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1. Introduction 

1.1. DiGeorge Syndrome (DGS, 22q11.2DS) 

DiGeorge syndrome is a genetic disorder resulting from the hemizygous deletion of a 1.5-

3 Mb segment of chromosome 22 [1,2]. This monoallelic deletion impacts critical genes 

that play important roles in the development of various organs and systems, including the 

thymus, parathyroid glands, and heart. Consequently, individuals with DGS often exhibit 

a wide range of medical problems, including congenital heart disease, palatal 

abnormalities, gastrointestinal anomalies, immune deficiency, central nervous system 

(CNS) abnormalities, psychiatric diseases, skeletal anomalies, and hearing loss. The 

severity of these symptoms can vary widely regardless of the size of the deletion [3–5]. 

While the cellular function of some candidate genes is well studied, their contribution to 

the development of diseased phenotypes in individuals with DiGeorge syndrome is yet to 

be determined. [6,7]. 

1.1.1 DGCR8 (DiGeorge Syndrome Critical Region 8) 

Situated within the 22q11.2 region, DGCR8 (DiGeorge Syndrome Critical Region 8) is 

among the 30 to 90 affected genes in DGS, with DGCR8 haploinsufficiency representing 

a prevalent occurrence in the patients [7,8]. Being a complex disorder, the exact role of 

DGCR8 in the development of DGS is not obvious, but its contribution to the disease is 

beyond doubt. DGCR8 functions as a subunit of the Microprocessor complex, which is a 

vital contributor to canonical miRNA biogenesis and therefore, to global gene regulation. 

Investigations into its functions have unveiled its vital role in the early stages of 

embryogenesis; studies involving Dgcr8-/- mouse embryos have shown its profound 

impact on embryonic progression, resulting in early arrest in development [9]. To gain 

deeper insight into the relevance of Dgcr8 in the context of embryonic stem cell (ESC) 

differentiation, the Blelloch group generated and characterized ESC lines in 2007 [9]. 

They found that complete knockout mESCs arrest in G1 phase of the cell cycle and have 

extended population doubling time. More intriguingly, Dgcr8-deficient mESCs 

demonstrated impaired differentiation primarily attributed to their inability to fully down-

regulate pluripotency markers. These defected phenotypes were all suspected to be caused 

by disturbances in miRNA processing [9]. Given the phenotype of Dgcr8-/- ESCs, 
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studying the exact role of complete deletion of Dgcr8 in distinct contexts requires 

conditional or cell type-specific Dgcr8 knockout models [10]. Inactivation of Dgcr8 in 

the cardiac neural crest cells (cNCCs) in mice results in major cardiovascular defects at 

E18.5 caused by the reduction of the progenitor pool required for outflow tract 

remodeling [11]. In muscle specific Dgcr8 knockout mice, the maintenance of mature 

cardiac muscle is impaired, leading to diluted cardiomyopathy and heart failure [12]. 

Deletion of Dgcr8 in Mesp1 cardiovascular progenitor cells yields an enlarged heart due 

to defective cardiomyocyte differentiation coupled with unusual upregulation in vascular 

gene expression [13]. Targeted ablation in early B cell precursors prompt a developmental 

block at the pro-B cell stage [14]. Intriguingly, Dgcr8 inactivation in bone marrow cells 

(BMCs) does not disrupt differentiation to macrophages, but the resulting cells show 

overshooting expression of IFNβ and ISG upon mycobacterial infection [15]. Several 

mouse models have been generated through the deletion of a genomic segment in mice 

syntenic to the human 22q11.2 locus (Df16+/− or Lgdel+/−). Df16+/− mice typically exhibit 

core structural and behavioral abnormalities observed in schizophrenia (SCZ), including 

impaired sensorimotor gating function, learning and memory deficits, abnormalities in 

the prefrontal cortex and hippocampus with additional signs of miRNA dysregulation 

[16–18]. Dgcr8+/− mice recapitulate a significant, yet not exclusive portion of these 

phenotypes, often displaying altered neuronal morphology, short- and long-term 

plasticity and miRNA dysregulation with pri-miRNA enrichment [19–21]. Some of these 

alterations rather emerge later in development, suggesting defected neuronal maturation 

