12 

1.2.3.2 SOX2	 13 

1.2.3.3 KLF4	 13 

1.2.3.4 C-MYC	 14 

1.2.3.5 LIN28	 15 

1.2.3.6 NANOG	 15 

1.2.3.7 REX1 (ZFP42)	 16 

1.2.3.8 Other Factors	 16 

1.2.4 Micro RNAs in Reprogramming	 17


1.2.4.1 The miR-302/367 Cluster	 18 

1.2.4.2 Targets of the miR-302/367 Cluster in Reprogramming	 18 

1.2.4.3 The miR-371-373 Cluster	 20 

1.3 CRISPRa-Mediated Cellular Reprogramming	 21


1.3.1 CRISPR-Cas Systems	 21


1.3.2 Genome Engineering with CRISPR-Cas9	 22


1.3.3 CRISPR-Cas9-mediated Transcriptional Activation	 22


1.3.3.1 Recruiting Transcription Factors with CRISPRa	 23 

1.3.3.2 Epigenetic Modulation with CRISPRa	 24 

1.3.4 CRISPRa Reprogramming	 25


2. Aims of the Thesis 27 
3. Materials and Methods 28 

3.1 Molecular Work with DNA and Cloning	 28


3.1.1 Bacterial Transformation	 28


3.1.2 Plasmid Isolation	 28


3.1.3 Glycerol Stock for Cryopreservation	 28


3.1.4 Restriction Digestion	 28


3.1.5 gRNA Design and Assembly PCR Reaction	 29


3.1.6 Golden Gate Assembly	 31


3.1.7 Agarose Gel Electrophoresis	 32


3.1.8 PCR and Gel DNA Extraction	 33


3.1.9 Sequencing	 33


3.2 Cell Culture Related Methods	 34


3.2.1 Cell Lines and Ethics Statement	 34




  

3.2.2 Cell Culture	 34


3.2.3 Picking of Stem Cell Colonies	 35


3.2.4 Cell Freezing and Thawing	 36


3.2.5 Transfection	 36


3.2.6 Cellular Reprogramming	 38


3.2.6.1 Plasmids for Cellular Reprogramming	 38 

3.2.6.2 Reprogramming Conditions	 39 

3.2.7 Embryoid Body Assay	 39


3.2.8 Generating PiggyBac Inducible Cell Lines Through Antibiotic Selection	 40


3.3 Biochemical Methods	 41


3.3.1 Alkaline Phosphatase Staining	 41


3.3.2 Immunocytochemistry	 42


3.3.3 Reverse Transcriptase Quantitative PCR (RT-qPCR)	 43


3.4 Imaging	 47


4. Results 48 
4.1 Targeting of the miRNA Clusters 302/367 and 371-373 with CRISPRa	 48


4.2 Pluripotency Inductions with Additional miRNA-302/367 or miR-371-373 Targeting by CRISPRa	 49


4.3 Validation of Transcriptional Upregulation of the miR-302/367 Cluster with RT-qPCR	 51


4.4 Characterisation of Fibroblast-derived iPSCs with miRNA Targeting	 52


4.5 Quantification of the miR-302/367 Target Expression Throughout the Reprogramming Process	 53


4.6 Conditional Stabilisation of the dCas9 Activator in Context of miR-302/367 Targeting	 56


4.7 Potentially Sped Up Progression of Cellular Reprogramming with CRISPR-mediated miR-302/367 
Activation	 58


4.8 Accelerated Proliferation of Emerging Stem Cells with miR-302/367 Activation	 61


4.9 Optimisation of the miR-302/367 Targeting	 62


5. Discussion 66 
5.1 Enhanced Reprogramming Trough CRISPR Activation of the miR-302/367 Cluster	 66


5.2 Pluripotency Assessment and Characterisation of the Newly Generated iPSCs	 68


5.3 Analysis of miR-302/367 Target Expression Levels Throughout  Reprogramming	 69


5.4 Altered dCas9-Activator Requirements with miR-302/367 Targeting	 73


5.5 Acceleration of the Pluripotency Inductions when miR-302/367 is Activated	 75


5.6 Future perspectives	 77


6. Acknowledgements 81 
References 83 
7. Supplementary Material 100



Abbreviations Page 1

Abbreviations 

AP   Alkaline phosphatase 

bp  Base pairs  

Cas   CRISPR associated protein  

Cascade  CRISPR associated   

  complex for antiviral  

  defence 

cDNA   Complementary DNA  

CRISPR  Clustered Regularly   

  Interspaced Short  

  Palindromic Repeats  

CRISPRa CRISPR activation 

CFU   Colonie forming unit 

CI  Confidence interval 

crRNA  CRISPR RNA 

DD  Dihydrofolate reductase- 

  derived destabilisation  

  domain 

DMSO Dimethyl sulfoxide  

DNA   Deoxyribonucleic acid  

DSB   double stranded break 

EB  Embryoid body 

EBNA   Eppstein-Barr virus nuclear 

  antigen 

E. coli  Escherichia coli 

EDTA  Ethylenediamine-  

  tetraacetic acid 

EEA   EGA-enriched Alu   

  element motif 

EMT  Epithelial to mesenchymal 

  transition 

ESC  Embryonic stem cell 

E8   Essential 8 medium 

et al.  And others  (“et alteri”) 

Fw  Forward 

GFP   Green fluorescent protein 

gRNA  Guide RNA 

H2ODEPC Diethyl pyrocarconate  

  water 

h  Hours  

HEK293 Human embryonic kidney  

  cells 293 

HFF  Human foreskin fibroblast 

H3K27ac Histone H3 lysine 27  

  acetylation mark 

H3K27me3  Histone H3 lysine 27  

  trimethylation mark 

H3K9me3  Histone H3 lysine 9   

  trimethylation mark 

H3K4   Histone H3 lysin 4   

  methylation mark 

ICC   Immunocytochemistry 

iPSC  Induced pluripotent stem  

  cell 

KLF4   Krüppel-like factor 4 

LCL  Lymphoblastoid cell line 

M   Molar (mol/l) 
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MET  Mesenchymal to epithelial 

  transition 

min  Minute(n) 

miRNA Micro RNA 

miR  Micro RNA 

mRNA  Messenger RNA 

μ  Micro (10-6) 

n  Nano (10-9) 

OCT4   Octamer binding protein 4 

OriP   Origin of plasmid   

  replication  

PAM   Protospacer adjacent 

  motif  

PBMC  Peripheral blood   

  mononuclear cell  

PCR   Polymerase chain reaction 

PFA  Paraformaldehyde  

pH   Negative logarithm of  

  hydrogen ions  (“pondus  

  hydrogenii”)  

Phusion  Pyrococcus-like enzyme  

  fused with processivity- 

  enhancing domain  

REX1  Reduced expression gene  

  1   

Rv  reverse 

RNA   Ribonucleic acid  

ROCK  Rho-associated protein  

  kinase 

rpm  Revolutions per minute 

RT   Room temperature 

RT-qPCR Quantitative reverse  

  transcription polymerase  

  chain reaction 

s  Seconds 

SAM   Synergistic activation  

  mediator 

SEM   Standard error of the  

  mean 

shp53   Small hairpin RNA for  

  p53 

scRNA-seq Single cell RNA   

  sequencing 

sgRNA Single guide RNA 

SOX2   Sex-determining region Y- 

  box containing   

  Transcription factor 2 

TAE   Tris-acetate-EDTA-buffer 

TBE  Tris-borate-EDTA-buffer  

TMP  Trimethoprim 

tracrRNA Trans-activating RNA 

Tris   Tris-(hydroxymethyl)-  

  aminomethane 

V  Volts 

VP  Viral protein 

VPR   VP64-p65-Rta activation  

  system 
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Abstract 

Induced pluripotent stem cells (iPSCs) can be derived from somatic cells by 

transgenically expressing the four transcription factors OCT4, SOX2, KLF4, and C-

MYC. This technology has revolutionised the stem cell field, yet cellular 

reprogramming is still inefficient and slow. To become fully applicable in 

regenerative medicine, the robust generation of safe and high-quality iPSCs from 

patient samples is essential. Various methods and potent reprogramming factors 

have been described to date. Yet, none have been able to circumvent these 

limitations markedly. 

The recently published activator-mediated approach (CRISPRa) is considered to be 

more physiological compared to the forced transgenic expression as the cell’s own 

genes are activated. Here, guide RNAs (gRNAs) mediate sequence-specific 

recruitment of non-cutting Cas9 (dCas9) activator proteins to the promoter region. 

Unlike other methods, it holds great multiplexing capacity and can also target 

enhancer and non-coding sequences. 

CRISPRa reprogramming still needs to be optimised since its efficiency is low. Thus, 

we aimed at enhancing this aspect and the temporal kinetics by targeting the micro 

RNA (miRNA) clusters 302/367 and miR-371-373, which both have been described 

as powerful cell fate regulators. 

We demonstrate successful reprogramming by targeting the miR-302/367 promoter 

alongside OCT4, SOX2, KLF4, C-MYC, LIN28A, REX1, NANOG, and EEA-motifs 

with CRISPRa. Activating the miRNA cluster results in a 2.5 fold efficiency increase in 

human foreskin fibroblast (HFF) reprogramming compared to the published basal 

CRISPRa system, quantified by staining for alkaline phosphatase. In HFFs, the 

CRISPRa efficiency is now comparable to the commonly used transgenic approach. 

Aiming to clarify the molecular mechanisms of these results, we characterised the 

expression of direct and downstream targets of miR-302/367 at different time points 

throughout the reprogramming process. Furthermore, validated with 

immunocytochemical stainings, the generated bona fide iPSCs express pluripotency 
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markers and spontaneously differentiate into the three germ-layers, both signs of 

high-quality iPSCs.  

Beyond that, we report that miR-302/367 activation appears to result in earlier iPSC 

colony formation resulting in faster proliferating stem cell colonies shown with live-

cell imaging. Employing a conditionally stabilised activator construct, we further 

show that with miR-302/367 targeting, the dCas9 activator expression seems to be 

required for only a short time period, sufficient to induce pluripotency. 

At the end of the project, the miR-302/367 cluster targeting was optimised and the 

best-working gRNAs were selected for further studies, which when combined further 

increase the CRISPRa-induced expression of the miR-302/367 cluster markedly.   

All in all, this study demonstrates that non-coding genetic elements like the 

miR-302/367 cluster can be targeted with CRISPRa, and its targeting significantly 

improves the reprogramming efficiency. Implications of the study for regenerative 

medicine and future steps are discussed.  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1. Introduction 

1.1 Pluripotent Stem Cells 

What characteristics distinguish a stem cell from a somatic cell? Mainly two 

capabilities: Firstly, their unlimited self-renewal, and secondly their ability to 

differentiate into other cell types.  

Embryonic stem cells (ESC) can be retrieved from the inside of blastocysts, a 

structure formed after fertilisation that eventually develops into an embryo. Beyond 

that, ESCs differentiate into cells of the three germ layers that later form all tissues 

and organs of the body (Martin, 1981; Thomson et al., 1998). In the adult body, 

somatic stem cells help to grow, regenerate, and maintain tissues. Most adult stem 

cells, however, have lost some of their initial differentiation potential and become 

more tissue-specific (Blau et al., 2001; Passier et al., 2003). These multi- or unipotent 

cells can differentiate into several cell types of one lineage or solely one mature cell 

type, respectively (Dulak et al., 2015). 

On this account, pluripotent stem cells (PSCs) can only be derived from germ cells or 

early embryos directly. However, since the scientific breakthrough in 2006, a third 

option has become available: The cellular reprogramming of somatic cells (Thomson 

et al., 1998; Golestaneh et al., 2009; Tachibana et al., 2013; Takahashi and 

Yamanaka, 2006).  

The term induced pluripotent stem cell (iPSC) was first introduced by Takahashi and 

Yamanaka in 2006 when they directly reprogrammed somatic cells to pluripotency 

(Takahashi and Yamanaka, 2006). Just as ESCs, they can turn into any cell type and 

potentially proliferate infinitely. These properties make the in-vitro generated cells 

an important discovery, as they are less ethically controversial than ESCs and can be 

applied in various settings of regenerative medicine (Takahashi et al., 2007; Rowe 

and Daley, 2019). 

Epigenetics control the gene expression without altering the genomic sequence 

itself, but the accessibility of genomic regions either via chemical modifications of 

histones and DNA or histone rearrangements. Thus, by altering the chromatin 
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density and wrapping of the DNA, epigenetics constitute the second level of gene 

regulation which substantially contributes to the cellular phenotype (Allis and 

Jenuwein, 2016).  

Throughout the differentiation process into a somatic cell, pluripotent cells undergo 

many epigenetic changes. A mature cell acquires a rigid type-specific epigenetic 

state that prevents the cell from converting back to pluripotency, while pluripotent 

cells have a more open chromatin structure, maintained by chromatin regulators that 

allows them to take on any somatic cell identity (Gaspar-Maia et al., 2011). 

1.2 Cellular Reprogramming  

The process named cellular reprogramming can be best described by the 

transformation of a somatic cell into another differentiated cell type or stem cells. 

Due to the second term transdifferentiation, which is used for the conversion from 

one differentiated cell type to another, the expression cellular reprogramming is 

often used solely for reprogramming to pluripotency (Davis et al., 1987; Graf and 

Enver, 2009; Takahashi and Yamanaka, 2006). 

Until 2006, when a revolutionary method of direct reprogramming (Takahashi and 

Yamanaka, 2006) was described by Takahashi and Yamanaka, cellular reprogramming 

was performed by either somatic cell nuclear transfer or cell fusion with an ESC (Tada 

et al., 2001; Wilmut et al., 1997). Noteworthy is the cloning of the renowned sheep 

dolly that was achieved by British scientists transferring a somatic cell nucleus into an 

enucleated cell (Gurdon, 1962). 

It has been shown that several transcription factors can maintain cells in a 

pluripotent state. Therefore, it was suspected that pluripotency could be induced 

directly by overexpressing some of these factors in cells ectopically. The factors 

OCT4, SOX2, KLF4 and C-MYC, today referred to as ‘Yamanaka factors’, belong to 

the ones that were used in the successful reprogramming experiments that were 

later rewarded with a Nobel prize in 2012 shared between Gurdon and Yamanaka 

(Takahashi and Yamanaka, 2006; Gurdon, 1962). 
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Soon after, NANOG and LIN28 were added to the list of potent reprogramming 

factors when human somatic cells were initially reverted to pluripotency (Yu et al., 

2007, Takahashi et al., 2007). To this day, various other reprogramming approaches 

have been described, either driven by chemicals, miRNAs, CRISPR activators, or 

combinations of the above (Hou et al., 2013; Anokye-Danso et al., 2011; Weltner et 

al., 2018), all striving for improving the still inefficient process. Moreover, in the face 

of the 3Rs, replacement, reduction and refinement, in laboratory animal science, 

iPSCs can serve as a means to reduce or replace in-vivo validation (Russel and Burch, 

1959). 

As shown in Figure 1 deriving pluripotent stem cell lines from individual patients, 

pushed the door open for personalised applications such as drug screening, disease 

modelling, and cell therapies (Rowe and Daley, 2019). 

1.2.1 Reprogramming Phases  

Reprogramming a somatic cell to pluripotency is a lengthy multistep process, during 

which some few cells take on intermediate cell identities and dedifferentiate until 

eventually reaching the state of bona fide iPSCs. It was suggested, based on gene 

Figure 1. Downstream Applications of Cellular Reprogramming. As the first step for stem cell-
based therapies, disease modelling, and drug screenings, cellular reprogramming is of high 
translational value. Cells derived from a patient can be reintroduced after modification and 
differentiation to serve as an autologous transplant. When checked for cross-reactions, 
transplantation from healthy donors is also feasible. 

iPSCs

iPSCs

Autologous 
Transplant

Allogenic 
Transplant

Differentiation

Differentiation

Gene Editing/
Modification

Patient
Healthy 
Donor Drug

Screening

Disease
Modelling
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expression and epigenetic data, that the process could be divided into three stages 

(Figure 2).  

To begin with, the core reprogramming factors, once expressed, bind to distal 

sequences, such as enhancers and only later to distinct promoter regions. The 

transcription factor C-MYC has been described as a facilitator for OCT4, SOX2, and 

KLF4 binding to their target and co-target loci, bringing about early reprogramming 

events (Soufi et al., 2012). The cells start dividing rapidly due to cell cycle changes 

initiated by a transcriptional wave occurring in the first three days after the 

pluripotency induction (Polo et al., 2012; Hansson et al., 2012). It appears that the 

high proliferation rate supports the self-renewal and maintenance of iPSCs. Besides, 

it was shown that the reprogramming efficiency can be improved by stimulating the 

cell cycle (Smith et al., 2010; Ruiz et al., 2011).  

Increasing energy demands go hand in hand with cell expansion. Correspondingly, 

the energy metabolism gradually switches from oxidative phosphorylation to 

glycolysis which shunts metabolites into the pentose phosphate pathway. As a 

consequence, more NADPH is produced, which operates as an important electron 

donor for biosynthesis (Folmes et al., 2011; Nishimura et al., 2019). 

Furthermore, genes involved in the regulation of gene expression, like RNA 

processing and chromatin organisation, are being upregulated at this early stage of 

the process supporting the dedifferentiation of the cells (Hansson et al., 2012; 

Buganim et al. 2013). It has been shown that reprogramming cells undergo a 

mesenchymal to epithelial transition (MET), facilitated by KLF4-induced epithelial 

markers (e.g.: E-cadherin) and the downregulation of Snail by joint OCT4/SOX2 

action. Along with C-MYC, OCT4 and SOX2 also inhibit the EMT-promoting TGF-β 

signaling pathway by acting on the TGF-β receptors 1 and 2 (Li et al., 2010). 

Moreover, micro RNAs, like the miR-302/367 cluster, negatively regulate 

mesenchymal markers, thereby easing the transition toward an epithelial phenotype 

(Subramanyam et al., 2011). 
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After this early reprogramming phase, stochastic events are put in motion which 

herald the intermediate stage. Here, reprogramming barriers need to be overcome 

and it is therefore considered the rate-limiting step of the process. 

Later, around day nine, a second transcriptional wave arises, characterised by gene 

expression of more deterministic and hierarchical nature connected to embryonic 

development and stem cell maintenance (Polo et al., 2012). Core pluripotency genes 

such as SOX2, OCT4 and NANOG are activated in the wake of this second 

transcriptional wave and establish the core pluripotency circuitry as the pluripotency-

associated genes become more accessible along with the remodelling of the 

epigenetic landscape (Boyer et al., 2005; Meshorer and Misteli, 2006). Also, in the 

course of this late phase, the cells maturate and form stable iPSCs. Reaching the 

final stage is related to the Initiation of the full pluripotency network expression, 

triggered by repressing commonly used transgenic reprogramming factors. 

Accordingly, maintaining the expression of reprogramming factors for too long 

appears to interfere with the finalisation of the cell conversion (Buganim et al., 2012; 

Buganim et al. 2013; Hansson et al., 2012; Golipour et al., 2012). 

Summed up, the reprogramming stages are comprised of network interactions that 

cannot be divided into distinct phases. It is a dynamic process that requires both, 

Somatic Cell Stem Cell

Dedifferentiation/MET

Metabolic SwitchCell Cycle Changes

Senescence
Stress Response

Heterochromatin
Stabilization of 
Pluripotency

Stochastic Events

LateIntermediateEarly

Deterministic Events

Figure 2. The Reprogramming Process Divided into Stages. Somatic cells (left) undergo cell cycle 
changes in the early phase of cellular reprogramming undergoing stochastic events, before 
transitioning to the intermediate stage. Here, several reprogramming barriers (red) have to be 
overcome to achieve a pluripotent cell state. In the late phase, core pluripotency factors establish a 
transcriptional network that stabilises and maintains pluripotency.