[17,20]. To our knowledge, only two studies have been published involving hiPSCs with 

partial or complete DGCR8 loss. The first studied DGCR8-/- iPSCs, revealing altered cell 

cycle, poor maintenance, limited self-renewal capacity coupled with spontaneous 

differentiation [22]. In another study, DGS and DGCR8+/- hiPSCs underwent 2D and 3D 

cortical neuronal differentiation, exhibiting modified resting potential resulting in 

calcium signaling defects and irregular spontaneous neuronal activity. Remarkably, 

DGCR8 overexpression rescued the impaired phenotype in both DGS and DGCR8+/- cells 

[23]. There is a growing body of evidence for the existence of new, non-canonical 

functions of Microprocessor components. In 2012 an HITS-Clip analysis conducted by 

the Cáceres group unveiled, that binding partners of DGCR8 included several hundred 

mRNAs, as well as snoRNAs and lincRNAs (long intergenic non-coding RNAs) [24]. 
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Furthermore, it was demonstrated that DGCR8 is essential for the recruitment of the 

exosome to human telomerase RNA and snoRNA thereby regulating snoRNA decay [25]. 

These findings could elucidate the transcriptional differences in small RNAs between 

Dicer-/- and Dgcr8-/- cells [26]. DGCR8 has also been reported to engage with 

heterochromatin and nuclear lamina proteins in human mesenchymal stem cells (hMSCs) 

leading to accelerated senescence. Notably, this study highlighted DGCR8’s declining 

levels with aging and showed that lentiviral DGCR8 expression rescued deficits in a 

mouse model of articular aging and osteoarthritis [22]. Additionally, DGCR8 contributes 

to DNA repair processes. Specifically, S153 phosphorylated DGCR8 participates in 

transcription coupled nucleotide excision repair in UV-induced DNA lesions, while S677 

phosphorylation on DGCR8 upon radiation facilitates double-strand break (DSB) repair 

and enhances radioresistance [27,28]. Ever increasing number of studies reports on 

DGCR8’s and the Microprocessor’s emerging role in direct post-transcriptional 

regulation, particularly, mRNA splicing in the supraspliceosome. The supraspliceosome 

is a large RNP complex responsible for the pre-mRNA processing steps. It consists of 

uridine-rich snRNPs (U snRNPs), various splicing and alternative splicing factors, and 

other proteins that process the pre-mRNA [29]. Investigations revealed that DROSHA 

and DGCR8 are associated with the supraspliceosome, where pre-mRNA splicing and the 

processing of intronic miRNAs are coupled with an active cross-talk: changes in miRNA 

processing have significant effects on alternative splicing and vice versa [30–32]. A 

prominent example of Dgcr8’s additional role in gene regulation by alternative splicing 

is the T-cell factor 3 gene (Tcf711), which exists as two isoforms, each regulating mESC 

self-renewal but with opposing impacts on the regulation of their differentiation [33]. The 

Ciaudo group’s 2017 study demonstrated that the Dgcr8-dependent splicing of the short 

isoform governing differentiation program is pivotal for the exit of pluripotent state [34], 

elucidating the differences between Dicer and Dgcr8 knockout mESCs noted by the 

Blelloch group [9]. Dgcr8 is also essential for the maintenance and differentiation during 

early corticogenesis through regulation of T-Box Brain Transcription Factor 1 (Tbr1) 

[35]. Surprisingly, Dgcr8’s involvement extends to LINE-1 (L1) regulaltion as well. The 

L1 mRNA is processed by the Microprocessor, subsequently regulating L1 and Alu 

retrotransposition in vivo. [36]. Notably, hyperactive retrotransposition was observed 

with L1 elements favoring regions harboring synapse- and schizophrenia-related genes. 
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Such hyperactive retrotransposition was also noted upon immune activation by poly-I:C 

[37]. Activation of Type I interferons has been known to inhibit Microprocessor [38], 

collectively suggesting DGCR8 haploinsufficiency’s potential contribution to increased 

L1 retrotransposition. Interestingly, indications of L1 retrotransposition have emerged in 

various neurological disorders; many of them prevalent among DGS patients, including 

autism spectrum disorder (ASD), Alzheimer's disease (AD), major depression disorder 

and schizophrenia [37,39–45]. It is worth noting that the regulation of Microprocessor 

components operates through an auto-regulatory loop; DGCR8 is stabilizing DROSHA 

protein, and the Microprocessor is regulating DGCR8 mRNA. The DGCR8 gene harbors 

two conserved hairpin structures, one in the 5’UTR and another in the second exon. 

Cleavage of these hairpins by the  Microprocessor results in mature miR-1306-3p and 

miR-1306-5p from the downstream hairpin, while the 5’upstream product remains in the 

nucleus [46,47]. Recent findings from the Gregory group provided additional insights into 

Microprocessor regulation and the hairpins present in DGCR8 mRNA. Their work 

revealed that the DGCR8:DROSHA stoichiometry determines the biochemical activity 

of the Microprocessor, excess DGCR8 resulting in irreversible aggregation of both 

Microprocessor components. This regulation can be governed by the 5’ hairpin, which 

has been identified as a critical mediator of germ layer specification through a short but 

functional DGCR8 isoform that escapes autoregulation without the regulatory loops [48]. 

Mammalian DROSHA genes were also found to contain a hairpin spanning exon 7, 

influencing alternative or constitutive splicing. In human cells, Microprocessor promotes 

skipping of exon 7, while in mice this hairpin remains  unprocessed [49]. However, the 

biological significance of this additional control of DROSHA expression is not been fully 

elucidated [50]. This intricate web of regulatory mechanisms adds depth to our 

understanding of the Microprocessor's role in gene expression regulation. 

1.2. miRNAs 

MicroRNAs (miRNAs) are a class of small non-coding RNAs that play pivotal regulatory 

roles in gene expression by targeting messenger RNAs (mRNAs) for degradation or 

translational repression [51]. In mammalian cells, mRNA degradation is the predominant 

mode of action [52,53]. miRNAs have emerged as essential regulators of diverse cellular 

processes, including cell differentiation, proliferation, apoptosis, and embryonic 

development [54]. miRNA-mediated gene regulation is intricate; a single miRNA can 
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target multiple mRNA molecules, and several miRNAs can also target the same mRNA 

[54–62]. Any dysregulation or alteration of miRNA expression can cause detrimental 

effects and may lead to the development of various diseases, including cancer and 

neurodevelopmental disorders [63–65]. It goes without saying that maintaining precise 

and regulated levels of miRNAs is crucial for normal cellular functions. Given the 

profound impact of miRNAs on gene regulation, they represent promising targets for 

disease diagnosis, prognosis, and therapeutic inventions.  

1.2.1 miRNA biogenesis  

The biogenesis of miRNA involves the following steps: transcription, nuclear processing, 

nucleocytoplasmic export, cytoplasmic processing, and the formation of the RNA-

induced silencing complex (RISC). Both canonical and non-canonical pathways exist for 

miRNA maturation, each relying on different proteins and processing steps [66,67]. In 

the canonical pathway, the process begins with the transcription of primary miRNAs (pri-

miRNA). The transcription from miRNA genes is often governed by tissue-specific 

superenhancers [68]. Subsequently, hairpin structures of the pri-miRNA undergo 

cleavage by the Microprocessor in the nucleus, resulting in precursor miRNAs (pre-

miRNA) [69]. The Microprocessor complex compromises the RNase III enzyme called 

Drosha and its cofactor, DGCR8 [70]. Drosha cleaves the hairpin structures, giving rise 

to precursor miRNA (pre-miRNA). These resulting pre-miRNAs are then transported to 

the cytoplasm by Exportin-5 (XPO5) and RAN-GTP [69], where they encounter another 

RNase III enzyme, Dicer, for future processing [71]. This results in the formation of a 

short double-stranded RNA with two-nucleotide overhangs at its 3‘ end. This 

intermediate RNA subsequently associates with an Ago protein (AGO1-AGO4 in 

mammals) and its auxiliary factors, leading to the assembly of the functional RISC (see 