Introduction Page  10

epigenetic and genetic modulation. This observation is supported by a recently 

published study evaluating single-cell data of reprogramming cells (Tran et al., 

2019). 

1.2.2 Barriers and Epigenetics of Reprogramming 

A stress response (Figure 2) is initiated in reprogramming cells, meant to keep 

abnormally behaving cells in check and to prevent them from forming tumors. 

Several tumor-suppressing pathways are being activated as a reaction to 

reprogramming factor expression thereby preventing a successful cell type 

conversion either via controlled cell death, cell cycle arrest or induced senescence. 

Hence, these stress response pathways, notably p53 (TP53) and the p53 activated 

p21 (CDKN1A) pathways, can be regarded as a reprogramming barrier (Kawamura 

et al., 2009). By transiently downregulating the p53 pathway the reprogramming 

efficiency can be increased. However, turning the pathway off throughout the whole 

process jeopardises the quality of the resulting iPSCs as p53 protects the cell from 

genome instability in general (Zhao et al., 2008; Hong et al., 2009). 

Another hurdle that needs to be cleared early on in the process is the inaccessibility 

of pluripotency genes for the core reprogramming factors due to the epigenetic 

state differentiated cells are in. Repressive DNA or histone modifications, like 

histone H3 lysine 9  trimethylation marks (H3K9me3) or histone H3 lysine 27 

trimethylation marks (H3K27me3), result in condensed heterochromatic genomic 

regions unreachable for the cellular transcription machinery, therefore impeding 

cellular reprogramming (Chen et al., 2013). 

Somatic cells express cell-type-specific genes while genes that are redundant or 

related to cell type development are being packed away in heterochromatin. 

Accordingly, to make the transition into a pluripotent state the chromatin structure 

needs to be remodelled so that the required pluripotency network can be 

established, which is considered the epigenetic reprogramming barrier (Meshorer 

and Misteli, 2006; Ang et al., 2011). 
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Reshaping cellular chromatin can be accomplished by either removing repressive 

modifications or adding chromatin-opening marks, like acetyl groups. In that regard, 

inhibiting histone deacetylases or DNA methyltransferases can support overcoming 

this hindrance of cellular reprogramming (Meshorer and Misteli, 2006; Huangfu et 

al., 2008). Furthermore, It was shown that the core reprogramming factors first bind 

to distal sequences, such as enhancers, and then to promoter regions. As a response 

to early gene activation mediated by the reprogramming factors, euchromatin-

associated methylation of histone H3 lysin 4 (H3K4) residues mostly located near loci 

related to pluripotency, get methylated, which results in a more loosely organised 

chromatin structure that can then be fully entered by transcription factors (Koche et 

al., 2011). Simultaneously, somatic genes are downregulated by modifying somatic 

enhancers and promoters epigenetically, thereby repressing a differentiated 

phenotype (Buganim et al. 2013).  

Comparative analyses of the methylomes of somatic cells, iPSCs, and ESC showed 

that the methylations across the genome overall closely resemble each other 

(Guenther et al., 2010). However, transgenic reprogramming seems to be still 

insufficient, resulting in a cell-type-specific memory of the somatic state in iPSCs that 

is maintained in high-frequency through differentiation (Lister et al., 2011; Van den 

Hurk et al., 2016). 

There are more molecular roadblocks and signaling pathways that have been 

implicated in opposing the cell type conversion. Examples are ubiquitination- and 

endocytosis-related pathways that attune other signaling pathways by regulating the 

plenitude of receptors, ligands and effector proteins. Also, the activities of A 

disintegrin and metalloprotease (ADAM) family members, which play a role in cell 

adhesion- and motility-related integrin signaling, have been proposed as a 

reprogramming barrier (Qin et al., 2014). 

1.2.3 Reprogramming Factors 

Cellular reprogramming can be achieved by activating a small number of definite 

transcription factors that often hold two key characteristics. In differentiated cells, 
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genes required for pluripotency are usually residing in heterochromatic tightly 

packed regions. To access these, reprogramming factors need to have pioneer 

factor properties. In other words, they are capable of initiating chromatin opening, 

so that other transcription factors can bind to their designated binding sites (Cirillo 

et al., 2002; Zaret and Carroll, 2011). 

Furthermore, they usually act as master regulators of whole gene sets and therefore 

control the cell-type-specific gene expression program. Some of them bind with the 

Mediator-cofactor in large quantities to enhancer clusters to form so called super-

enhancers. The expression of master transcription factor-encoding genes are driven 

by these, resulting in an interconnected autoregulatory feed-forward loop that 

establishes the cell state (Boyer et al., 2005; Whyte et al., 2013). 

The most well-known reprogramming factors OCT4, SOX2, KLF4, C-MYC, LIN28, 

REX1, and NANOG were used in this work in addition to the micro RNAs (miRNAs) 

of the miR-302/367 and miR-371-373 clusters.  

1.2.3.1 OCT4 (POU5F1) 

The octamer-binding transcription factor 4 (OCT4), belongs, together with SOX2 

and NANOG, to the core reprogramming factors. The ectopic expression of OCT4 

alone is sufficient for the reprogramming of neural mouse stem cells to iPSCs, which 

highlights the protein’s importance in the process (Kim et al., 2009). OCT4 is a 

unique reprogramming factor because it seems like it cannot be replaced by other 

POU domain-containing family members (Radzisheuskaya and Silva, 2014). Only 

recently cellular reprogramming by solely expressing Sox2, Klf4, and c-Myc, without 

exogenous Oct4, was demonstrated in mice (Velychko et al., 2019). Yet, these results 

remain to be replicated.  

Furthermore, reprogramming to pluripotency with OCT4 appears to be SOX2 

dependent since it forms a heterodimer with SOX2, which also limits its availability 

for other actions. On top of that, OCT4 seems to regulate chromatin modifiers, thus 

controlling gene expression on an epigenetic level (Gaspar-Maia et al., 2011). 
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The acquisition of an epithelial phenotype is an essential step in somatic cell 

reprogramming. OCT4 has been demonstrated to facilitate the MET, while MET-

counteracting factors are downregulated. It has been proposed, however, that 

OCT4’s pluripotency promoting and maintaining role depends on various 

circumstances like the expression level, the cellular localisation, and interacting 

partners. Depending on the dosage level, OCT4 has further been implicated in cell 

differentiation and transdifferentiation (Radzisheuskaya and Silva, 2014).  

1.2.3.2 SOX2 

The sex-determining region Y-box containing Transcription factor 2 (SOX2) dimerises 

with the OCT4 protein and is a powerful reprogramming factor as part of the core 

regulatory circuitry of pluripotency (Boyer et al., 2005). SOX2 carries a high mobility 

group domain for sequence-specific DNA binding, like all members of the SOX-

family. 

SOX2 plays an important role in tissue regeneration, adult tissue homeostasis, and 

early embryogenesis, since it is involved in the establishment of the inner cell mass 

of the blastocyst, the trophectodermal, and the extraembryonic endodermal cell 

lineages (Sarkar et al., 2013). In contrary to OCT4, SOX2 can be replaced in cellular 

reprogramming with other SOX-family members, like SOX1 and SOX3 (Nakagawa et 

al., 2008). 

1.2.3.3 KLF4 

The Krüppel-like factor 4 (KLF4), also termed gut-enriched KLF, is a vital transcription 

factor that regulates the cell cycle, apoptosis, cell differentiation, and early 

embryonic development. The zinc-finger protein has additionally been attested to 

be expressed in later developmental stages in various tissues. KLF4 plays an 

important role in facilitating cellular reprogramming by for example initiating the 

expression of micro RNAs that suppress the epithelial-mesenchymal transition (EMT) 

(Takahashi and Yamanaka, 2006; Ghaleb and Yang, 2017). 
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Nevertheless, the transcription factor can be replaced by the family members KLF2, 

KLF5 or other factors, hence it is dispensable for the process (Nakagawa et al., 

2008). For instance, bone morphogenic proteins can functionally substitute KLF4, as 

they also promote MET during somatic reprogramming (Chen et al., 2011). 

1.2.3.4 C-MYC 

The oncogene V-MYC, first described in 1979, was identified in a retrovirus that 

potently induced neoplastic disease (myelocytomatosis) in chicken. Later it was 

discovered, that the viral gene was originally obtained from the homologue C-MYC, 

located in the host genome. MYC, the human version of the gene, is involved in cell 

proliferation promoting signaling pathways, which when altered or amplified often 

leads to malignant tumors. MYC is part of a family that includes the genes C-MYC, 

N-MYC, and L-MYC. MYC proteins form a heterodimer with MAX, allowing them to 

bind DNA sequences to stimulate genes containing E-box binding sites (Duesberg 

and Vogt, 1979; Dang, 2012). 

MYC is well known for its driving role in cell proliferation. Many cell growth signaling 

pathways are influenced by the MYC transcriptional network, in which MYC can 

either act as an activator or repressor depending on the context and interacting 

partners. Furthermore, the transcriptional network appears to be distinct from the 

core pluripotency network (Kim et al., 2008). MYC is also able to induce cytochrome 

c release from mitochondria, a signal promoting apoptosis. Targeted deletions of c-

Myc or n-Myc are lethal in mice embryos, which highlights the gene family's 

importance in the embryogenesis as well (Grandori et al., 2000). 

C-MYC has been described as one of the Yamanaka factors in reprogramming 

somatic cells to iPSCs (Takahashi and Yamanaka, 2006). It was demonstrated that C-

MYC can be replaced by one of the family members or even omitted. In retroviral 

transgenic reprogramming, L-MYC has even increased the efficiency of human iPSC 

formation. Based on these results L-MYC might be the better choice for 

reprogramming cells to pluripotency. Especially considering that L-MYC appears to 
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possess less tumor-driving properties (Nakagawa et al., 2008; Nakagawa et al., 

2010).  

1.2.3.5 LIN28 

The highly conserved paralogues LIN28 and LIN28B genes are homologues of 

lin-28, which was first described in Caenorhabditis elegans (nematodes) more than 

30 years ago when the mutated gene led to developmental defects (Ambros and 

Horvitz, 1984). 

LIN28 has been demonstrated to act as a miRNA regulator involved in the timing of 

development, cellular metabolism, cell cycle, and oncogenesis. Moreover, both 

paralogues were demonstrated to improve the reprogramming efficiency (Zhang et 

al., 2016). Precursor miRNA transcripts are processed to form mature gene-

regulating miRNAs. LIN28 perturbs this processing step by binding to the terminal 

loop of let-7 pre-miRNAs among others, thus inhibiting the maturation of the 

miRNAs posttranscriptionally. The let-7 miRNAs are usually absent from self-

renewing cell populations. Although, they are present in the form of their inactive 

precursor molecules, ready to be processed and help in differentiation, as soon as 

the expression of LIN28 is reduced (Viswanathan and Daley, 2010). LIN28 has further 

been shown to regulate mRNAs by promoting the translation of genes coordinating 

the cell cycle and targeting C-MYC for instance. Applying LIN28 in cellular 

reprogramming enhances efficiency, however, it is not a requirement for its success 

(Shyh-Chang and Daley, 2013). 

1.2.3.6 NANOG 

The homeobox-containing transcription factor NANOG is expressed during 

embryonic development and of importance for the induction and maintenance of 

transient pluripotency in ESCs of the inner cell mass (Mitsui et al., 2003). It is one of 

the fundamental factors that make up the core pluripotency network (Boyer et al., 

2005; Kim et al., 2008). 
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NANOG appears to be decisive especially in the later stages of reprogramming 

when it comes to reaching a ground state of pluripotency (Silva et al., 2009). 

Nevertheless, NANOG is not essential for the induction of pluripotency as 

demonstrated in NANOG-deficient cells (Schwarz et al., 2014).  

1.2.3.7 REX1 (ZFP42) 

Reduced expression gene 1 (REX1) is commonly used as a pluripotency marker, 

which is highly expressed in ESCs. Once cells differentiate, the gene gets 

downregulated, as represented by the factor’s name. The core pluripotency factors 

OCT4, SOX2, and NANOG have been demonstrated to regulate REX1 expression 

(Shi et al., 2006; Ben-Shushan et al., 1998). Accordingly, REX1 has been implicated 

to assist cooperatively with these core factors in securing the autoregulatory feed-

forward loop that maintains pluripotency (Boyer et al., 2005). REX1 knockdowns in 

human ESCs resulted in reduced expression of pluripotency markers, as well as an 

upregulation of markers for the three germ layers, which supports this indication 

(Son et al., 2013). More cellular functions that REX1 is involved in are the cell cycle, 

cellular energetics, and apoptosis (Scotland et al., 2009). 

1.2.3.8 Other Factors 

Numerous additional reprogramming factors have been published that either 

improve the reprogramming efficiency, the temporal kinetics or replace the more 

commonly used sets, like the ’Yamanaka’ factors.  

The general reprogramming circumstances can be supported by inhibiting certain 

signalling pathways. For instance, in order to enforce a more open chromatic state 

inhibition of histone deacetylases or histone methyltransferases, like the DOT1 like 

histone lysine methyltransferase (DOT1L) and the histone-lysine N-methyltransferase 

SUV39H1, can be used alongside other factors to facilitate the process (Anokye-

Danso et al., 2011; Onder et al., 2012).  
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1.2.4 Micro RNAs in Reprogramming 

Micro RNAs are small non-coding RNAs that regulate gene expression on a 

posttranscriptional level. Through partial sequence complementarity (6-8 nt termed 

seed sequence) they can bind to the 3’- untranslated region (3’ UTR) of mRNAs and 

either cause degradation (Yekta et al., 2004), destabilisation (Wu et al., 2006), or 

prevent translation of their target transcripts (Olsen et al., 1999). The miRNA locus is 

commonly transcribed by the RNA polymerase II (Lee et al., 2004), however, a study 

in 2006 shows miRNA clusters interspersed with Alu sequences can also be 

transcribed by the RNA polymerase III (Borchert et al., 2006). The biogenesis of 

mature miRNAs (Figure 3) requires two processing steps. Firstly, Drosha, an RNase III 

enzyme of the nucleus, cuts the long primary miRNA transcripts (pri-miRNAs) into 

60-70 nt long intermediates, called pre-miRNAs. Secondly, the pre-miRNAs are 

transported out of the nucleus, where Dicer and Dgcr8, together termed 

microprocessor complex, further dissect them in into mature miRNAs of ~ 22 nt, by 

cutting the stem-loop structures at the base (Ha and Kim, 2014). 

mRNA 
Degradation

Translation 
Inhibition 

pri-miRNA

miRNA 
locus

pre-miRNA

miRNA duplex

mature miRNA

mRNA transcript

DICER

DROSHA

Exportin 5
/RAN

RISC 
Complex

Figure 3. Canonical Pathway of miRNA Biogenesis. The miRNA locus is transcribed into a primary 
transcript, which is processed by Drosha into pre-miRNA molecules. These are exported out of the 
nucleus into the cytoplasm, where further processing is performed. In combination with the RNA-
induced silencing complex (RISC), miRNAs mediate either translation inhibition or mRNA 
degradation and destabilisation. Inspired from Mulrane et al., 2013.
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In recent years, their potency in promoting cellular reprogramming became 

apparent, when researchers, using a histone deacetylase 2 inhibitor, were able to 

substitute the core transcription factors OCT4, SOX2, KLF4, and MYC with the 

miRNAs of the miR302-367 cluster (Anokye-Danso et al., 2011; Lin et al., 2011).  

1.2.4.1 The miR-302/367 Cluster  

The miR-302/367 cluster is transcribed polycistronically as a single transcript that is 

processed into five distinct mature miRNAs, miR-302a/b/c/d and miR-367. The 

miRNAs are expressed in ESCs and regulate important processes for 

reprogramming, such as self-renewal, the mesenchymal to epithelial transition, the 

stress response, pluripotency, cellular energetics, early development and epigenetics 

(Houbaviy et al., 2003, Suh et al., 2004; Card et al., 2008; Lipchina et al., 2012; Lin et 

al., 2011). 

As cells gradually reach the final stage of reprogramming, miR-302 family members 

are being upregulated and become a dominating miRNA family in induced 

pluripotent and embryonic stem cells (Cacciarelli et al., 2015, Peskova et al., 2019).  

The miR-302/367 promoter is bound by many ESC-specific transcription factors, a 

finding that points out its engagement in the autoregulatory feed-forward loop of 

pluripotent cells. More specifically, studies have shown that the cluster is intertwined 

with OCT4, SOX2 and NANOG signaling, underlining its participation in the core 

transcriptional network (Marson et al., 2008; Card et al., 2008; Anokye-Danso et al., 

2012; Barroso-delJesus et al., 2008; Peskova et al., 2019). 

1.2.4.2 Targets of the miR-302/367 Cluster in Reprogramming 

Apart from miR-367, all miRNAs of the miR-302/367 cluster have identical seed 

sequences (Lewis et al., 2005), suggesting similar target transcripts. However, both 

types, miR-367 and miR-302, seem to be necessary for reprogramming (Anokye-

Danso et al., 2011). 

A study aiming at identifying direct targets of the miR-302/367 cluster suggests a 

downregulation of the MET-inhibiting TGF-β pathway by acting on TGFBR2, one of 
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its receptors, or downstream SMAD signaling molecules. Also, the mesenchymal 

marker ZEB1 was directly or at least indirectly suppressed by the regulating RNAs 

(Subramanyam et al., 2011). 

ESC-specific miRNAs are important in the cell cycle and cellular proliferation by 

regulating cyclins, cyclin-dependent kinases, and their inhibitors. A study using 

Dgcr8 knockout mouse ESCs as control, observed in wild-type ESCs a CDKN1A 

downregulation, thereby identifying the Cyclin E–Cdk2 complex inhibitor as a direct 

target of miR-302 analogues (Wang et al., 2008). However, a paper published two 

years later challenges this observation. They show that instead of promoting the cell 

cycle, the miR-302/367 cluster directly targets CDK2 and Cyclin D1/D2, which 

resulted in antiproliferative effects in hESC-derived teratomas (Lin et al., 2010). 

The miR-302/367 RNAs have also been assigned a role in the maintenance of 

pluripotency by upregulating BMP (bone morphogenic protein) signaling in 

undifferentiated hESCs. The signaling pathway is promoted by miR-302/367 action 

on the BMP inhibitors TOB2, DAZAP2, and SLAIN1 and has been shown to prevent 

differentiation (Lipchina et al., 2012).  

Furthermore, through bioinformatics tools NR2F2, a nuclear receptor subfamily 2 

group F member, was identified in somatic cells. It has been demonstrated that 

downregulating the NR2F2 protein expression with the help of the miR-302/367 

cluster enhances the reprogramming efficiency, as the protein disrupts OCT4 

expression (Hu et al., 2013). 

Epigenetic modulators are also regulated by the miR-302/367 cluster. Direct targets 

are the MECP2 (methyl CpG binding protein 2) and MBD2 (methyl-CpG binding 

domain protein 2) transcripts for example (Subramanyam et al., 2011). Both suppress 

gene expression by binding methylated DNA sequences and recruit proteins like 

histone-deacetylases which silence the affected region epigenetically (Jones et al., 

1998; Lee et al., 2013). Beyond that, the study shows that NANOG expression is 

induced and maintained by the miR-302/367 mediated downregulation of MBD2 

(Lee et al., 2013). 
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Then, it was predicted that specific histone demethylases such as AOF, KDM or LSD 

family members, which remove transcription activating H3K4 marks are directly 

targeted by miR-302/367 RNAs (Koche et al., 2011). Even though the link between 

these histone demethylases and cellular reprogramming is still missing, both 

examples show that the cluster is involved in the epigenetic remodelling (Lin et al., 

2011). 