Fig. 1) [72]. In addition to the canonical pathway, non-canonical pathways for miRNA 

biogenesis have also been identified. Non-canonical miRNAs are derived from diverse 

sources, such as introns (Mirtrons), small nucleolar RNAs (snoRNAs),  endogenous short 

hairpin RNAs (shRNAs) and transfer RNAs (tRNAs), among others [73]. Mirtrons are 

processed by the splicing machinery instead of the Microprocessor complex, yielding pre-

miRNA-like hairpin structures with shorter stem [74–77]. These hairpins are 

subsequently exported to the cytoplasm and processed by DICER similarly to canonical 

pre-miRNAs (see Fig. 1). The snoRNA-derived miRNA pathway involves the processing 
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of snoRNAs into miRNAs [78]. Although snoRNAs are typically involved in RNA 

modification, they can also form hairpin structures and evolve into mature miRNAs 

trough canonical processing [79–83]. Notably, DICER and DGCR8, components of the 

Microprocessor, not only process snoRNA-derived miRNAs, but can also stabilize 

mature snoRNAs [24,84,85]. Moreover, DGCR8 in conjunction with other proteins, 

governs the decay of mature snoRNA, thereby impacting the processing of miRNA 

derived from snoRNA [25]. tRNA-derived miRNAs arise from tRNA fragments, 

undergoing cleavage by DICER, before folded into a pre-miRNA-like structure that is 

further processed into mature miRNA [73]. A common attribute of the non-canonical 

pathways is their reliance on DICER. One exception is the processing of miR-451,which 

is cleaved by RISC components, namely Argonaute2 (AGO2) and the eukaryotic 

translation initiation factor 1A (EIF1A) [86,87]. While the roles of non-canonical 

miRNAs are still being investigated, they are believed to hold pivotal functions in gene 

expression regulation. These non-canonical miRNAs might exhibit distinct target 

specificity compared to canonical miRNAs. 
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Figure 1.  miRNA processing: Processing of the canonical miRNAs and mirtrons, a 

class of non-canonical miRNAs. The figure was generated with Biorender. 

 

RISC complex 

RISC complex 
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1.2.2 miRNA clusters 

Recent analysis indicates that approximately half of the conserved human miRNAs 

organized in clusters within the genome [51]. In these clusters miRNAs are arranged in  

tandem and transcribe together as a polycistronic transcript [88]. While these clusters are 

typically small, compromising 2 to 8 miRNAs, there are also some remarkably extensive 

ones, such as chromosome 19 microRNA cluster (C19MC), which is specific to stem cells 

and placental tissue and contains 46 miRNAs [89,90]. Notably, members of a cluster tend 

to regulate functionally related biological processes and often consist of members from 

the same miRNA family, frequently also sharing a common seed sequence [51,91,92].  

1.2.3 Posttranscriptional regulation of clustered miRNAs 

The regulation of miRNA clusters is a complex and intricate process. Although miRNAs 

within a cluster are coordinately transcribed, mature miRNAs derived from the same 

transcript often exhibit distinct expression patterns, implying the existence of robust post-

transcriptional  regulation mechanisms [93–95]. The Microprocessor requires genetic and 

structural features in the pri-miRNA hairpins to recognize them thus for optimal 

processing. These features include a 35 ± 1 bp long stem, an unstructured apical loop ≥ 

10 nt long and single stranded segments which are flanking the hairpin and ideal sequence 

motifs, like a basal UG motif, UGU/GUG on the apical loop [96]. Previously, miRNAs 

with poor structural features were thought to be processed through one of the non-

canonical pathways. Subsequent research, however, showed, that these suboptimal 

miRNAs are enriched in polycistronic clusters. They are processed in conjunction with 

another member of the cluster, a proximal helper hairpin with optimal structure and motifs 

[97–101]. This phenomenon is referred to as ‘cluster assistance’. Recent studies have 

identified two proteins, the scaffold Attachment Factor B2 (SAFB2) and the enhancer of 

rudimentary homolog (ERH), as mediators of cluster assistance [98,101]. ERH binds to 

the N terminus of DGCR8 in 2:2 stoichiometry, while SAFB2 is a binding partner of ERH 

[98,102,103]. The precise mechanism and implications of ERH and SAFB2 in cluster 

assistance is yet to be defined. Shang et al. demonstrated, that this process involves the 

recruitment of the Microprocessor to the helper miRNA and subsequently to the 

suboptimal precursor [99]. Two theoretical models have been proposed: one involving 