Summed up, miRNAs, specifically the miR-302/367 cluster, do not only seem to 

target factors that can improve the efficiency, but also factors that enhance the 

temporal kinetics of the process, two aspects that still need to be refined (Anokye-

Danso et al., 2011). 

1.2.4.3 The miR-371-373 Cluster 

The miR-371-373 cluster consists of three miRNAs, miR-371, miR-372, and miR-373, 

that are co-transcribed and highly upregulated in PSCs, pinpointing towards a role in 

the preservation of pluripotency (Kumar et al., 2019).  

Its homologues in mice miR-291, miR-294 and, miR-295, all part of the miR-290 

family, have similar seed sequences like the aforementioned miR-302/367 cluster, 

suggesting comparable functions in pluripotency inductions. For example, the 

homologous miR-290 has been indicated in cell cycle regulation by derestricting the 

transition from  G1 to S phase, consequently accelerating proliferation (Wang et al., 

2008). In humans, miR-372 has been shown to regulate the expression of the tumor 

suppressor gene CDKN1A, an inhibitor of the G1/S transition, confirming an 

equivalent mechanism of action (Qi et al., 2009).  

The clusters' potency in cellular reprogramming has been described as significant 

through acting on similar factors as miR-302/367, like RHOC and TGFBR2. It was 

shown that E-cadherin is upregulated earlier when miR-372 is added, suggesting 

ZEB1 or SMAD2 as targets, laying bare a MET-inducing role in reprogramming 

(Subramanyam et al., 2011). Furthermore, miR-371 stimulates glycolysis a crucial 

step for the switch from oxidative phosphorylation to attain the different energetic 

needs of iPSCs (Cao et al., 2015).  
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1.3 CRISPRa-Mediated Cellular Reprogramming  

1.3.1 CRISPR-Cas Systems 

Coevolutionary selection processes between phages and prokaryotes also referred 

to as an arms race, and mobile genetic elements brought about various prokaryotic 

defence mechanisms against foreign genetic material. By studying repetitive 

sequences in prokaryotes already more than 30 years ago, scientists eventually 

discovered diverse adaptive immune systems called CRISPR (clustered regularly 

interspaced short palindromic repeats)-Cas (CRISPR-associated) (Ishino et al., 1987; 

Mojica et al., 2005; Barrangou et al., 2007; Koonin and Makarova, 2017). 

The CRISPR loci are organised in operons, including the CRISPR array, containing 

distinctive spacer sequences (26 - 72 bp) that alternate with palindromic repeats (21 

to 37 bp) and the Cas protein-encoding genes (Jansen et al., 2002; Lillestøl et al., 

2006). The unique spacer sequences are derived from protospacers (spacer 

precursors) located on previously encountered genetic material that was cut out and 

stored by affiliated Cas proteins. They serve as a molecular archive that is then used 

for the recognition of alien nucleic acids (Barrangou et al., 2007).   

Once a CRISPR array is transcribed, target-specific CRISPR RNAs (crRNAs) are 

produced that guide the immune response when bound to the CRISPR effector 

nucleases. When a sequence is complementary to the crRNA, then the 

ribonucleoprotein (RNP) complex binds to it and undergoes a conformational 

change that elicits a double-strand break in the DNA or RNA near the target site 

(Jinek et al., 2014). However, ten years ago researchers demonstrated that 

interference only occurs when a short CRISPR-type-specific motif (2-4 bp) is located 

next to the 5’ or 3’ end of the target sequence. The described protospacer adjacent 

motif (PAM) is also involved in discriminating self and non-self targets, which is 

essential for any type of immune system (Mojica et al., 2009; Marraffini and 

Sontheimer, 2008; Sternberg et al., 2014). Depending on the system of defence an 

additional small RNA, called trans-activating CRISPR RNA (tracrRNA) is required for 



Introduction Page  22

the execution of its function  (Brouns et al., 2008; Garneau et al., 2010; Deltcheva et 1

al., 2011).  

1.3.2 Genome Engineering with CRISPR-Cas9 

The prokaryotic immune systems have been adapted for genome engineering 

purposes and is currently used for, among other things, genome editing, 

transcriptional control, imaging, and chromatin engineering. The most widely used 

system is the type II CRISPR-Cas9 system from Streptococcus pyogenes, which 

consists of a single Cas9 effector protein and further requires a tracrRNA and 5’-

NGG-3’ PAM. In an experimental setting, tracr- and crRNA are usually fused to form 

a chimeric programmable single-guide RNA (sgRNA). The cell’s repair mechanisms 

can be utilised to make changes to the genome. Either new gene sequences are 

incorporated via the homology-directed repair mechanism or non-homologous end 

joining is employed to create insertions or deletions at the desired site. CRISPR-Cas 

systems, therefore, provide powerful tools that enable relatively simple, fast, and 

precise sequence-specific manipulations and will keep accelerating science in the 

future (Mali et al., 2013; Adli, 2018). 

1.3.3 CRISPR-Cas9-mediated Transcriptional Activation  

The Cas9 protein (Figure 4 A) has two cutting nuclease domains, HNH and RuvC, 

which can be catalytically inactivated by introducing targeted point mutations at 

their active sites, rendering the protein inactive. These so-called dead (d)Cas9 

proteins (Figure 4 B) can be used specifically for transcriptional control and 

regulating gene expression when promoter elements or sites downstream of the 

transcriptional start site (TSS) are targeted (Qi et al., 2013).  

Gene activation can be achieved by fusing synthetic transcriptional activator 

domains to the blunt dCas9 protein and targeting enhancers or sequences proximal 

to the TSS (Perez-Pinera et al., 2013; Maeder et al., 2013; Cheng et al., 2013).  

 CRISPR/Cas systems can be divided in class 1 and class 2 systems. Class 1 systems possess Cascade, a multi subunit 1

interference complex, and do not require a tracrRNA while systems of class 2 hold only one characteristic effector Cas protein 
and need a tracrRNA in order to function (Koonin et al., 2017). 
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For CRISPRa (CRISPR activation), there are two ways of upregulating gene 

expression. Recruiting the transcriptional machinery to the promoter site is one while 

modifying the chromatin structure, thereby making the promoter region more 

accessible for the RNA polymerase, is the other (Figure 4). 

For improved exogenous control over the gene activation, the dCas9 activator 

protein can further be fused to a dihydrofolate reductase-derived destabilisation 

domain. This DDdCas9 activator is only active when Trimethoprim (TMP) is available, 

otherwise, it gets degraded. Therefore, the availability of these conditionally 

stabilised activators can be stringently controlled, which makes timed experiments 

feasible (Iwamoto et al., 2010; Balboa et al., 2015). 

1.3.3.1 Recruiting Transcription Factors with CRISPRa 

Several studies have appropriated the viral activation domain VP16 for 

transcriptional activation. Either 4, 10, or 12 repeats have been described, named 

VP64, VP160 and VP192 activator domains, respectively (Perez-Pinera et al., 2013; 

Maeder et al., 2013; Cheng et al., 2013; Balboa et al., 2015) (Figure 4 C). 

Instead of directly coupling the activator domains to nuclease-null Cas9, in 2014 a 

research group described the SunTag, a protein scaffold that recruits various copies 

of VP64 activator domains (Tanenbaum et al., 2014) (Figure 4 F). 

Also, Konermann and colleagues developed a new approach when integrating 

aptamers in the sequence of the sgRNA for recruiting p65, an NF-κB trans-activating 

subunit, for transcriptional activation by a dCas9-VP64. The system, termed SAM 

(synergistic activation mediator), has been shown to interact with chromatin 

remodelling complexes as well as with transcription factors, therefore combining the 

two described approaches for transcriptional activators (Konermann et al., 2015) 

(Figure 4 E). Chavez and colleagues came up with the dCas9-VPR activator, merging 

the two domains p65 and VP64 with a third one called Rta, creating an even more 

potent transcriptional activator (Chavez et al., 2015) (Figure 4 D). 
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In 2019, a different strategy has been presented. Here, a CMV trans enhancer is 

recruited to the 3’ end of the sgRNA, which functions as a loop cis enhancer with 

positive effects on the gene activation (Xu et al., 2019). 

 

1.3.3.2 Epigenetic Modulation with CRISPRa 

Transcriptional activation can be implemented by the recruitment of or fusion with 

histone acetyltransferases to a dCas9 protein to loosen up the chromatin structure. A 

study achieved robust gene activation using a dCas9 protein fused to p300, the 

catalytic core of the human acetyltransferase, resulting in the precise activation of 

individual loci (Hilton et al., 2015). Alternatively, scientists reinstated transcriptional 

activity to silenced genomic regions, when removing repressive DNA methylation 

marks with a dCas9-TET fusion protein, thereby presenting a reverse approach for 

epigenetic CRISPR editing (Liu et al., 2016). 

Figure 4. The SpCas9 Nuclease and a Selection of dCas9 Activators. (A) The Cas9 Protein from 
S. pyogenes with the molecules required for its interference activity: The CRISPR RNA (crRNA) and 
the trans-activating crRNA (tracrRNA). A double strand break is introduced (Cleavage sites: Red Xs)  
into the target DNA if base complementarity is established with the crRNA and a short base motif 
is present (PAM, protospacer-adjacent motif, red). (B) Mutations have been introduced into the 
Cas9 protein, deactivating the nuclease domains. The dCas9 serves as a scaffold for further 
modifications. crRNA and tracrRNA have been joint to a single guide RNA molecule (sgRNA). (C)    
The dCas9 protein fused to four multimers of viral protein 16 activators (VP64). (D) The improved 
VPR Activator utilises three activators: VP64, p65, and Rta. (E) In the SAM activation system, the 
sgRNA has been modified so that it binds an activator module made from MCP, p65, and HSF1. (F)  
The SunTag Activator recruits several activator modules via a scaffold chain. Modified from La 
Russa et al., 2015.

A B C D

E F
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1.3.4 CRISPRa Reprogramming 

In recent years, cell fate conversions, such as differentiation and cellular 

reprogramming have been successfully achieved by using the emerging CRISPR 

tools. 

For example, in 2018 scientists were able to revert differentiated mouse fibroblasts 

back to a pluripotent state with the help of a CRISPR SunTag-activator, when 

modulating the endogenous OCT4 and SOX2 expression levels (Liu et al., 2018). 

Only shortly after, Weltner and colleagues reported complete reprogramming of 

human somatic cells mediated by only CRISPRa utilising a dCas9-VP192 activator 

(Weltner et al., 2018) (Figure 5). The CRISPRa method could turn out to be more 

physiological as it activates the cell’s own genes, compared to the forced transgenic 

expression of reprogramming factors (Weltner et al., 2018; Yang et al., 2019; 

Baumann and Stricker, 2019). Another advantage presented by the researchers is 

that different genetic elements like Alu-sequences can be targeted as well, which 

enhances the reprogramming efficiency (Weltner et al., 2018).  

This particular targeted Alu sequence, a highly conserved 36 bp long sequence was 

shown to be enriched near genes related to the early genome activation (EGA), an 

event occurring after the zygote formation (Töhönen et al., 2015). For that reason,  

the sequence was named EGA-enriched Alu-motif (EEA-motif). Mechanistically, 

targeting the EEA-motif with dCas9 activators has been proposed to cause a local 

disruption of the chromatin landscape, thereby increasing the accessibility of the 

downstream promoters for transcription factors and the RNA polymerase II. 

Accordingly, the positive effect on reprogramming is believed to be partially due to 

an increased expression of REX1 and NANOG mediated by preceding EEA 

targeting (Weltner et al., 2018).  

A major benefit of the CRISPRa reprogramming approach is also the great 

multiplexing capacity of the system (Thompson et al., 2019). It allows the targeting 

of multiple reprogramming factors and genomic regions at the same time for more 

efficient activation of the pluripotency network. Furthermore, it can help in 

understanding the reprogramming process further and comprehending the 
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underlying mechanisms of induced pluripotency. Using this approach, the inefficient 

generation of iPSCs could be further improved alongside making stem cell 

applications safer for patients. 

 

Somatic Cell Stem Cell

Guide RNAsdCas9 
Activator

Figure 5. Reprogramming Using CRISPR Activators. The dCas9 activators and guide RNAs, 
encoded on plasmids, are delivered via electroporation into somatic cells. Few of them will 
complete the cell conversion and turn into pluripotent stem cells. Depending on the cell type, this 
process takes about 2-3 weeks until stem cell colonies emerge. 
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2. Aims of the Thesis 

To this day, the generation of patient-derived iPSC lines for personalised stem cell 

therapy, disease modelling, and biobank applications is still a protracted and highly 

inefficient process. The CRISPRa reprogramming method, described in 2018, has the 

potential to surmount these hurdles due to its unique properties. Various factors and 

genetic elements can be targeted at the same time, which enables a systematic 

approach for further uncovering the mechanisms of reprogramming. 

In addition, the CRISPRa approach is thought to result in safe and high-quality iPSC 

lines suitable for translational downstream applications. 

This thesis took aim at developing the method described in Weltner et al., 2018 by 

enhancing the efficiency and kinetics of the CRISPRa induced cellular 

reprogramming through targeting miR-302/367 or miR-371-373 in addition to EEA-

motifs and the ‘Yamanaka Factors’.  

The following aims were formulated to guide the thesis project: 

I. Quantification of the reprogramming efficiency when miR-302/367 or 

miR-371-373 is activated in addition to commonly used reprogramming factors 

II. Determination of how long the dCas9 activator is required for the process with 

targeted activation of miRNAs 

III. Evaluation of the temporal kinetics of reprogramming when miRNAs are targeted 

IV. Study of mechanisms connected to miR-302/367 action 

V. Characterisation of the generated iPSCs  

VI. Optimisation of the miRNA-targeting reprogramming system 
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3. Materials and Methods 

3.1 Molecular Work with DNA and Cloning 

3.1.1 Bacterial Transformation 

Plasmids were introduced into competent DH5-α Escherichia coli cells (50 μL) by 

adding 50-200 ng of DNA (1-5 µl) and incubating the cells on ice for 30 - 60 min. 

Then, the cells were put on a heat block at 42 °C for 45 s and placed back on ice for 

5 min. Depending on the antibiotic resistance and therefore the need for 

regeneration, 1 ml of LB medium (HUS-Lab, T00053) was added and the bacteria 

were incubated on a shaker at 37 °C for an hour. The cells were plated on agar 

containing the respective antibiotic and put on 37 °C overnight for selection. 

3.1.2 Plasmid Isolation 

For isolating plasmids from fresh bacterial overnight cultures the GeneJET Plasmid 

Miniprep Kit (Thermo Scientific, K0503) or the NucleoBond Xtra Midi EF (Macherey-

Nagel, 740420.50). The first was used for cloning, while the latter, which isolates 

plasmids endotoxin-free, was used for pluripotency inductions.  

3.1.3 Glycerol Stock for Cryopreservation 

All the plasmid constructs were preserved in form of over-night bacterial cultures 

mixed with glycerol in a ratio of 3:1 (Total: 1 ml with a final concentration of 25% 

glycerol) in cryo vials (Fisher Scientific, 11321675) and put on - 80°C for long-term 

storage. 

3.1.4 Restriction Digestion 

For cloning purposes, DNA was digested with restriction enzymes according to 

Table 1 for 30-60 min at 37°C to achieve compatible ends for cloning or to confirm 

of successful incorporation of inserts into a backbone plasmid. Subsequently, 

digestions were run on an agarose gel to visualise the cut DNA molecules. 
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3.1.5 gRNA Design and Assembly PCR Reaction 

The benchling online tool (https://www.benchling.com/crispr/) was used to design 

the gRNAs targeting the proximal promoter of the miR-302/367 and the miR-372 

loci. The TSS of each locus was determined with the help of the zenbu fantom 

genome browser (http://fantom.gsc.riken.jp/zenbu) according to the corresponding 

cap analysis gene expression peak (CAGE peak). The single guide RNAs were 

targeted against sequences -400 bp to -50 bp upstream of the TSS. Based on both, 

the specificity (off-target) and efficiency scores (on-target), 7 guides per locus 

distributed  along the upstream sequence were selected and ordered (Sigma) (Table 

3, gRNA sequences for targeting REX1, NANOG, EEA-motifs, and OCT4 can be seen 

in Weltner, 2018).  

Reagent Volume [μl] Manufacturer

DNA (0.5-2.0 µg) x -

10x FastDigest Green Buffer 1 Thermo Scientific

Restriction Enzyme 0.5 -

H2ODEPC up to 10 -

Table 1. Restiction Digestion Protocol

Table 2. Guide Cassette Amplification

Reagent Volume [μl] Manufacturer

HF 5x Buffer 20 Thermo Scientific

dNTP’s [2.5 mM] 8 Promega

gRNA [1 µM] 2 Sigma

1aggc Fw Primer [100 µM] 0.5 Sigma

1aggc Rv Primer [100 µM] 0.5 Sigma

U6 promoter tailed [5 ng] x -

Term tailed [5 ng] x -

Phusion DNA Polymerase 0.5 Thermo Scientific

H2ODEPC up to 100 -
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The gRNAs were assembled in expression cassettes under the control of a U6 

promoter by a polymerase chain reaction (PCR). The 20 bp gRNAs were designed 

with 20 bp overlaps on either end by which an amplified U6 promoter template and a 

tracrRNA-terminator sequence were fused to the gRNA oligonucleotide via an 

assembly PCR (Table 2). The utilised program was 98°C, 10 s; 52°C, 30 s; 72°C, 12 s 

for a total of 35 cycles. Together with corresponding water controls, the gRNA 

cassettes were run on a gel, purified and sequenced to confirm successful assembly. 

Table 3. Designed gRNAs for Targeting the miR-302/367 and miR-371-373 Clusters.

Guide RNAs Strand Sequence

miR-302/367 
Cluster g1

-1 GTGGAAAGGACGAAACACCgAAGAATAGTATAAATAGAAGgttttagagctaGAAAtag

miR-302/367 
Cluster g2

1 GTGGAAAGGACGAAACACCgATCTCAGAGAATCATTACAAgttttagagctaGAAAtag

miR-302/367 
Cluster g3

1 GTGGAAAGGACGAAACACCgAGGGAATGTATGATCCTGGGgttttagagctaGAAAtag

miR-302/367 
Cluster g4

-1 GTGGAAAGGACGAAACACCgAAAAGGATCCAGACCCACCCgttttagagctaGAAAtag

miR-302/367 
Cluster g5

-1 GTGGAAAGGACGAAACACCgTTTAAGAGGAAGATATCTTGgttttagagctaGAAAtag

miR-302/367 
Cluster g6

-1 GTGGAAAGGACGAAACACCgATGCCATCAAACAAGCAGATgttttagagctaGAAAtag

miR-302/367 
Cluster g7

1 GTGGAAAGGACGAAACACCgCAATGCCTTTCTCGGCTCAGgttttagagctaGAAAtag

miR-371A 
Cluster g1

-1 GTGGAAAGGACGAAACACCgCTAAAAGGGTGAGTCCCAGGgttttagagctaGAAAtag

miR-371A 
Cluster g2 

1 GTGGAAAGGACGAAACACCgTCGCCCAGGATGAAGTGCACgttttagagctaGAAAtag

miR-371A 
Cluster g3

-1 GTGGAAAGGACGAAACACCgTAACATAGCAATACTCACAGgttttagagctaGAAAtag

miR-371A 
Cluster g4

-1 GTGGAAAGGACGAAACACCgCAGGTCTGCCAGAAAGAACAgttttagagctaGAAAtag

miR-371A 
Cluster g5

1 GTGGAAAGGACGAAACACCGTTAATCCTATCAAAGTTGAGGTTTTAGAGCTAGAAA
TAG

miR-371A 
Cluster g6

1 GTGGAAAGGACGAAACACCgACCAGGGGGAATGAGAGGGTgttttagagctaGAAAta
g

miR-371A 
Cluster g7

1 GTGGAAAGGACGAAACACCgTAGGATCAAAGGGAGCAGGGgttttagagctaGAAAtag
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3.1.6 Golden Gate Assembly 

The generated gRNA cassettes were combined with a linearised destination vector 

(GG-dest) in a one-step golden gate reaction, amplifying and ligating all the 

components together to form intact plasmids. The amplification was performed with 

the help of 7 aggc forward and reverse primer pairs able to bind to the respective 

compatible ends of the guide cassettes or the backbone (Primers listed in Table 4), as 

described in Engler et al., (2008), Cermak et al., (2011), and Balboa et al., (2015). 

The Golden Gate ligation reaction (Table 5) was run over night in a thermal cycler (50 

cycles of 37°C,  2 min and 16°C, 5 min followed by 20 min at 80°C). The ligation was 

confirmed in a gel via a test digestion followed by sequencing of the guide cassettes. 

The assembled and concatenated guides were subcloned from the GG-dest 

Table 4. Primer Sequences for Concatenation of Guide Cassettes in a Golden Gate Reaction

Primer Sequence (5’ -3’)

1_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTC ACCCTGTAAAACGACGGCCAGT

1_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCACATGA GGAAACAGCTATGACCATG

2_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTC ACATGG TAAAACGACGGCCAGT

2_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTC AGTCCA GGAAACAGCTATGACCATG

3_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTC AGGACG TAAAACGACGGCCAGT

3_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTC ACTGGA GGAAACAGCTATGACCATG

4_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTC ACCAGGTAAAACGACGGCCAGT

4_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTC AAACAA GGAAACAGCTATGACCATG

5_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTC ATGTTG TAAAACGACGGCCAGT

5_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCACGTTA GGAAACAGCTATGACCATG

5_aggc_Rv 

continuation

CATGCGGCCGCGTCGACAGATCTCGTCTCATGCAAGGAAACAGCTATGACCATG

6_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCATGCAGTAAACGACGGCCAGT

6_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCAACCGAGGAAACAGCTATGACCATG

7_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCACGGTGTAAAACGACGGCCAGT
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backbone into an OriP/GG-EBNA vector for U6 promoter-driven expression of the 

gRNAs. 

 

3.1.7 Agarose Gel Electrophoresis 

With the help of an electric field, nucleic acids were separated on a gel according to 

their size and charge. Depending on the size, the products were run in 1% to 2.5% 

agarose (Fisher Scientific, 10766834) gels in TAE (Invitrogen, 15558042; (40 mM Tris-

acetate, 1 mM EDTA, pH 8,3) or TBE (Invitrogen, 15581044; 1 M Tris, 0.9 M boric 

acid, 0.01 M EDTA) buffer. The agarose-buffer solution was heated up until it was 

clear and the gel was cast into a tray containing a comb. For detection, 5 µl of the 

Midori Green Advance DNA/RNA stain (Nippon Genetics, MG04) was added to the 

fluid gel solution (100 ml).  

Once the gel was polymerised, it was placed in a 1x TAE/TBE buffer-filled gel 

chamber and an electrical current was applied (~120 V). After the dye front was run 

about 2/3 through the gel, the run was stopped and visualised (Gel Doc XR+ Gel 

Documentation System, Bio-Rad, 1708195). 

Table 5. Golden Gate Ligation Reaction

Reagent Volume [μl] Manufacturer Catalogue 
Number

T4 Ligase 10x Buffer 2 Thermo 
Scientific

B69

T4 DNA Ligase 1 Thermo 
Scientific

EL0014

Esp3I 1 Thermo 
Scientific

ER0452

DTT [10 mM] 2 Promega P1171

Guide PCR Amplicon [50 ng] 1 (per guide) Thermo 
Scientific

-

GG-dest Plasmid [150 ng] 1 Promega Addgene 
Plasmid #69538

H2ODEPC up to 20 - -



Material and Methods Page  33

For sizing the separated DNA strands, either the GeneRuler 1 kb plus DNA ladder 

(Thermo Scientific, SM1333) or for smaller molecules the GeneRuler 100 bp DNA 

Ladder (Thermo Scientific, SM02243) was applied (Figure 6). 

3.1.8 PCR and Gel DNA Extraction  

Both the DNA extraction from a PCR or an agarose gel were carried out with the 

NucleoSpin Gel and PCR clean up Kit from Macherey-Nagel (12303368).  

For extraction of DNA from an agarose gel, desired DNA bands were excised with a 

scalpel and transferred to a microcentrifuge tube. The Gel piece was weighed on a 

scale to determine the optimal volume of required NTI buffer. For the remaining 

steps, the protocol of the kit was followed as well as for the PCR clean-up. 

3.1.9 Sequencing 

For sequencing the samples were sent to Eurofins Genomics (LightRun Tube Service) 

with each tube containing 5 µl of template DNA (Plasmid DNA: 80-100 ng/µl; PCR 

product: 20-80 ng/µl) and 5 µl of primer (5 µM; 5 pmol/µl). 

Figure 6. DNA ladders used in this work. (A) 1 kb plus DNA ladder. (B) GeneRuler 100 bp DNA 

ladder. 

A B
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3.2 Cell Culture Related Methods 

3.2.1 Cell Lines and Ethics Statement 

Human foreskin fibroblasts (HFFs, ATCC line CRL-2429), Lymphoblastoid cell line 

LCL (LCL, THL Biobank), and human embryonic kidney 293 cells (HEK293, ATCC line 

CRL-1573) were used in this study. The experiments with the LCL cells was 

performed according to the contract and in compliance with the general terms of 

the THL biobank (application no BB2016_56, amendment BB2018_33). The 

generation of human-induced pluripotent stem cell lines in this study was approved 

by the Ethics Committee of the Helsinki and Uusimaa Hospital District (Nr. 

423/12/03/00/08). 

3.2.2 Cell Culture 

HFFs and HEK293 cells were cultured in fibroblast medium containing Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma-Aldrich, D6546), 10% fetal bovine serum 

(FBS, Gibco™, 10270106), 2 mM GlutaMAX (Gibco™, 35050061), and 100 µl/ml 

penicillin-streptomycin (Sigma-Aldrich, P4333). These cells were cultured on BioLite 

cell culture treated dishes (Thermo Scientific™, 130182), 150 cm2 cell culture flasks 

(Corning, CLS430825-50EA), or Costar 6-, 12-, 24-well cell culture plates (Corning, 

3335-7). Once confluency was reached by ~80%, the cells were passaged. 

For passaging these adherent cell types, the cells were washed once with 1x PBS 

(Sigma, D8537-500ML) and treated with enough TrypLE™ (Gibco™, 12604021) to 

cover the dish surface for 3 min at 37°C. After, fibroblast medium was added (3 

times the TrypLE™ volume) to neutralise the trypsinisation. The culture dish was hit 

gently with one hand to detach all cells from the dish surface. The cells were spun 

down for 4 min with 200 x g (Eppendorf, Centrifuge 5810 R) at RT (room 

temperature). Subsequently, the supernatant was removed, the pellet resuspended 

in fibroblast medium, and plated back onto the original dish or a new one in a ration 

1:6 - 1:10 depending on the pellet size.  

The LCL was cultured in LCL medium: RPMI 1640 Medium (Gibco™, 11875093) 

supplemented with GlutaMAX™, 15% FBS and 1 µM Sodium Pyruvate (Lonza, 
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BE13-115E). The cells were grown in upright 25 cm2 culture flasks (TPP, 90026) in 

suspension at a cell density between 0.5 and 1.5 x106 cells/ml for optimal growth. 

For passaging, the cells were transferred to a tube, centrifuged at 200 x g for 5 min 

and resuspended in 1x PBS for cell counting. 10 µl of the single-cell suspension was 

taken up and mixed with 0.4% Trypan Blue Stain (Invitrogen™, T10282). The mix was 

transferred to a Countess Cell Counter Chamber Slide (Invitrogen™, C10228) and 

put into a Countess Automated Cell Counter (Invitrogen™). According to the cell 

amount, enough medium was added to reach the required cell density for optimal 

growth. More medium was added if required, indicated by it turning yellow. 

Human iPSCs were cultured in Essential 8™ (E8, Gibco™, A1517001) or E8 Flex 

(Gibco™, A2858501) medium on Matrigel Matrix (MG, Corning, 356231) coated cell 

culture dishes. The E8 medium was changed every other day, while E8 Flex after up 

to 72 h. Passaging of the pluripotent cells was performed once they had formed 

large enough colonies to survive splitting since iPSC colonies begin to differentiate 

when they grow too large. 

For this, the medium was cautiously aspirated and the cells were dissociated with 0.5 

mM EDTA (Invitrogen™, 15575) in 1x Dulbecco’s phosphate-buffered saline (PBS, 

Sigma, D8537) at RT until the iPSC colony had begun to detach from the dish, 

indicated by the formation of small holes in the cell layer. Then the EDTA-containing 

solution was carefully removed and some E8 medium was added to the dish to 

prevent the cells from drying. They were then scraped off in clusters with a pipet tip 

and transferred to a new MG coated cell culture plate. The cells were incubated in 

the Forma Steri-Cycle CO2 incubator at +37°C with 5% CO2, while the cell culture 

handling was performed in the BioWizard Silver Line Biosafety Cabinet (Class 2, 

Kojair). 

3.2.3 Picking of Stem Cell Colonies 

Small and compact stem cell colonies were chosen to be picked on day 15 after the 

electroporation. Square shaped cuts were made around edges of the colony to 

separate it from the feeder cells in the background. Then, the stem cell colony was 
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carefully scraped off with the scalpel. The colony was taken up with a tip containing 

some medium and transferred to a matrigel-coated culture dish (passage 1) and 

placed in an incubator at 37 °C. 

3.2.4 Cell Freezing and Thawing 

HFF cells were detached with TrypLE™ treatment for 3 min at 37°C and spun down 

at 200 x g for 4 min. The pelleted cells were carefully resuspended in 0.5 ml of 

fibroblast medium and 0.5 ml of freezing medium (80% fetal bovine serum (FBS) pre-

mixed with 20% dimethyl sulfoxide, (DMSO, Sigma, D8418-100ML), resulting in a 

final concentration of 10% DMSO. The mix was transferred to a cryogenic vial and 

rapidly put in -80°C for up to seven days before transferring the vial to a -150°C 

freezer.  

The LCL was passaged the day before freezing to ensure the cells are in a growing 

stage. Then, 5 x106 cells were pelleted at 200 x g for 5 min and resuspended in 0.5 

ml LCL medium. The single-cell suspension was mixed with freezing medium, just 

like HFF cells and placed in -80°C and later put in -150°C. 

For thawing cells, the frozen samples were warmed up by hand and transferred to a 

tube for centrifugation. After the centrifugation, the cells were washed with 1x PBS 

by resuspension to remove residual freezing medium and centrifuged once more. 

Subsequently, the cells were resuspended in the corresponding medium and plated 

onto a culture dish or flask and begun to incubate at 37°C in one of the afore 

mentioned incubators. 

3.2.5 Transfection 

Introducing nucleic acids into cultured cells can be achieved in various ways. In this 

thesis, the cells were either transfected by electroporation using the Neon™ 

Transfection System (Invitrogen™, MPK5000) or utilising the FuGENE™ HD 

transfection reagent (Promega™, E2311), a chemical making the cells artificially 

competent.  
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For electroporating HFFs, the cells were grown until nearly confluent, washed once 

with 1x PBS before detaching them with TrypLE™ from the bottom of the culture 

flask. Subsequently, the cells were pelleted at 200 x g for 4 min and resuspended in 

1x PBS until the cells were in a single-cell suspension. After counting, 1.0 x106 cells 

per electroporation, the cells were pelleted and resuspended in 100 μl R buffer/1.0 

x106 cells (Neon™ Transfection System 100 µL Kit, MPK10096) and mixed with the 

previously prepared plasmids (4.8-6 μg/electroporation). Then, the cell-plasmid mix 

was drawn into a 100 μl Neon electroporation pipette tip (Neon™ Transfection 

System 100 µL Kit, MPK10096), electroporated with three 10 ms 1650 V pulses, 

transferred onto a matrigel coated 10 cm dish and put in a cell culture Incubator at 

37°C with 5% CO2. As a transfection control GG-EBNA-TdT-guide1-PGK-Puro 

(Addgene Plasmid #102903) was used. 

In case of LCL, the cells were split to a density of 0.5 x106 cells/ml the day before 

electroporation. The LCL, now in a growing stage, were transfected in a similar 

manner as the HFF cells, but not treated with TrypLE™ before collection and the 

pelleting was performed at 200 x g for 5 min. The Neon system was set at 1300 V, 

10 ms and 3 pulses for the electroporation. Then, 2.0 x106 cells were resuspended in 

100 μl of R buffer and plated in 2 ml of LCL medium. 

HEK293 cells were chemically transfected with the FuGENE™ HD transfection 

reagent. Prior to transfection, the cells were detached with TrypLE™, pelleted at 

200x g for 4 min, resuspended in 1x PBS, and counted. Per well 1.0 x105 cells were 

plated on a 24-well plate and grown at 37°C for 24 h before transfection. Thereafter, 

500 ng of DNA was mixed with 3 μl of the FuGENE™ HD transfection reagent and 

diluted in 25 μl of sterile H2O. This mix was added to the medium of one of the wells 

after it had been incubated at room temperature for 15 min. The plate was then 

placed back in the Incubator at 37°C with 5% CO2. For the optimisation of the 

gRNAs, only the activator-encoding plasmid (400 ng) and the amplified gRNA (200 

ng) were transfected.  
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3.2.6 Cellular Reprogramming 

For inducing pluripotency in HFF cells, the cells were transfected with activator- and 

gRNA-encoding plasmids via electroporation and plated on matrigel-coated plates 

in fibroblast medium (day 1). In general, the medium was changed every second day 

throughout the induction process. After 4 days, the medium was changed to 50:50 

fibroblast/hESC medium (KnockOut™ DMEM (Gibco™, 10829018), 20% 

KnockOut™ Serum Replacement (Gibco™, 10828028), 1% GlutaMAX™ Supplement 

(Gibco™, 35050-038), 0.1 mM 2-Mercaptoethanol (50 mM, Gibco™, 31350-010), 

1% MEM Non-Essential Amino Acids Solution (Gibco™, 11140050), 6 ng/ml basic 

fibroblast growth factor (bFGF; Sigma, SRP4037)), supplemented with 1µM of 

Sodium Butyrate, and grown until day 15-16 for staining or sample collection.  

The LCL was cultured in LCL medium with 1 µM of Sodium Butyrate onto uncoated 

culture dishes after electroporation. After 48 h, the medium was changed by 

collecting, pelleting (200 x g, 5 min) and resuspending the cells in fresh medium. On 

day 4, an equal volume of hESC medium with Sodium Butyrate was added and the 

cells were transferred to matrigel-coated culture plates for attachment. Once iPSC 

colonies started to appear (~ day 10), the medium was changed to E8. Incucyte 

Imaging was started at day 15, while staining was performed after 21 days in culture.  

3.2.6.1 Plasmids for Cellular Reprogramming 

The plasmids GG-EBNA-miR-302/367-7g and GG-EBNA-miR-371-373–7g were 

cloned in the course of this thesis for targeting the two miRNA clusters. Additional 

guide plasmids were transfected for targeting the ‘Yamanaka factors’ and others, 

including the GG-EBNA-OMKSL-PP (Weltner et al., 2018), the GG-EBNA-

EEA-5guides-PGK-Puro  (Weltner et al., 2018) and GG-EBNA-R2N2-EEAg1-PGK-Puro 

(Table 6).  

Furthermore, the activator protein encoding plasmids pCXLE-dCas9CP192-T2A-

EGFP (Balboa et al., 2015), CAG-DDdCas9VP192-T2A-EGFP-Ires-Puro and pCXLE-

dCas9VP192-T2A-Csy4-shP53 were transfected. 
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For transgenic reprogramming, pCXLE-hOCT3/4-shTP53-F, pCXLE-hSK, and pCXLE-

hUL (Okita et al., 2011) came in use (Table 6).  

3.2.6.2 Reprogramming Conditions  

3.2.7 Embryoid Body Assay 

The iPSC colonies were grown until ~ 80% confluency and detached with 3 min 

0.5 mM EDTA treatment followed by careful scraping with a pipet tip. The cells were 

Table 6. Reprogramming Conditions with Plasmids and Quantity Used in Transfections

Condition Plasmids DNA [µg]/
electroporation 
(6 µg/condition)

Addgene Number 
(http://www.addgene.org/#)

Transgenic pCXLE-hOCT3/4-shTP53-F  2.0 #27077

pCXLE-hSK 2.0 #27078

pCXLE-hUL 2.0 #27080

Basal 
CRISPRa

pCXLE-dCas9CP192-T2A-EGFP/CAG-
DDdCas9VP192-T2A-EGFP-Ires-
Puro/ pCXLE-dCas9VP192-T2A-Csy4-shP53

1.5 #69535/ 
#69534/ 
not deposited

GG-EBNA-R2N2-EEAg1-PGK-Puro (HFFs)/
GG-EBNA-EEA-5guides-PGK-Puro (LCL)/

2.25 not deposited/
#102898

GG-EBNA-OMKSL-PP 2.25 #102902

CRISPRa + 
miR-302/367

pCXLE-dCas9CP192-T2A-EGFP/CAG-
DDdCas9VP192-T2A-EGFP-Ires-Puro/ 
pCXLE-dCas9VP192-T2A-Csy4-shP53

1.5 #69535/ 
#69534/ 
not deposited

GG-EBNA-R2N2-EEAg1-PGK-Puro (HFFs)/
GG-EBNA-EEA-5guides-PGK-Puro (LCL)

1.5 not deposited/
#102898

GG-EBNA-OMKSL-PP 1.5 #102902

GG-EBNA-miR-302/367-7g 1.5 not deposited

CRISPRa + 
miR-371A

pCXLE-dCas9CP192-T2A-EGFP 1.5 #69535

GG-EBNA-R2N2-EEAg1-PGK-Puro (HFFs)/
GG-EBNA-EEA-5guides-PGK-Puro (LCL)

1.5 not deposited

GG-EBNA-OMKSL-PP 1.5 #102902

GG-EBNA-miR-371-373–7g 1.5 not deposited
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kept in larger clusters and transferred cautiously to ultra-low attachment dishes 

(Corning, 3471) in hESC medium, without bFGF (FGF2). 5 µM Rho-associated 

protein kinase (ROCK) inhibitor (Y-27632 2HCl, Selleckchem, S1049) was added to 

improve cell viability. Once the clusters had formed smooth spheroids, the ROCK 

inhibitor was removed after 48 h. The medium was changed every other day and 

every second day some medium was added. For changing the media, the cells were 

carefully transferred to a 10 ml tube. For ~ 10 min the cells were allowed to settle 

and the supernatant was aspirated without removing the cells. Then the cells were 

transferred back to the culture dish in fresh medium.  

After a week, some of the embryoid bodies (EBs) were plated onto gelatin-coated 

(0,1%, Sigma, G1890) 24-well cell culture dishes. They were cultured until they had 

attached and grown out sufficiently for immunocytochemical staining of the 

endodermal marker SOX17.  

The remaining EBs were kept in the low-attachment dishes for an additional week 

and then plated for ectodermal and mesodermal germ-layer stainings of α-SMA (α-

smooth muscle actin) and TUBB3 (β-tubulin III), respectively. 

When the EBs grew too big for adequate nutrient supply, they were pipetted up and 

down to decrease their size. Once ready for staining, the EBs were fixed with 4% 

PFA in PBS for 30 min, washed three times with 1x PBS and stored at +6°C. 

3.2.8 Generating PiggyBac Inducible Cell Lines Through Antibiotic Selection 

After electroporations (according to Table 7) of early passage HFF cells (p8-10), the 

cells were selected, starting from day 4 post the electroporation with Puromycin [2 

µg/ml] and G418 [0.5 mg/ml]. The Selection was continued for three days, after 

which the antibiotics concentrations were halved. Subsequently, the cells were 

expanded with consistent antibiotic concentrations until nearly confluent. Then, the 

cells were collected and frozen down. 
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3.3 Biochemical Methods 

3.3.1 Alkaline Phosphatase Staining 

The HFF or LCL cells were fixed with 4% paraformaldehyde (PFA, Fisher Chemical, 

10131580) in 1x PBS for 10 min at RT, either 15-17 days or 21-23 days after 

electroporation, respectively. Then, the plates were washed three times with 1x PBS 

and stained with freshly prepared NBT/BCIP solution (200 μl of the NBT/BCIP stock 

solution (Roche, 11681451001) were mixed with 10 ml of sterile water containing 

0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl and 0.05 M MgCl2) enough to cover the bottom 

of the wells. The solution was removed as soon as the stem cell colonies were clearly 

visible and have turned purple due to alkaline phosphatase (AP) enzyme activity and 

Table 7. Conditions and Used Plasmids for Generating PiggyBac-inducible cell lines

Condition Plasmids DNA [µg]/
electroporation 
(3 µg/condition)

Addgene Number 
(http://www.addgene.org/#)

Basal 
CRISPRa

pCMV-hyPBase 0.5 not deposited

PB-tight-DDdCas9VP192-T2A-GFP-IRES-
Neo

1.0 #102889

PB-CAG-rtTAM2-IN 1.0 #60612

PB-EEA-5g-OSK2M2L1-PGK-Puro 0.5 #102909

miR-302/367 pCMV-hyPBase 0.5 not deposited

PB-tight-DDdCas9VP192-T2A-GFP-IRES-
Neo

1.0 #102889

PB-CAG-rtTAM2-IN 1.0 #60612

PB-GG-MIR302-PP 0.5 not deposited

CRISPRa + 
miR-302/367

pCMV-hyPBase 0.5 not deposited

PB-tight-DDdCas9VP192-T2A-GFP-IRES-
Neo

1.0 #102889

PB-CAG-rtTAM2-IN 1.0 #60612

PB-GG-MIR302-PP 0.5 not deposited

PB-EEA-5g-OSK2M2L1-PGK-Puro 0.5 #102909
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background started to appear. To interrupt the reaction, the plates were washed with 

1x PBS and scanned subsequently. AP positive colonies were counted manually from 

the scanned image for quantification. 

3.3.2 Immunocytochemistry 

For staining cell culture samples with antibodies, the medium was gently removed 

from the dish and the cells were fixed with 4% PFA in 1x PBS for 30 min at RT. 

Afterwards, the samples were washed three times with 1x PBS and permeabilised 

with 0.5% Triton™X-100 (Fisher BioReagents™, BP151-100) for 15 min at RT. 

Thereafter, the cells were washed again three times with 1x PBS and treated for 15 

min with Ultra Vision Protein Block Solution (Thermo Scientific, TA125PBQ) to block 

unspecific binding sites. The solution was carefully removed and replaced with the 

prepared antibody dilutions. 

The primary antibodies were diluted in 1x PBS containing 0.1% Tween ® 20 

(Polysorbate, VWR International, 663684B) according to Table 8. The primary-

antibodies for staining the pluripotency markers OCT4, SOX2, Tra-1-81 and Tra-1-60 

were incubated for two days at + 6°C on a see-saw rocker (Stuart, SSL4), while the 

ones for the germ-layer markers SOX17, α-SMA, and TUBB3 were only incubated 

Table 8. Primary Antibodies Used for Immunocytochemistry.

Antibody Host Species Dilution Manufacturer Catalogue Number

Oct3/4 Rabbit 1:500 Santa Cruz 
Biotechnology

SC-9081

Sox2 Rabbit 1:250 Cell Signaling 
Technology 

3579

Tra-1-60 Mouse 1:50 Invitrogen MA1-023  

Tra-1-81 Mouse 1:100 Invitrogen MA1-024

Sox17 Goat 1:500 R&D Systems AF1924

α-smooth muscle actin Mouse 1:500 Sigma A2547  

β-tubulin III Rabbit 1:500 Abcam Ab18207  
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overnight to prevent background. The primary antibody was removed and replaced 

with secondary-antibody dilutions after the samples were cautiously washed for 

three times with 1x PBS. The secondary-antibody dilutions were prepared according 

to Table 9. To stain nuclei Hoechst stain (bisBenzimide H 33342 trihydrochloride, 

Sigma-Aldrich, B2261) was added in a working concentration of 1 μg/ml. The 

samples were again incubated for 45 min on a See-saw rocker at RT while being 

covered with aluminum foil. Afterwards, they were washed three times with 1x PBS 

and imaged with the EVOS® FL Cell Imaging System (Thermo Fisher Scientific).  

3.3.3 Reverse Transcriptase Quantitative PCR (RT-qPCR) 

The cell culture samples for RNA extraction were washed once with sterile 1x PBS  

before being collected in 350 μl lysis buffer (LBP from the NucleoSpin RNA Plus kit 

(Macherey-Nagel, 740984). The HEK293 or HFF cells were either carefully detached 

with a pipet tip or by using a cell scraper and transferred to microcentrifuge tubes. 

The tubes were vortexed thoroughly to ensure sufficient cell lysis and put in a freezer 

at - 80 °C. 

Subsequently, the RNA was purified with the NucleoSpin RNA Plus kit. In case the 

volumes of the cell lysis suspensions deviated from the 350 μl of LBP, the volumes of 

RNA binding solution were adjusted according to the protocol. After elution, the 

RNA concentration was measured with the SimpliNano Spectrophotometer 

Table 9. Secondary Antibodies Used for Immunocytochemistry

Antibody Host Species Dilution Manufacturer Catalogue Number

Anti-Goat IgG (H+L) 
Alexa Fluor 488 

Donkey 1:500 Invitrogen A-11055

Anti-Mouse IgG (H+L) 
Alexa Fluor 488 

Donkey 1:500 Invitrogen  A-21202

Anti-Mouse IgG (H+L) 
Alexa Fluor 594 

Donkey 1:500 Invitrogen A-21203

Anti-Rabbit IgG (H+L) 
Alexa Fluor 594

Donkey 1:500 Invitrogen A-21207

Anti-Rabbit IgG (H+L) 
Alexa Fluor 488 

Donkey 1:500 Invitrogen A-21206
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(Biochrom ™ 29061711). If required the RNA was concentrated with the Eppendorf 

5301 Concentrator to reach sufficient concentrations for the following PCR reaction.  

For the reverse transcriptase reaction, 1500  ng of RNA was diluted in 11.3  μl 

H2ODEPC and heated up to 65 °C for 1 min prior to the reverse transcriptase reaction. 

This step is necessary to remove secondary structures of the RNA and to ensure 

successful primer binding. The reaction was prepared as a master mix according to 

Table 10.  

Per reaction, 8.7 μl of the master mix was added to the prepared RNA dilution, 

vortexed and spun down. Then, the samples were placed in an incubator at + 37°C 

for 90 min, before inactivating the reverse transcriptase for 5 min at 95°C. Thereafter, 

20 μl of H2ODEPC was added to the reaction tubes and the cDNA samples were 

either stored at - 80°C or directly used for quantitative PCR (qPCR). To make sure the 

utilised reagents were free from contaminants, a water control was used. 

For the performed qPCR, H2ODEPC, cDNA, 5x HOT FIREPol EvaGreen qPCR Mix 

Plus (Solis BioDyne, 08-25-0020) and forward and reverse primers (Table 11) were 

put together in form of a master mix and distributed in volumes of 20 μl to the wells 

of either a Rotor-Disk 100 (Qiagen, 981311) or strips of 4 tubes (Qiagen, 981103).  

Table 10. Reverse Transcription Reaction Mix For One Reaction.

Reagent Volume [μl] Manufacturer Catalogue 
Number

M-MLV Reverse Transcription 5x 
Buffer

4 Promega M531A

dNTP’s [2.5 mM] 2.5 Promega U1420

Oligo(dT)18 Primer 1 Thermo 
Scientific

SO132

Random Primers 0.2 Promega C118A

RiboLock RNase Inhibitor 0.5 Thermo 
Scientific

EO0381

M-MLV Reverse Transcriptase 0.5 Promega M170A
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The QiAgility pipetting robot (Qiagen, 9001532) was used for pipetting the reactions 

to the Rotor-Disk 100 ring, while when using the strips, the reactions were pipetted 

by hand. All samples were pipetted in duplicates or triplicates and a water control 

was used for each tested gene. 

The qPCR was run with the Qiagen Rotor-Gene Q or the Rotor-Gene 6000 real-time 

cyclers according to Table 12. 

The qPCR primer pairs were tested in primer efficiency runs with serial dilutions of a 

calibrator standard made from all cell types used in the lab (Golden Control Batch 

VI, 1:1, 1:5, 1:10, 1:100). The obtained cycle threshold (Ct)-values were then plotted 

against the logarithmic values of the concentrations. The slope of the resulting linear 

regression curve was calculated and applied in the following equation 

E  =  -1+10(-/  slope) to determine the primer efficiency. The designed primers that 

achieved values of theoretically 90-120% were used in this study (Supplementary 

Material, Table 1). Furthermore, the melting curves of the primers were acquired to 

Table 11. Reaction Mix per 20 μl qPCR Reaction

Reagent Volume [μl]

5x HOT FIREPol EvaGreen qPCR Mix Plus 4

Forward/Reverse Primer Pair [2 μM] 5

cDNA 1

H2ODEPC 10

Table 12. RT-qPCR Program (40 Cycles of Denaturation, Annealing and Elongation)

qPCR Step Temperature [°C] Time [s]

Initial Denaturation 95 900

Denaturation 95 25

Annealing 57 25

Elongation 72 25
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ensure that the pairs do not form primer-dimers or amplify unwanted regions. All 

primers were ordered from Sigma (Table 13). 

Table 13. Efficiency-tested RT-qPCR Primers Used in This Theses. Length of PCR Products 
confirmed on an agarose gel (Supplementary Material Figure 6)

Gene/Variant Forward Primer 
(5’ - 3’)

Reverse Primer 
(5’ - 3’)

Product 
Length 
[bp]

Additional Information 

PPIG TCTTGTCAATGG
CCAACAGAG   

GCCCATCTAAATG
AGGAGTTG 

84 Housekeeping Gene, for 
normalisation

POU5F1 TTGGGCTCGAGA
AGGATGTG  

TCCTCTCGTTGTG
CATAGTCG

91 OCT4

SOX2 GCCCTGCAGTAC
AACTCCAT

TGCCCTGCTGCGA

GTAGGA    

85

NANOG CTCAGCCTCCAG
CAGATGC

TAGATTTCATTCTC
TGGTTCTGG

94

CDKN1A CTGCGTTCACAG

GTGTTTCT

AGCTGCTCGCTGT
CCACT

121

CDH1 ATGAGTGTCCCC
CGGTATCT

GGTCAGTATCAGC
CGCTTTC

91

ZEB1 CCTGCCAACAGA
CCAGACAGT

TTGCCCTTCCTTTC
CTGTGTCA

97

TGFBR2 CGACCTAACCTG

CTGCCTGT

AGTTCCCACCTGC

CCACTGT

97 Primer pair: F6/R6

MBD2 TCTGGGAGAAGA

GGCTACAAGGA

AGGGTCTCATCAT
TGCTACCTGGA

118

MECP2 CCGTTGCCGCTG
ATGTTTGG

GTGAGGCTAACTC

GGGCGTC

100

pri-miR-302/367 

(MIR302CHG)

TAACTTTATTGTAT
TGACCGCAGCTC 

TGTCACAGCAAGT
GCCTCCAT

106 Amplification of intronic 
region of 
MIR302CGH-203, -202, 
-201), Primer pair: F2/R2

pri-miR-302/367 

(MIR302CHG)

TGGAGGAGAAC
ACGAATCTTTGG
G

ACAAGCAGCAAAA
GCAATTGAGGTA

127 bp, 
74 bp

Amplification of exonic 
region in 
MIR302CGH-202 and 
-201 splice variants, 
Primer pair: F3/R3
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To analyse the results, the comparative delta Ct method was used, which normalises 

the Ct-values to a chosen housekeeping gene (ΔCtT) and puts them also in relation 

to a calibrator standard (golden control Batch VI and VII, ΔCtC). The ΔCt values are 

subtracted from each other (ΔΔCt) before the output is calculated with 

 2-ΔΔCt. To evaluate the results statistically, a two-tailed t-test was performed with p 

≤ 0.05 as the significance level. The error bars represent the standard error of the 

mean (SEM). 

3.4 Imaging 

The well-being of the cells in culture was monitored with a Tissue Culture 

Microscope (Leica Microsystems, DM IL LED). Images were taken with the Leica EC3 

digital camera with the compatible Leica LAS EZ software. 

The EVOS FL (Thermo Fisher Scientific, AMF4300) Imaging system was used for 

transmitted and fluorescent images. In the course of this thesis, the DAPI, GFP and 

Texas Red light cubes were installed for colour detection.  

For live-cell analysis and performing proliferation assays, the IncuCyte S3 system 

(Sartorius, 4763) was used in combination with the v2018B software.  

In case images required adjustments regarding brightness and contrast the Adobe 

Photoshop CS6 software was used for processing.  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4. Results 

4.1 Targeting of the miRNA Clusters 302/367 and 371-373 with CRISPRa  

Compared to the transgenic approach, the reprogramming efficiency achieved with 

CRISPRa is still inferior (Weltner et al., 2018). We hypothesised based on a literature 

review that more cells would be able to complete the multi-step process by 

activating the miRNA clusters miR-302/367 and miR-371-373. Therefore, plasmids 

were designed and cloned encoding seven gRNA cassettes each, targeting specific 

regions upstream of the promoter.  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Figure 7. Targeting of miRNA-encoding Loci with CRISPRa and Successful Cloning of Guide 
Plasmids. (A) Arrangement of the five miRNAs encoded in the miR-302/367 cluster and the regions 
targeted by seven gRNAs upstream of the transcription start site on the positive strand as well as 
the negative strand. Each marking represents -100 bp. The 12 viral protein 16 (VP16) multimers 
coupled to the dCas9 protein mediate transcriptional upregulation once the complex has bound to 
the promoter region. (B) Locations of the miR-371-373 locus targeting guides in respect to the 
promoter. The targeted cluster encodes three miRNAs. (C) TAE 1% agarose gel separating 7 guide 
RNA cassettes that were concatenated in a golden-gate reaction. (D) Test-digest showing the 
cloning of the gRNA insert into a GG-EBNA expression vector. (E) Expression cassettes of seven 
miR-371-373 targeting guides separated in a TAE 1% agarose gel. (F) Successful subcloning of the 7 
gRNA insert generated from E into an EBNA-backbone.
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The expression cassettes were successfully incorporated into a replicating vector for 

transfection (Figure 7 A-F). Bands in the water controls are mostly primers that have 

dimerised  since no product could be amplified. Guide contamination can be seen in 

some cases when gel bands are visible at the same hight as the respective guide 

cassette products (Figure 7 C and E). All generated constructs were confirmed by 

Sanger sequencing.  

4.2 Pluripotency Inductions with Additional miRNA-302/367 or miR-371-373 

Targeting by CRISPRa 

The newly generated gRNA plasmids were delivered into HFFs via electroporations 

alongside the dCas9 activator-encoding plasmid and additional gRNA plasmids 

targeting OCT4, SOX2, KLF4, C-MYC, LIN28, REX1, NANOG, and EEA-motifs. As 

control served the basal CRISPRa system without miRNA targeting (Table 6). 

The transfection efficiency was monitored after 2 days by GFP expression originating 

from the activator plasmid. All inductions were performed in biological triplicates 

and technical duplicates. After 15/16 days, AP staining was performed to quantify 

and determine the reprogramming efficiency (Figure 8 A).  

From the Graph B from Figure 8 it can be seen that, in case of miR-302/367 

activation, the reprogramming efficiency was increased substantially by more than 

2.5 fold with a significance of p ≤ 0.01 (with p = 0.01, student’s t-test). More 

specifically the mean of 331.67 ± 6.65 CFUs/1.0 x106 cells in the control condition 

climbed to a mean of 842.33 ± 94.91 CFUs/1.0 x106 cells when the miR-302/367 

cluster was targeted. This clear difference can also be observed in images of 

representative staining presented in Figure 8 C. 

However, when targeting the miR-371-373 cluster, no increased reprogramming 

efficiency was seen. Rather the efficiency dropped from a mean of 334.67 ± 19.81 

CFUs/1.0 x106 cells to 14.33 ± 2.89 CFUs/1.0 x106. cells (Figure 8 D) compared to 

the basal CRISPRa system. Figure 8 E contrasts the extremely significant decrease 

(p < 0.0001 with p = 0.000089, student’s t-test) of 23.35 fold ± 2.89 visually. Due to 

the enhanced reprogramming efficiency discovered in the miR-302/367 cluster-
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activated condition experiments throughout this work was continued with this 

cluster, while miR-371-373 activation was not further pursued. 

Cellular Reprogramming

Pluripotency 
induction by T
transfecting 
activator- and guide-
plasmids (Day 0)

GFP expression 
confirming 
transfection 

(Day 2)

Reprogramming
cell clusters

(Day 7)

Colony formation
(Day 10)

iPSC colony on 
top of HFFs

(Day 15)

Figure 8. Reprogramming Efficiencies with miR-302/367 and miR-371-373 Activation in HFFs. 
(A) HFF CRISPRa reprogramming process. Scale bar: 400 µm. (B) CRISPRa reprogramming 
efficiencies with and without 7 miR-302/367-targeting gRNAs reported in colony-forming units 
(CFUs) per million cells. A student’s t-test was performed resulting in a significant mean difference of 
p ≤ 0.01 indicated by ‘**’. (C) AP stainings of the conditions shown in A after 15/16d. Scale bar = 2 
cm. (D) Reprogramming efficiencies with and without miR-371-373 cluster targeting. When 
comparing the means of the two conditions, an extremely significant (p < 0.0001, ‘****’) difference 
was determined. (E) AP stainings the conditions shown in C 15/16 days after induction. Error bars: 
Standard error of the mean (SEM).

A

B

C

D

E

** ****
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4.3 Validation of Transcriptional Upregulation of the miR-302/367 Cluster with 

RT-qPCR 

To confirm that CRISPRa targeting upregulates the expression of the miR-302/367 

cluster we amplified the locus’s primary transcript (pri-miRNA) via RT-qPCR. As the 

miRNAs are from intronic regions of at least three splice variants (www.ensembl.com; 

ENSG00000249532; 18.11.19), primers binding to both exonic (Figure 9 A) and 

intronic regions (Supplementary Material, Figure 1 A) were designed.  

The expression of miR-302/367 in untransfected HEK293 cells served as a base level 

to which the other conditions were then compared to. Moreover, a one gRNA-

encoding plasmid targeting tdTomato was used as a transfection control.  

Figure 9 B clearly illustrates an increase of miR-302/367 levels by 15.95 fold ± 6.13 

compared to the untransfected HEK293 control and 23,96 fold ± 6.13 compared to 

the tdTomato transfection control (p ≤ 0.05 with p = 0.0201, students t-test). The RT-

qPCR results were obtained in 5 biological replicates with technical duplicates. To 

clarify the iPSC-specific of pri-miR-302/367 transcript levels in the context of cellular 

reprogramming, one run was performed in iPSCs (HEL24.3) and plotted on this 

graph. Here, the transcript-levels are about 6500 fold higher. 

A B

Figure 9. Validation of miR-302/367 Promoter Activation via RT-qPCR in HEK293s From Exonic 
Region of the Pri-miRNA. (A) Location of the qPCR primers (red arrows) in relation to the promoter. 
Primers here are located in exonic regions of the locus (black bars). (B) Expression of miR-302/367 
relative to transcript levels in iPSCs, HEK293 cells, and a tdTomato transfection control. Significance 
level of p ≤ 0.05 indicated by ‘*’. ΔCt values were normalised to expression levels in untransfected 
HEK293s. Error bars: SEM. Independently transfected samples: n= 5.
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4.4 Characterisation of Fibroblast-derived iPSCs with miRNA Targeting 

Stem cells derived from both HFF inductions (+/- miR-302/367 activation) stained 

positive for the pluripotency markers OCT4, SOX2, and the cell surface markers 

Tra-1-60, and Tra-1-81 (Figure 10 A and B). The staining was performed on early 

passage iPSC colonies picked from three individual clones. In both conditions, the 

cells show a stem cell-specific morphology with a round or oval colony shape 

interrupted by few edges at the outline. Furthermore, a large nucleus compared to 

the cytosol is typical, which can be observed by comparing the nuclear markers here 

shown in green to the red fluorescent cell surface.  

Another quality of bona fide pluripotent stem cells is their potential to differentiate 

into the three germ layers. Therefore, the stem cells were differentiated in-vitro into 

embryoid bodies (Figure 11 A) that stained positive for the markers SOX17 

(endoderm), β-III-Tubulin (neuroectoderm), and α-smooth muscle actin (mesoderm), 

as shown in Figure 11 B. 

iPSC 
Clone 1

iPSC 
Clone 2

iPSC 
Clone 3

OCT4 
Tra-1-60

- miR-302/367A

SOX2  
Tra-1-81

SOX2  
Tra-1-81

+ miR-302/367B

Figure 10. Pluripotency Marker Expression of iPSC Colonies +/- miR-302/367 Activation. Scale 
bars = 400 µm. Co-staining of OCT4 and Tra-1-60, as well as SOX2 and Tra-1-81 of early passage 
iPSC clones (≤ p5). Next to +/- miR-302/367, OCT4, SOX2, NANOG, KLF4, C-MYC, LIN28, REX1, 
and EEA-motifs were targeted during reprogramming.

OCT4 
Tra-1-60
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4.5 Quantification of the miR-302/367 Target Expression Throughout the 

Reprogramming Process 

To demonstrate that the miR-302/367 cluster is active throughout the 

reprogramming process, RT-qPCR of factors directly or indirectly regulated by the 

miRNAs was performed. The quality of the designed qPCR primers was determined 

by looking at the melting curves and by assessing the efficiency of all utilised 

primers (Supplementary material, Table 1). Moreover, the correct lengths and 
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Figure 11. Expression of Germ Layer-specific Markers in Embryoid Bodies Derived From Early 
Passage iPSCs. (A) Process of making embryoid bodies from stable stem cell colonies. Scale bars: 
400 µm. (B) Antibody staining of endodermal (SOX17), ectodermal (β-III-Tubulin, TUBB3), and 
mesodermal (α-smooth muscle actin, α-SMA) markers. Scale bars: 200 µm.
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numbers of the generated PCR products were confirmed by running the amplicons 

on an agarose gel (Supplementary Material, Figure 6). 

The samples were collected from reprogramming HFF cells after 4, 10 and 15 days 

in biological triplicates. The expression in untransfected HFF cells acts as the base 

transcript level (Referred to as day 0 sample). In general, there were no statistically 

significant differences obtained when comparing the miR-302/367 activated 

condition to the control (Figure 12 A-C).  

 

A

B

C

Figure 12. miR-302/367 Action on Directly and Indirectly Affected Factors Throughout the 
Reprogramming Process. RT-qPCR of HFF samples collected after 4 days, 10 days and 15 days 
after pluripotency induction. Error bars: SEM. Replicates: n=3 (biological); n=2 (technical). ΔCt 
values were normalised to the untransfected HFF cells (Day 0). (A) Expression of ZEB1, E-Cadherin 
(CDH1), and TGFBR2, factors involved in the mesenchymal to epithelial transition. (B) Expression of 
epigenetically  regulating genes MECP2 and MBD2 together with CDKN1A. (C) Expression of the 
reprogramming factors OCT4, NANOG, and SOX2 throughout the reprogramming process.

ZEB1
(CDH1)

NANOGOCT4 SOX2

TGFBR2
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Figure 12 A demonstrates how the transcript levels of mesenchymal to epithelial 

transition regulating genes ZEB1, CDH1 (E-cadherin), and TGFBR2 change 

throughout the cell conversion process. ZEB1 appears to be first slightly 

downregulated in both conditions, followed by an increased expression, peaking at 

day 10, where the miR-302/367 activated sample shows a lower expression 

compared to the - miR-302/367 control. At day 15 the expression levels are again 

comparable (Figure 12 A, left). CDH1, encoding E-cadherin, is expressed at low 

levels in HFFs at 0-10 days until it is highly upregulated at day 15. When 

miR-302/367 was activated, the cells expressed the gene approximately two-fold 

higher than without. (Figure 12 A, middle). The transcription of TGFBR2 appears to 

be moderately upregulated when HFFs are induced to pluripotency. The tested 

conditions only seem to deviate at day 10, when the expression is lower with 

miR-302/367 (Figure 12 A, right). 

In Figure 12 B, factors regulating the epigenetic landscape and cell proliferation are 

plotted, including MECP2, MBD2, and CDKN1A. 

Overall, MECP2 is slightly downregulated compared to the starting point. Also, it 

appears to show highly variable expression around day 4, highlighted by large error 

bars. Apart from that, there are only minor differences between the two tested 

conditions.  

The MBD2 gene seems to get downregulated during the first 4 days and then 

maintain relatively stable expression levels with and without miR-302/367 activation 

(Figure 12 B, left).  

The expression of CDKN1A, a cell cycle regulating gene, appears to rise from 0-4 

days until the expression levels in both conditions reach a minimum at 10 days. 

After, both graphs rise to a similar level higher compared to the starting point. The 

only deviation from the two conditions could be inferred in the day 4 samples when 

the mean with miR-302/367 activation is lower compared to the one without (Figure 

12 B, right). 

In the remaining set of investigated genes (Figure 12 C), we aimed to see how the 

activation of miR-302/367 influences the expression of the core transcription network 
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regulated by OCT4, SOX2, and NANOG on a more global scale. Notable is that 

these factors were directly targeted with gRNAs.  

All three genes are expressed at high levels compared to the other factors. 

Furthermore, the plotted graphs appear to follow the same pattern, the expression 

levels shooting up at day 4, followed by base levels at day 10 and once again rising 

at day 15. Although the relative expression with miR-302/367 activation is seemingly 

lower at day 4, the transcript levels in the day 15 sample are interestingly higher.  

Only in case of NANOG, the steep rise at day 15 fails to materialise. Nevertheless, 

the magnitude, especially at day 4, is highly variable accounted for by high error 

bars. 

In summary, the two investigated conditions show only few differences. These results 

indicate not more than trends of how the various factors are influenced by the 

activation of miR-302/367. For drawing definite conclusions, further experiments 

need to be performed using a different kind of analysis.   

4.6 Conditional Stabilisation of the dCas9 Activator in Context of miR-302/367 

Targeting 

In order to determine the temporal requirement for the dCas9 activator protein in 

the context of CRISPRa reprogramming, a destabilisation domain was fused to the 

Cas protein. This dihydrofolate reductase domain-coupled activator requires 

trimethoprim (TMP) to be stable. In the absence of TMP, however, the protein 

complex is degraded, which makes timed experiments feasible (Figure 13 A). We 

wanted to clarify how long the protein is needed when the miR-302/367 cluster is 

activated in the cells. For that, we electroporated the cells with the destabilisation 

domain dCas9 activator (DDdCas9-Vp192) carrying plasmid and the respective 

gRNA plasmids. Then TMP was added for different periods in 2-day steps until fully 

reprogrammed. The resulting AP-positive colonies were counted for quantification 

(Figure 13 B). 

In the miR-302/367-activated condition, most stem cell colonies were detected in 

the first wells from 0 - 6 days of supplemented TMP. The control, however, showed 
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only increased colony formation in the last wells from ranging from 8 - 12 days of 

TMP. Representative images can be seen in Figure 13 D with the miR-302/367 

cobdition in red. Also, the mean differences between the two conditions of the days 

0 - 6 resulted in fold changes ranging from approximately 5 to 3 fold increased 

reprogramming efficiency with statistical significance of p ≤ 0.05 (0 d: p = 0.0134; 2 

d: p = 0.0061; 4 d: p = 0.0544; 6 d: p = 0.0348; 8 d: p = 0.0290; 10 d: p = 0.1304; 

students t-tests). From the graph shown in Figure 13 C, it can be deduced that when 

the activator is stable for longer periods such as 8 or 10 days the reprogramming 

efficiency is halved due to possible negative effects of persistent expression of the 

activator. In the control, the opposite trend becomes visible (Figure 13 D), evidenced 

by increasing CFUs/1.0x106 cells (Supplementary material, Figure 2). 

The experiment was carried out in 4 independent biological replicates with technical 

duplicates each.  

TMP

Conditional
Stabilisation

DHFR

Degradation

Stabilisation

+ TMP DHFR
+ miR-302/367

- miR-302/367

0d 4d 6d 8d2d 10d
TMP

A B

C

Figure 13. Conditional Stabilisation of the dCas9 Activator in CRISPRa Reprogramming. (A) 
Mode of action of the dCas9 activator fused to a dihydrofolate reductase domain (DHFR). (B) 
Schematic representation of the experimental set-up. (C) Alkaline phosphatase positive colonies per 
million cells relative to 0 d of supplemented TMP. Statistical significance determined by student’s t-
test. ‘*’ represents p ≤ 0.05 and ‘**’ represents p ≤ 0.01. Error bars: SEM. (D) Alkaline phosphatase 
staining of the experiment further explained in B. Scale bar: 1 cm.
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To improve the delivery of the DDdCas9-VP192 and guides, we attempted to 

generate cell lines with the required components for reprogramming integrated into 

the genome under the control of a doxycycline-inducible promoter. For this, 

plasmids utilising the PiggyBac transposase system were made. However, the 

performed RT-qPCR amplifying the pri-miR-302/367 shows no activation of the 

miR-302/367 cluster (Supplementary material, Figure 3). Therefore these cell lines 

were not used for further studies. 

The overall effect of miR-302/367 activation resulting in high numbers of stem cell 

colonies early on in the DDdCas9 reprogramming process was unexpected and the 

implications are discussed.  

4.7 Potentially Sped Up Progression of Cellular Reprogramming with CRISPR-

mediated miR-302/367 Activation  

As indicated by the previous experiment, the kinetics of CRISPRa reprogramming 

appear to be altered when miR-302/367 is activated. Based on observations, we 

suggest that with miR-302/367 targeting cells might reprogram faster. Accordingly, 

we conducted cell staining of pluripotency inductions from both conditions (+/- 

miR-302/367) at different time points to evaluate differences in the cell type 

conversion. The number of OCT4-expressing cells and the compactness of emerging 

stem cell colonies were the main criteria when comparing the two tested conditions.  

In Figure 14 A, HFF cells are reprogrammed lacking the miRNA activation while the 

cluster was targeted in B. Representative images were selected for this figure. 

The immunocytochemical OCT4 staining (red) shows when the pluripotency marker 

is upregulated in the process. Even early colony formation can be followed with 

OCT4, as these cells still possess a similar morphology compared to the fibroblast 

background cells (Days 5 and 6).   

Several aspects are noticeable when comparing Figure 14 A and B. When looking at 

the OCT4-positive cells in both conditions, roughly more red fluorescent cells can be 

observed in the miR-302/367 targeted condition, especially on the days 6 - 8. 



Results Page  59

However, this has not been quantified by cell counting and is solely based on an 

estimation.  

Furthermore, the forming cell clusters in the miR-302/367-activated condition in 

Figure 14 B, Days 7 - 8) strikingly start looking like fully reprogrammed stem cell 

colonies already, similar to the one shown in Figure 8 A. More specifically, the cells 

here form compact clusters consisting of small cells with a round morphology, while 

in Figure 14 A the OCT4 expressing cells still mostly have a spindle-shaped 

fibroblast-like phenotype.  

Moreover, when contrasting Figure 14 A and B, a difference in cell number can be 

seen. While this discrepancy is less apparent in the images of day 4, it is more 

pronounced from day 5 on. Taken together, this ICC staining hints towards an 

accelerating role of miR-302/367 activation in reprogramming. Further validation is 

required to support this claim. 

Based on this observation, we aimed to test, through which processes the potential  

increase in reprogramming speed is achieved. One of these is cell attachment in the 

reprogramming of cells growing in suspension. For this, we chose the blood-derived 

LCL that grows in non-attaching clusters. Once induced to pluripotency, the cells 

adhere to matrigel-coated wells after a few days to form stable iPSC colonies. The 

entire pluripotency induction takes about three weeks (Laiho, 2018; Warren, 2019). 

An experiment was performed aiming to clarify the time point of cell attachment, by 

transferring the cells every second day up to two weeks from one well to the next. 

We thought that the wells in which most of the reprogramming cells had settled 

down would result in the most AP+ stem cell colonies. Furthermore, with 

miR-302/367 activation, we hypothesised that the cells would attach earlier 

compared to a control. However, in three independent experiments, only few iPSC 

colonies had formed, questioning the experimental set-up. In the supplementary 

material Figure 4 B are representative images with AP+ colonies circled in red. 

All in all, we were not able to conclude from these experiments that miR-302/367 

activation increases reprogramming speed. The ICC staining soley suggests a 

potential accelerating role of the miRNA cluster in the reprogramming progression. 
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Figure 14. Immunocytochemistry Staining of Days 4-8 in HFF Reprogramming + and - 
miR-302/367 Activation. Scale-bar 400 µm. A) Cellular reprogramming with activation of OCT4, 
SOX2, KLF4, C-MYC,  LIN28, and EEA-motif targeting. (B) Additional miR-302/367 activation to the 
factors in the control condition.
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4.8 Accelerated Proliferation of Emerging Stem Cells with miR-302/367 

Activation 

For evaluating the growth rates of iPSCs at the end of reprogramming, emerging 

stem cell colonies of two independent inductions were put in the Incucyte after 14 

days for live-cell imaging. Here, the LCL was chosen, since it is not possible to 

reliably quantify the fibroblast-derived iPSCs due to high numbers of background 

cells. In case of the LCL, which grows in suspension, floating non-reprogramming 

cells are taken off close to the end of the induction, leaving only the attached cells 

that have started the process. The growth rate was determined by counting the cells 

of at least 3 randomly chosen colonies in the +/-miR-302/367 activated conditions 

every four hours for 10 time points. The acquired exponential growth curves were 

log2 transformed so that linear regression could be applied (Assumed gaussian 

distribution; Standard error of the estimate (SEE): 0.07406 and 0.09675 for  -

miR-302/367 and + miR-302/367 activation, respectively). On average, without the 

miRNA activation, the stem cell colonies had a doubling time of 34.24 h (95% CI: 

36.89, 31.93), almost twice as high compared to 17.91 h (95% CI: 18,83, 17.07) with 

miR-302/367-activated reprogramming (Figure 15 A).  

Figure 15. Proliferation Rate of Stem Cells After LCL Reprogramming + and - miR-302/367 
Activation. (A) Normalised cell count numbers of randomly selected stem cell colonies transformed 
to log2(y) over the course of 40 h with values determined every 4 hours based on Incucyte images. 
Linear regression curves are shown in the graph with standard errors of the estimates (SEEs, Sy.x) of 
0.07406 (- miR-302/367) and 0.09675 (+ miR-302/367). Two independent experiments were 
performed. (B) Proliferation of all evaluated stem cell colonies normalised with the Y-axis log2-
scaled. Labelling as seen in A with the two repeats coloured in different transparency. 

A B
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The doubling times were calculated with f(log2(2)) = 1 in both cases. Figure 15 B 

shows the growth curves of the followed stem cell colonies, colour-coded as in 

Figure 15 A. Some of the black graphs show a similar curve progression as the ones 

in red, suggesting that these colonies were larger already and further ahead in the 

process than the other ones (Table 13).  

4.9 Optimisation of the miR-302/367 Targeting 

To refine the improved CRISPRa system, we performed RT-qPCR to determine the 

efficiency of the individual gRNAs compared to the pool of all seven targeting the 

miR-302/367 locus. This was done by transfecting HEK293 cells with the activator 

plasmid, and single gRNA amplicons or a pool of the 7gRNAs. 

Figure 16 shows distinct differences in transcript levels when comparing the 

individual gRNAs. Guide 3 upregulated the transcription most efficiently by 12.94 ± 

2.32 followed by gRNAs 4, 2, and 5. These succeeded in 8.47 ± 2.57, 7.97 ± 2.72, 

and 7.30 ± 4.75 fold activation, respectively, estimated by the normalised means of 

three biological replicates. Notwithstanding, the 7 combined gRNAs still performed 

best with an increase of 18.02 fold ± 4.38. This relative expression value is consistent 

with the results obtained from the miR-302/367 cluster activation presented in 

Figure 9 B), underpinning the comparability of the two experiments. A performed 

one-way ANOVA with a post-hoc Dunnett’s test, however, failed to reach statistical 

Table 14. Starting and Ending Cell Numbers of Randomly Chosen iPSC Colonies.

iPSC colony + miR-302/367 [0 h - 40 h] - miR-302/367 [0 h - 40 h]

1.1 18 - 94 5 - 17

1.2 26 - 99 17 - 35

1.3 27 - 133 11 - 43

1.4 9 - 38 14 - 21

2.1 162 - 584 34 - 35

2.2 62 - 242 21 - 32

2.3 13 - 71 10 - 24
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significance when comparing the untransfected HEK293 cells to each gRNA 

condition. 

  

Subsequently, the guides 2,3, and 5 were selected for further experiments and 

cloned into expression plasmids either with the two EEA-targeting or two Oct4 

targeting gRNAs (Supplementary material, Figure 5 A-D).  

Furthermore, we determined how strong only these three selected guides activate 

miR-302/367 transcription compared to the pool of 7 gRNA, again with HEK293 

guide amplicon transfections in three biological replicates. As shown in Figure 17 A, 

the relative expression is upregulated by 9.73 fold (p < 0.01 with adjusted p = 

0.0092, one-way ANOVA with Geisser-Greenhouse and post-hoc Tuckey corrections) 

compared to the 7 gRNA pool and 75,62 fold ± 5.34 from the base level, the 

untransfected HEK293 cells (p < 0.01 with adjusted p = 0.0093). When comparing 

Figure 16. Optimisation of the miR-302/367 Guide Plasmid by Activation of the miR-302/367 
Locus with Various gRNA Combinations. Relative expression of miR-302/367 assessed by RT-
qPCR with primers targeting the pri-miRNA. HEK293 cells transfected with the dCas9-VP192 
activator together with single gRNA amplicons and a pool of all seven miR-302/367 targeting 
guides. A matched one-way ANOVA with post hoc Dunnett’s correction did not result in significant 
differences between HEK293 and the different guides. ΔCt values were normalised to 
untransfected HEK293s. Error bars: SEM.
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the levels of pri-miR-302/367 in HEK293 with the ones of the miRNA-targeting 7 

gRNA pool, a 7.77 ± 0.89 fold change can be observed (p < 0.05 with adjusted p = 

0.0304).  

Next, we wanted to test, whether OCT4-targeting would further increase the miRNA 

expression, as it has been shown that OCT4 binds to the promoter region of 

miR-302/367 (Peskova et al., 2019). However, as presented in Figure 17 B, OCT4 

targeting alone did result only in a tiny significant increase of pri-miR-302/367 levels 

to a mean of 1.22 ± 0.08 (p ≤ 0.05 with p = 0.0479, student’s t-test). Combining 

these two guides with the three selected miR-302/367-targeting guides, 

suggestively shows an increase to a mean of 89.23 fold ± 12.60 compared to the 

base level as to the ones with only miR-302/367 targeting with about 76 fold (Figure 

17 B). They are comparable, since the samples have been obtained at the same 

time, however would need to be validated more thoroughly in order to make that 

statement. No statistical evaluation could be performed as only two samples for the 

“miR-302/367 g2,3,5 + OCT4 2 guide” condition were obtained due to time 

constraints. Taken together, no major changes in both were expected because the 

samples were collected already three days after the transfection. 

Based on reports proposing miRNAs act on co-repressors and thereby regulate 

OCT4 expression, we also wanted to assess the opposite, whether OCT4 expression 

could be increased with the optimised guide combination targeting miR-302/367.   

However, as it can be seen in Figure 17 C and D, quantified by RT-qPCR and 

validated via ICC stainings, respectively, no OCT4 upregulation could be seen with 

additional miRNA targeting. It seems that the transfection of additional gRNAs to 

rather reduces the relative expression of OCT4 (Figure 17 C). Without miRNA 

targeting the OCT4 transcript levels were upregulated by 276.89 fold ± 39.44 (p ≤ 

0.01 with p = 0.0022, student’s t-test). 
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Figure 17. Further Optimisation of miR-302/367 Activation. (A) Relative Expression of 
miR-302/367 after targeting with the 3 best working guides compared to the pool of 7 gRNAs and 
a non-transfected control. Biological replicates: n = 3. (B) miR-302/367 activation in combination 
with targeting OCT4 with 2 guides. The miR-302/367 g2,3,5 bar from A is shown again for 
comparison reasons. Biological replicates: n = 3, except the miR-302/367 g2,3,5 + OCT4 2g 
targeting condition (n=2). (C) Relative expression of OCT4 with and without miRNA targeting guide 
RNAs. Biological replicates: n = 3, except the miR-302/367 g2,3,5 + OCT4 2g targeting condition 
(n=2). (D) ICC staining of transfected HEK 293 cells with guide combinations from C. Scale bars: 
400 µm. ΔCt values were normalised to untransfected HEK293s. Significance levels of p ≤ 0.05 and 
p ≤ 0.01 are indicated by ‘*’ and ‘**’, respectively. Error bars: SEM. 
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5. Discussion 

Still, there are many technical hurdles to be mastered when it comes to cellular 

reprogramming before it is fully fit for translational research and clinical use. Some of 

these were tackled with this study.  

By targeting the miR-302/367 cluster as a new factor in CRISPRa reprogramming, the 

efficiency was considerably enhanced and the process appears to be accelerated. 

Both accomplished by only one more targeted factor, showcasing the potential and 

versatility of the system. Nevertheless, there are more experiments to be performed 

to further understand the mechanisms governing cellular reprogramming.  

Increasing knowledge about induced pluripotency will make stem cell technologies 

more applicable and safer for future treatments. 

5.1 Enhanced Reprogramming Trough CRISPR Activation of the miR-302/367 

Cluster 

By targeting the two miRNA clusters, miR-302/367 and miR-371-373, we aimed to 

increase the reprogramming efficiency of the CRISPRa system and making use of the 

system’s capabilities of targeting non-coding and genetic elements (Weltner et al., 

2018). While targeting the latter miRNA cluster did not increase iPSC colony 

formation, miR-302/367 targeting did significantly improve the reprogramming 

efficiency.  

The reason for the drop in AP positive colony counts in the case of miR-371-373 

compared to the control (Figure 8 D and E) could be the epigenetic accessibility of 

the locus. Closed chromatin, evidenced by e.g. the lack of H3K27 acetylation marks 

throughout the genomic region is likely partially responsible for this effect (UCSC 

Genome Browser, 21.11.19 ). Because the fibroblasts are in a somatic state, many 2

important regions for the early development have been silenced upon differentiation 

(Meshorer and Misteli, 2006) and this is potentially one of them. The described 

https://genome-euro.ucsc.edu/cgi-bin/hgTracks? 2

2db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&positi
on=chr19%3A53787373%2D53788042&hg sid=234129808_5ytSp7NqkAMuGEGgTHZw63BAbAV3 
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inability to target the locus could have been confirmed by RT-qPCR, but resources 

were directed elsewhere.  

In distinction to the miR-371-373 locus, the genomic location of miR-302/367 is 

marked by H3K27 acetylations (UCSC Genome Browser, 21.11.19 ), pointing out an 3

open chromatic state. Accordingly, an effect is visible and the miR-302/367 targeting 

upregulated transcription by ~ 16 fold, validated by RT-qPCR (Figure 9 B).  

Furthermore, in the miR-371-373-targeted condition, an additional large plasmid 

(>11 kbp) is transfected encoding the guide RNAs. The imbalance of plasmid 

quantity was attempted to be adjusted for by the amount of each plasmid 

transfected. Regardless, one could think that the cytotoxicity of the electrotransfer is 

likely still increased with the additional plasmid, especially in combination with the 

other large CRISPRa induction plasmids such as the 15 kbp activator plasmid 

(Lesueur et al., 2016). In light of this, a control of non-transfected cells could have 

been employed to determine the cell death and proliferation rate.  

Albeit this potentially added cytotoxicity in the miR-302/367 activated condition, the 

reprogramming efficiency in HFFs is increased by 2.5 fold (Figure 8 B) compared to 

the control. The transgenic reprogramming approach was not included here because 

it had already been compared to an OSKML and EEA targeting control condition 

(Weltner et al., 2018). There, the control condition performed worse by 

approximately 2.5 fold. Assuming comparability of these results with the ones from 

this study, the transgenic and the new improved CRISPRa systems have similar 

reprogramming efficiencies. Beyond that, the miRNA-targeting CRISPRa system had 

not been guide-optimised yet and many additional factors could be targeted with 

the system, while more factors in transgenic reprogramming would hit its efficiency 

limit. The best working miR-302/367 targeting guides have been selected and 

subcloned into expression plasmids in combination with additional guides 

(Supplementary material, Figure 5 A-D). 

 https://genome-euro.ucsc.edu/cgi-bin/hgTracks? 3

3db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&positi
on=chr4%3A112646476%2D112650051&h gsid=234129808_5ytSp7NqkAMuGEGgTHZw63BAbAV3 



Discussion Page  68

The enhanced reprogramming efficiency was confirmed in the LCL (Warren, 2019), 

where miR-302/367 targeting even outperformed the transgenic approach by more 

than two-fold and generated greater than ten fold higher colony numbers than in 

the CRISPRa control (Targeting OCT4, SOX2, KLF4, C-MYC, LIN28, and EEA-motifs, 

p < 0.001, student’s t-test), indicating that reprogramming events are cell-type 

specific. 

In all of the experiments, the EEA-motif was targeted with dCas9 activators 

alongside the miRNA activation. A paper suggesting RNA polymerase III driven 

transcription of miRNA loci interspersed with Alu elements gives reason to consider 

whether the miR-371-373 cluster, which is located close to the targeted EEA-motif,  

is transcribed by the RNA polymerase III instead of II (Borchert et al., 2006; Lee et 

al., 2004). This could be a potential explanation for the probable lack of 

transcriptional activation upon targeting.  

For activating miR-371-373, the guides were designed to bind sequences close to 

the TSS, estimated based on a CAGE peak. This would, on the contrary, suggest 

transcription by the RNA polymerase II, since the CAGE technique rests on the RNA 

polymerase II-specific 5’ capping of mRNA transcripts (Cho et al., 1995). These 

speculations would need to be tested experimentally. 

5.2 Pluripotency Assessment and Characterisation of the Newly Generated 

iPSCs 

When it comes to characterising the bona fide iPSCs and making stem cells 

applicable to the clinic, the functional connection of intrinsic subtle differences to 

ESCs needs to be determined.  

For safety purposes, the obtained iPSCs could have been further examined for 

residual episomal reprogramming plasmids by performing a PCR, amplifying the 

OriP and EBNA components, essentials of these replicating plasmids (Yates et al., 

1985). Episomal plasmids are generally considered to be integration-free, therefore 

suitable for clinical use (Schlaeger et al., 2015). However, on rare occasions, 

integration of exogenes can be observed. The recently reported CD episomal 
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suicide vectors could be employed for reprogramming to guarantee integration-free 

iPSCs that are more trustworthy for downstream purposes (Lee et al., 2019).  

Furthermore, tests to ensure the genomic integrity of the generated stem cell lines 

such as karyotyping and SNV analysis could have been carried out to exclude 

chromosome aberrations and gene mutations.  

The traditionally performed teratoma assay, measuring pluripotency in-vivo, was not 

conducted here due to time and resource constraints. Instead the related in-vitro 

embryoid body assay (Kurosawa et al., 2007) was employed, presenting the 

potential of the bona fide iPSCs to differentiate into all of the three germ layers 

(Figure 11). A more indirect transcriptome-based bioinformatic prediction of the 

differentiation potential would have also been an option using the so-called PluriTest 

(International Stem Cell Initiative, 2018). Among these, only the teratoma assay can 

additionally show the malignant potential of the iPSCs, a relevant aspect for clinical 

use.  

A question that remains to be determined is whether CRISPRa-induced stem cells 

are of higher quality than transgenically reprogrammed cells. A recent publication in 

mice, showing higher quality of iPSCs without overexpression of Oct4, implies that a 

more fine-tuned reprogramming method, such as CRISPRa reprogramming, could 

be advantageous (Velychko et al., 2019). In concordance with that thought, for 

example, it was reported that too high or too low OCT4 levels result in 

differentiation towards the primitive endoderm, mesoderm or trophectoderm 

suggesting that quantity is of importance in reprogramming (Niwa et al., 2000). If 

that were the case, it would immensely strengthen the influence of this method. 

5.3 Analysis of miR-302/367 Target Expression Levels Throughout  

Reprogramming 

Intending to verify the miR-302/367-mediated regulation of targets on a post-

transcriptional level, we performed RT-qPCR with HFF samples at different time 

points throughout the cell conversion process (Figure 12). As the peculiarities of 

CRISPRa reprogramming are distinct (Weltner et al., 2018) more in-depth analysis of 
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the multi-step procedure is needed. Samples were obtained on day 4, day 10, and 

day 15 and compared to transcript levels of untreated HFF cells in both + and - 

miR-302/367 targeted conditions. In the case of direct targets, a downregulation 

would be anticipated as miRNAs mark mRNAs for degradation. The curated 

evidence-based database miRTarBase assisted in discriminating direct miRNA target 

interaction from indirectly affected factors since the miRNA cluster has been 

insinuated to regulate hundreds of downstream factors, impacting the complex 

regulatory networks governing the process on a global scale (Chou et al., 2018).   

The graphs outlined in Figure 12 A-C show mostly high error bars, a sign of large 

variation between replicates of the samples. Inductions to pluripotency are dynamic 

and fickle processes, influenced by a multitude of technical factors, some of which 

are difficult to circumvent. The low transfection efficiency is one, while the 

proliferative and nutritional state of the cells, variations in gene activation, handling 

and media changes, cell density, and cell lysis are others.  

By looking at Figure 12, one can observe generally only small differences between 

the two tested conditions. Stronger effects of miR-302/367 activation were likely 

masked by the expression profiles of non-reprogramming background cells. 

Therefore, when looking at these results, one needs to keep in mind the confluence 

and ratio of these background cells compared to reprogramming cells. For example, 

around day 10 the dish is fully confluent, followed by a reduction in proliferation rate 

and growth of cells on top of each other. At the start there are fewer cells in culture, 

causing more diluted samples than at the end. On the days 10-15, the induced cells 

start forming compact fast proliferating stem cell colonies growing on top of the 

now as feeder serving HFF background, once again changing the ratio between cell 

types. It seems like the later time-points give more reliable results as the colonies 

expand and reduce the background. A more optimised CRISPRa reprogramming 

system could, therefore, lessen the variation. Also, the LCL could be employed 

instead, which allows the removal of background cells, assuming that the effect is 

still visible at later time points, since the cells attach not until around day 8 during 

CRISPRa reprogramming. 
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As a mesenchymal marker, ZEB1 inhibits the epithelial fate, which reprogramming 

cells have to reach while undergoing the mesenchymal to epithelial transition. 

Accordingly, a decrease in transcriptional repression would be expected. The 

expression levels in both investigated conditions show high variation on day 4 

(Figure 12 A, left). On day 10, a slight reduction of ZEB1 transcript levels is shown in 

the miR-302/367 activated samples, which could be a sign that the cells are 

undergoing MET more efficiently than in the control.  

E-cadherin (CDH1) expression changes little in the first 10 days of HFF 

reprogramming (Figure 12 A, mid), followed by a clear rise from day 10 on, 

suggesting increased epithelialisation. The levels of miR-302/367-activated samples 

climb even more eminent than the control, which could be correlated with the 

downregulation of repressive factors such as ZEB1, ZEB2, and SLUG by miRNAs 

(Thiery et al., 2009; Subramanyam et al., 2011). This result is thus in concordance 

with a stronger downregulation of ZEB1 when miR-302/367 is active. 

Further looking at the pathways involved in MET, TGFBR2, a direct target of 

miR-302b has been attributed to a MET-inhibiting role by promoting the reverse 

epithelial to mesenchymal transition through induction of ZEB1 (Xu et al., 2009; 

Subramanyam et al., 2011). Its downregulation upon addition of miR-302/367 has 

been confirmed in a luciferase assay, western blot and microarray analysis 

(Subramanyam et al., 2011). Hence, a downregulation is expected. The graphs of 

Figure 12 A on the right side show generally rising levels of TGFBR2. With 

miR-302/367 targeting, the levels seem to be lower than in the control, particularly 

on day 10. Nevertheless, the relative expression varies in both.  

With and without miR-302/367 activation, the epigenetic regulating genes MECP2 

and MBD2 show little differences in their relative expression. MECP2 has been 

described as a target of miR-302s. Furthermore, targeting MECP2 with RNA 

interference enhances iPSC inductions (Onder et al., 2012) and its suppression 

showed global demethylation which indirectly induced OCT4, SOX2, and NANOG 

expression (Lin et al., 2011). MBD2, also an epigenetic suppressor, performs a similar 

function by binding to the promoter of NANOG and is targeted specifically miR-302 
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(Lee et al., 2013; Chou et al., 2018). It has been shown that MBD2 levels are higher 

in somatic cells compared to iPSCs (Lee et al., 2013), which would explain the overall 

downregulation of MBD2 in the graph of Figure 12 B, middle), yet there are no clear 

differences to be seen with miRNA targeting.  

Hypothetically, CRISPRa reprogramming may result in more comprehensive 

reprogramming regarding the epigenetic landscape when miRNAs are also targeted. 

Studies have shown that transgenic reprogramming is not able to fully restore the 

ESC epigenetic state and some aberrant methylation patterns are kept even through 

the differentiation of iPSCs (Lister et al., 2011; Van den Hurk et al., 2016; Velychko et 

al., 2019). 

The remaining graph of Figure 12 B shows CDKN1A levels on the right side. In the 

case of the cell-cycle-inhibiting tumor suppressor gene, a downregulation at the 

beginning of reprogramming would be expected, when initially increased 

proliferation follows the first transcriptional wave (Hansson et al., 2012). The error 

bars are high, but with this in mind, the expression of CDKN1A in miR-302/367-

activated day 4 samples seems to be lower. In the remaining time points, no 

differences can be seen. There is a slight general upregulation towards the end of 

the process, likely influenced by reaching full confluency around that time.  

Lastly, the levels of the core reprogramming factors OCT4, SOX2, and NANOG were 

examined (Figure 12 C, left, mid, and right, respectively). All are directly targeted by 

CRISPR activators in both conditions, evidenced by an expression peak at day 4. 

During the reprogramming process, the plasmid number per cell gradually 

decreases (Middleton and Sugden 1994), resulting in the highest CRISPRa-mediated 

gene activation during the first few days. These graphs confirm this phenomenon.  

The high error bars on day 4, however, also show the variability in endogenous gene 

activation, highly dependent on the transfection efficiency. The overall lower 

expression in miR-302/367-activated samples is therefore rather due to technical 

restraints because an additional plasmid is transfected. More reliably, a rising relative 

expression can be seen in the case of all three transcription factors near the end of 

the process probably showing that more cells begin establishing the self-maintaining 
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feed-forward loop that governs the pluripotent state (Boyer et al., 2005). Moreover, 

with miR-302/367 activation the transcript levels are greater than in the control likely 

due to more stem cells in the samples, once again showcasing a heightened 

reprogramming efficiency.  

To enrich for reprogramming cells, fluorescence-activated cell sorting based on the 

activator-plasmid encoded GFP was considered but the cells would hardly survive or 

reprogram after as they are fragile during the cell type conversion. Cell sorting 

based on cell surface markers is yet impossible to do due to the lack of reliable early 

reprogramming markers. Hence, further investigation of miRNA target interactions 

in-vitro would need to be done with reporter assays or western blots In a 

reprogramming setting, however, when examining several interactions at the same 

time, single-cell RNA sequencing (scRNA-seq) would naturally be the best way to 

proceed, especially considering that aforementioned assays also encounter 

difficulties with background cells. 

5.4 Altered dCas9-Activator Requirements with miR-302/367 Targeting 

How long is the activator’s presence in the cells required until the cells can complete 

pluripotency induction when miR-302/367 is activated? To answer this question, a 

destabilisation domain-coupled dCas9 activator was used to time its availability 

externally. Previous experiments in HFFs have shown that the cells become 

independent of the activator around the days 8-10 when the miRNA cluster is not 

activated (Supplementary material, Figure 2). This trend can also be observed in the 

experiment of this study, even though not as strong (Figure 13). This discrepancy is 

likely due to the passage number which was higher in this experiment. An upswing 

in CFUs could have possibly been delayed here and observed if the experiment was 

continued for a longer time frame. It was shown that the older the cells in culture 

are, the lower the reprogramming efficiency is (Trokovic et al., 2015). 

An aspect immediately catching one’s eye, is the high reprogramming efficiency 

observed in the miRNA activated condition at 0 days of TMP added. Logically, there 

should not be any colonies when there is no stable activator present. However, after 
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the initial expression of the electroporated plasmids, the cell most likely requires 

some time to degrade the newly expressed DD activator proteins. Hence, there is 

activation of the targeted factors when using these DDdCas9 activator constructs 

(Balboa et al., 2015).  

These results could also indicate that lower concentrations of the activator would be 

better to generate iPSCs when the miR-302/367 cluster is targeted. To test this 

theory, the very recently published dose-dependent CRISPRa system could be 

applied using chemical epigenetic modifiers (Chiarella et al., 2019). 

The intent of generating the PiggyBac inducible cell lines was to see whether this 

early boost in efficiency would disappear. However, the cell lines most likely did not 

or only partially integrate the required components for CRISPR activation. As an 

example, the RT-qPCR results for pri-miR-302/367 activation are shown in the 

supplementary material in Figure 1B did not significantly upregulate the 

transcription when doxycycline and TMP were added to the medium (Supplementary 

material, Figure 3). Some of the plasmid preparations that were used for the 

selection were old, which could have been the reason for the poor genomic 

integration.  

When thinking about alternative approaches for a transient delivery of the required 

components for CRISPRa reprogramming, next to episomes, one could imagine 

transfecting minicircle vectors (Jia et al., 2010), smaller non-replicating plasmids, 

modified mRNA (Warren et al., 2010) or dCas9 activator RNPs. Up to date, none of 

these have been used due to the efficiency limitations of the current CRISPRa 

system. The outcomes of experiment using the conditionally stabilised activator raise 

the question, whether one of the afore mentioned delivery approaches would be 

favourable, considering that the temporal activator requirements seem to be 

significantly reduced with miRNA targeting. All would likely increase the 

reprogramming efficiency rooted in an improved transfection efficiency. 

Furthermore, by transfecting, for example, the ready-made protein-RNA complexes, 

additional positive effects could be achieved since it has been shown to reduce off-
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target effects alongside preventing genomic integration when applying this delivery 

method (Kim et al., 2014; Lino et al., 2018). 

5.5 Acceleration of the Pluripotency Inductions when miR-302/367 is Activated 

The ICC staining of the days 4-8 suggests that miR-302/367 targeting pushed the 

somatic cells faster towards reaching the pluripotent state (Figure 14 A and B). This 

temporal staining experiment has only been performed once. More repeats could 

determine if the differences in cells are consistent or the cell counting was off. It is 

possible, however, that the cells survived better with miR-302/367 targeting (Zhang 

et al., 2015). A study utilising a lentiviral integrated miR-302/367 expression cassette 

reported similarly altered temporal kinetics (Anokye-Danso et al., 2011). To support 

this theory, we performed live-cell imaging and acquired growth curves for stem 

cells that were reprogrammed with or without miR-302/367 activation. With miRNA 

activation, the doubling time was nearly twice as high compared to the control 

(Figure 15 A), evidenced by higher cell numbers from start to end (Table 14). The 

colonies were likely further in the reprogramming process and had formed earlier. 

Like this, the stem cells were more in cell-cell contract to each other and likely more 

stable, promoting the survival of the iPSCs (Li et al., 2012). 

Moreover, the proliferation-promoting factors KLF4 and C-MYC are not activated 

well in the CRISPRa reprogramming of fibroblasts (Weltner et al., 2018). Possibly with 

miR-302/367 activation, the insufficient activation is not as severe, as other growth-

inhibiting factors are downregulated by the miRNAs. Due to time constraints, no 

third independent repeat of the experiment was performed. However, as Figure 15 B 

shows, the two replicates are resembling each other closely. 

Explanatory mechanisms for the potentially sped-up reprogramming could be that 

miRNAs can act fast. They do not need to be translated like proteins, contributing to 

reduced time requirements for the cell type conversion (Anokye-Danso et al., 2011). 

Other mechanisms underlying this occurrence could be that miRNAs target 

hundreds of factors involved in the complex pathways regulating cell-type identity 

and them acting on various reprogramming barriers at the same time. The promoter 
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of miR-302/367 is bound by several pluripotency factors, including OCT4, SOX2, 

NANOG, and REX1 resulting in transcriptional upregulation, highlighting its 

involvement in the autoregulatory feed-forward loop governing pluripotency (Card 

et al., 2008; Barroso-delJesus et al., 2008) (Figure 18). In return, the induced miRNAs 

likely act on various cofactor pathways, mostly co-repressors, regulating OCT4, 

NANOG, and REX1 expression (Wang et al., 2006; Wade et al., 2015). A recent 

publication shows a clear co-regulation of embryonic miRNAs, including 

miR-302/367, and OCT4 expression, further supporting this concept (Peskova et al., 

2019). By promoting the expression of core pluripotency factor the activation of 

miRNAs eases the transition into the pluripotent state possibly via an earlier 

consolidation of the feedforward-loop (Boyer et al., 2005; Kim et al., 2008). 

To validate the connection between OCT4 and the miR-302/367 cluster, we tested 

whether OCT4 is activated more effectively when also miR-302/367 targeting guides 

are added (Figure 17 C and D). Yet there was no increase in OCT4 levels to be seen, 

probably because only three days had passed. Reversibly, also the miR-302/367 

levels were only little increased with OCT4 targeting alongside the best working 

miR-302/367 guides (Figure 17 B). Again a later time point might have resulted in a 

clearer difference. 

All in all, with the CRISPRa system, it seems like there is still plenty of room for 

further gains in reprogramming efficiency. If a new balance of co-regulated 

promoting and repressing factors could be induced with CRISPRa, would then a 

single event solution become possible? 
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Figure 18. Schematic Showing the Binding sites of Transcription Factors and gRNAs in Relation 
to the miR-302/367 Open Reading Frame. The location of gRNA binding sites is shown as arrows 
and the predicted and/or partially confirmed Transcription factors as circles (Card et al., 2008; 
Barroso-delJesus et al., 2008). Each tick represents 100 bp.
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5.6 Future perspectives 

Now that the CRISPRa reprogramming system has been significantly developed by 

targeting the miR-302/367 cluster and been further optimised, there are various 

ways of continuing this project.  

First of all, the optimised system has not yet been tested in reprogramming. A 

further boost of efficiency is to be expected due to the reduced guide plasmid size 

for miRNA targeting and the stronger activation with only three gRNAs (Figure 17 A). 

Since the efficiency was strongly improved in blood-derived LCL (Warren, 2019), this 

might be particularly the case for these cells or other blood-derived cell types due to 

the cell-type-specific epigenetic state the cells are in (Chen and Dent, 2014). 

Because peripheral blood is easily accessible and can be stored easily in biobanks, 

reprogramming of peripheral blood mononuclear cells is desirable for personalised 

cell therapy, also to circumvent skin biopsies. So far yields of PBMC-derived iPSCs 

have been low (Loh et al., 2009; Trokovic et al., 2014; Kim et al., 2016). Would the 

miRNA-targeting CRISPRa system improve the generation of iPSCs from cells, such 

as PBMCs, that are deemed difficult to reprogram? 

Secondly, to illuminate more functional insights of miRNA action throughout the 

process, scRNA-seq would be the best possible option since different cell state 

transitions and subpopulations could be captured. Especially considering that this 

has not been done with CRISPRa reprogrammed cells, scRNA-seq could provide 

valuable insights into the mechanism and quality of iPSCs derived with this method. 

Additional live-imaging experiments could provide further functional insights 

regarding apoptosis in a miR-302/367 activated and non-activated condition with 

Caspase 3/7 or Annexin V Dyes. miR-302/367 likely has anti-apoptotic effects in 

reprogramming cells. At least in ESCs, the miRNA cluster has been shown to target 

directly BCL-xL, which downregulates the pro-apoptotic factors BNIP3L/Nix (Zhang 

et al., 2015). Furthermore, by acting on other reprogramming barriers such as cell 

cycle arrest it is possible that overall the initiated stress response is reduced, leading 

to improved cell survival. With the afore mentioned dyes, the effect could be 

quantified. 
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Thirdly, both investigating epigenetic changes and modulation of the epigenome 

during reprogramming are aspects that have not been addressed in this project, yet 

crucial in gene regulation of cell type transitions. For example, the Tn5 transposase-

mediated ATAC-seq assay could be employed to determine chromatin accessibility 

throughout the pluripotency induction (Buenrostro et al., 2015) with and without 

miRNA activation. Furthermore, in combination the effects of EEA-targeting (Weltner 

et al., 2018) or supplemented chemical compounds on the chromatin structure could 

be investigated using this method. Then, chromatin immunoprecipitation 

sequencing (ChIP-seq; Johnson et al., 2007; Furey et al., 2012) could help in 

assessing histone modifications and protein binding to the DNA. For example, one 

could look at the heterochromatin-associated H3K9me3 or H3K27me3 marks and 

whether these are cleared earlier upon miRNA activation or if activating H3K4me3 

modifications are indirectly affected by the miR-302/367 cluster since its miRNAs 

have been predicted to target specifically histone demethylases (Koche et al., 2011). 

ChIP-seq could clarify, for example, the regulation of the miR-302/367 cluster 

because so far only OCT4 and SOX2 have been confirmed after electrophoretic shift 

assays with the sequencing technique (Card et al., 2008; Barroso-delJesus et al., 

2008). Then, further knowledge on the mechanism of EEA-targeting could be gained 

with ChiP-seq by capturing the factors that bind to the sequence motif, since its 

mechanism in reprogramming remains to be solved (Weltner et al., 2018). Alongside 

these examples, CRISPRa-specific changes to the epigenome, such as the 

chromatin-opening pioneer factor properties of Cas9 (Barkal et al., 2016), could be 

looked at applying these techniques. Challenges one could encounter using ChIP-

seq during reprogramming is the low number of input cells. The alternative 

CUT&RUN approach could, therefore, be preferable (Skene et al., 2017). Modifying 

the chromatin structure during the reprogramming process can further enhance the 

efficiency. This could be especially valuable in the early stages of reprogramming to 

overcome the heterochromatin barrier so that loci important for pluripotency 

become accessible. This could be done for example with a dCas9 protein fused to a 
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p300 domain (Hilton et al., 2015) or by supplementing histone deacetylase or 

methyltransferase inhibitors (Huangfu et al., 2008). 

Fourthly, just as supplementing the aforementioned compounds, cytokine chemical 

containing chocktails, including for example Vitamin C or valproic acid, can be used 

to directly induce pluripotency and transdifferentiation (Huangfu et al., 2008; Zhu et 

al., 2010; Lie et al., 2011; Takeda et al., 2018). Potentially, some could be selected to 

support CRISPRa-mediated pluripotency inductions. Merging several 

reprogramming methods into one could potentially yield a method that unites the 

best attributes of the different approaches. 

Fifthly, based on the exciting results obtained in the experiment using the 

conditionally stabilised activator with miR-302/367 activation, non-replicating 

episomal vectors could be used for reprogramming to further validate these 

findings. In case, this turns out to be efficient, the system could be switched to a 

plasmid-free one such as using RNPs. Transfecting these complexes of single gRNAs 

that is bound to a Cas protein can be expected to further increase the 

reprogramming efficiency, as the two CRISPRa components do not need to be 

expressed as well as no plasmids need to be maintained by cell, reducing cellular 

stress. Furthermore, possible off-target effects are reduced because the proteins are 

in the cell for a shorter amount of time (Lino et al., 2018). However, the protein 

purification of the dCas9 activator could turn out to be challenging in respect to the 

chemical properties of the attached VP16-multimer. Alternatively, only the dCas9 

mRNA and gRNAs could be transfected. Similarly to RNPs, the components are not 

maintained in the cells with the advantage that the mRNA transcript has a polyA tail 

and 5’Cap, thereby reducing the stress response induced by the prokaryotic protein 

(Webber et al., 2019). When thinking about PiggyBac inducible cell lines for the 

delivery of CRISPRa components, instead of using several antibiotics, as attempted 

in this study, the just-published split-selectable markers could be a more effective 

way of selecting for the integration of the required constituents (Jillette et al., 2019).   

Sixthly, enhancer sequences, in cis, close to the targeted promoter regions or trans 

enhancers could be directly targeted with CRISPR to fine-tune their transcriptional 
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activity. This could be performed with either an activator, but also repressors if need 

be such as Histone or DNA methyltransferases coupled dCas9 protein (KRAB-dCas9 

or DNMT3A-dCas9, respectively; Amabile et al., 2016). For example, upstream of 

the miR-302/367 promoter are several DNaseI hypersensitivity sites located, that 

potentially are enhancer sequences. Considering that cell identity of differentiated 

and pluripotent cells is regulated by super-enhancers, these trans-acting elements 

could be specifically targeted with CRISPR activators or repressors to try and 

mediate cell fate (Whyte et al., 2013). 

Seventhly, more reprogramming factors could be targeted in CRISPRa 

reprogramming to further enhance the efficiency of the system. A pooled high-

throughput CRISPR screen could determine gRNAs that have an influential role in 

pluripotency inductions and reveal novel potent factors and mechanisms driving the 

process when selecting for the desired phenotype, emerging stem cell colonies 

(Gilbert et al., 2014; Konermann et al., 2015).  

Eighthly, off-target effects of CRISPRa have not been addressed in this study, yet 

crucial to be better understood to validate the safety. Employing for example ChIP-

analysis with a Cas9-specific antibody could shed light on off-target binding events. 

It has been shown that chromatin accessibility is decisive for these to occur, 

consequently, altering the epigenetic landscape with dCas9 activators or chemical 

compounds alongside reprogramming likely cause these off-target events to happen 

increasingly (Wu et al., 2014). Moreover, there is reason to believe that specifically 

EEA-motif targeting increases this phenomenon, as it is thought to enhance 

reprogramming mainly through induced epigenetic changes in the promoter regions 

of developmentally important genes and due to the high abundance of EEA-

targeting guide binding sites in the genome (Weltner et al., 2018; Garcia-Perez et 

al., 2016). More importantly, possible persistent CRISPRa-specific changes to the 

epigenome, such as aberrant DNA methylation patterns, need to be ruled out. To 

date, no strategy has been developed to investigate these changes specific to 

CRISPRa and its off-target binding events, an aspect yet to be determined in case 

the system is to be used for clinical applications. 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7. Supplementary Material 

 

Figure 1. Validation of miR-302/367 Promotor Activation via RT-qPCR in HEK293s from the 
Intronic Region of the Pri-miRNA. (A) Location of the qPCR primers (red arrows) on the locus 
transcript. The primers are in the intronic region. (B) Expression of miR-302/367 relative to transcript 
levels in iPSCs, HEK293 cells, and a tdTomato transfection control. Significance level of p ≤ 0.05 
indicated by ‘*’. ΔCt values were normalised to the untransfected HEK293s. The miRNA Expression 
is ~2.5 fold upregulated with 7 targeting gRNAs. Error bars: SEM. Biological replicates: n= 5.
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Figure 2. Conditional Stabilisation of the dCas9 Activator without miR-302/367 Activation - 
HFFs Passage 8-9. Alkaline phosphatase positive colonies per million cells relative to 0 d of 
supplemented TMP. Error bars: SEM. Most colonies had formed in the wells of the days 10-16 with 
stagnating counts from day 10 on. The experiment was performed in three biological repeats and  
performed by Jere Weltner.
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Transfer of LCL cells every second day from day 2 on

- miR-302/367

+ miR-302/367

2-4 6-8 8-10 10-124-6 12-14 Days

Figure 4. Attachement Assay with Transferred Reprogramming LCL Cells. (A) Schematic image 
of the experimental set-up. Every second day, the reprogramming cells were transferred to the next 
well. (B) Representative picture of AP stained colonies that have formed. Scale bar: 1 cm. 

A B

Figure 3. Expression of pri-miR-302/367 in Generated PiggyBac Inducible Cell Line Samples. 
Expression of intronic and exonic regions of the pri-miR-302/367 with doxycycline and TMP 
supplementation . ΔCt values were normalised to the HFFs. Upregulation of pri-miR-302/367 levels 
is if at all minimal with doxycycline. Error bars: SEM. Biological replicates: n= 3.
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Figure 5. Cloning of additional gRNA Plasmids for optimisation of CRISPRa reprogramming. (A) 
PCR amplification of expression cassettes for the best working miR-302/367-targeting gRNAs 2,3, 
and 5 with the two OCT4 guides. (B) Subcloning of guides from A into EBNA expression vector. (C) 
Expression cassette amplification of the three best working miR-302/367-targeting guides and 2 
EEA-motif-targeting guides. (D) Subcloning of guides from C into EBNA backbone. (E) PCR 
amplification of two REX1-, two NANOG-, and 2 EEA-motif-targeting gRNAs. (F) Subcloning into 
EBNA backbone.

D



Supplementary Material Page  103

 

TGFBR2 F1/R1

1 kb+LIN28A

H20 H20 H20 H20 kbCDKN1A
TGFBR2 F6/R6

Pri-m
iR-302/367 F4/R3

H20

0.5

0.075

GeneRuler
100 bp

1 kb+
Pri-m

iR-302/367 F2/R2

H20 H20 H20 H20 H20 H20 H20
GeneRuler
100 bpkb

Pri-m
iR-302/367 F3/R3

Pri-m
iR-302/367 F5/R3

MBD2 F1/R1

ZEB1 F1/R1

ZEB2 F1/R1

MECP2 F1/R1

TGFBR2 F3/R3

H20
E-Cadherin

H20

0.5

0.075

1 kb+ SOX2
H20 H20 H20 H20kb

OCT4
NANOG

LIN28A
PPIG

H20

0.5

0.075

GeneRuler
100 bp

Figure 6. Separation of RT-qPCR Products on 2% TBE Agarose Gel. For expected band lengths 
and further information see Table 11. Only the Primers listed there were chosen for experiments 
conducted in this project.
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GC PPIG 20.38 0
GC F3R3 
miR302/367

18.87 0.12
GC F2R2 
miR302/367

22.33 0.02

GC5 PPIG 22.92 0.1 GC5 F3R3 
miR302/367

21.39 0 GC5 F2R2 
miR302/367

24.86 0.09

GC10 PPIG 23.66 0.07
GC10 F3R3 
miR302/367

22.29 0.05
GC10 F2R2 
miR302/367

25.61 0.26

GC100 PPIG 27.04 0.09
GC100 F3R3 
miR302/367

25.76 0.15
GC100 F2R2 
miR302/367

28.88 0.29

GC MBD2 20.43 0.08 GC MECP2 22.55 0.04 GC CDKN1A 23.48 0

GC5 MBD2 23.04 0.03 GC5 MECP2 24.85 0.02 GC5 CDKN1A 25.18 0

GC10 MBD2 23.87 0.06
GC10 
MECP2

25.4 0.06 GC10 CDKN1A 26.49 0

GC100 MBD2 27.17 0.01
GC100 
MECP2 27.16 0.12 GC100 CDKN1A 30.4 0

GC LIN28 19.76 0 GC Nanog 22.17 0.03 GC TGFBR2 21.62 0.01

GC5 LIN28 21.3 0.05 GC5 Nanog 24.12 0.06 GC5 TGFBR2 23.18 0.05

GC10 LIN28 22.62 0.04
GC10 
Nanog

25.2 0.01 GC10 TGFBR2 24.67 0.16

GC100 LIN28 26.1 0.06
GC100 
Nanog 28.3 0.15 GC100 TGFBR2 28.43 0

PPIG MECP2

20.38 1 0 -3.3049881 100.71182 22.55 1 0 -2.249625 178.30341

22.92 0.2 -0.69897 24.85 0.2 -0.69897

23.66 0.1 -1 25.4 0.1 -1

27.04 0.01 -2 27.16 0.01 -2

TP21 MBD2
23.48 1 0 -3.5220597 92.2758642 20.43 1 0 -3.3447653 99.0557115

25.18 0.2 -0.69897 23.04 0.2 -0.69897

26.49 0.1 -1 23.87 0.1 -1

30.4 0.01 -2 27.17 0.01 -2

F2R2 pri-miR302/367 TGFBR2 
F6/R6

22.33 1 0 -3.2488843 103.141179 21.62 1 0 -3.4816045 93.7420503

24.86 0.2 -0.69897 23.18 0.2 -0.69897

25.61 0.1 -1 24.67 0.1 -1

28.88 0.01 -2 28.43 0.01 -2

CDKN1A Nanog
23.48 1 0 -3.5220597 92.2758642 22.17 1 0 -3.0847256 110.949231

25.18 0.2 -0.69897 24.12 0.2 -0.69897

26.49 0.1 -1 25.2 0.1 -1

30.4 0.01 -2 28.3 0.01 -2

LIN28
19.76 1 0 -3.2324926 103.872565

21.3 0.2 -0.69897

22.62 0.1 -1

26.1 0.01 -2

Table 1. Primer Efficiency Evaluation Based on GC Dilutions and Obtained ΔCt Values. 
Caluculation as described in Material and Methods
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