Microprocessor dimerization and utilization of another Microprocessor for processing the 
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suboptimal, and the other involving a single Microprocessor complex that recognizes the 

suboptimal recipient before dissociating from the helper hairpin [101]. Beyond cluster 

assistance, various other factors may modulate the processing of individual cluster 

members. These include long noncoding RNAs, which can bind to individual miRNAs 

and increase or decrease their processing level [104,105]. Additionally, the circular RNA 

circLONP2 contributes to the upregulation of miR-17  by binding to the RNA helicase 

DEAD-Box Helicase 1 (DDX1) and ultimately DGCR8 [106]. Further RNA binding 

proteins, including as heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) [107–

110], also play roles in this regulatory landscape. As we have just seen, clustered miRNAs 

don’t just act like independent units. Their regulation during miRNA processing forms a 

higher order scaffold involving numerous interacting partners, thereby enabling precise 

dosage control of miRNAs.  

1.3. Human pluripotent stem cells 

Stem cells are capable of differentiating into a diverse array of cell types in the body. 

Their classification is rooted on their plasticity, with decreasing developmental potency 

as one moves along the categories. Totipotent stem cells possess the extraordinary 

capacity to differentiate into any cell within the entire organism, including extra-

embryonic structures. During development, blastomeres within the early stage morula are 

examples of totipotent cells. After approximately four days, as the blastocyst is formed, 

the inner cell mass transitions into pluripotent stem cells (PSCs) [111]. Pluripotent stem 

cells (PSCs) can give rise to all cell types of embryo, both somatic and germ cells [112]. 

Upon differentiating into one of the three germ layers, PSCs transform into multipotent 

stem cells, possessing the ability to generate cells belonging to specific lineages. An 

example is the hematopoietic stem cell, which is capable of producing various types of 

blood cells [113]. Lastly, unipotent stem cells exhibit the most confined differentiation 

potential, generating only one cell type [114]. While under well-defined conditions, PSCs 

can be cultured indefinitely in vitro, by modifying these conditions, they can be steered 

towards differentiating into representatives of all three germ layers. This exceptional 

attribute positions them as an inexhaustible source of cells for a myriad of applications, 

such as in vitro disease modeling, toxicological and pharmacological testing, and 

regenerative medicine [115].  
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1.3.1 Classification of pluripotent stem cells (hPSCs) 

Pluripotent stem cells can be categorized into two types; embryonic stem cells (ESC), 

originating from the inner cell mass (ICM) of preimplantation embryos, and induced 

pluripotent stem cells (iPSC), which can be obtained by inducing the dedifferentiation of 

adult somatic cells by reprogramming (see Fig. 2) [116]. A significant turning point in 

the fields of cell and developmental biology occurred in 1998 when Thompson et al. 

isolated the first human ESCs (hESCs) fundamentally altering the landscape [112]. Since 

then, various comprehensive protocols have been developed for standard stem cell culture 

and the differentiation of human pluripotent stem cells [117]. Before 2007, hPSCs could 

only be derived from preimplantation embryos [118]; and to this day, hESCs are the ‘gold 

standard’ of human pluripotent cell lines. Nonetheless, ethical considerations tied to the 

destruction and use of human embryos have limited their extensive applications 

[119,120]. Another revolution in stem cell biology came with Takahashi and Yamanaka’s 

groundbreaking discovery, demonstrating that somatic cells can be reprogrammed into an 

embryonic stem cell-like state. This was accomplished by inducing the co-expression of 

four key transcription factors, Oct4, Sox2, Klf4, and c Myc [121]. These reprogrammed 

cells, termed induced pluripotent stem cells, share key similarities with ESCs in terms of 

pluripotency, self-renewal, and gene expression profiles. However, the cell type’s origin  

may influence the cellular and molecular characteristics of the resulted cell lines, and the 

reprogramming process is associated with the acquisition of genomic aberrations [122–

124].  
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Figure 2. Pluripotent stem cells: Two types of human pluripotent stem cells: induced 

pluripotent stem cells (iPSC), which can be obtained by reprogramming primary cells, 

and ESCs, originating from blastocyst. Pluripotent cells have unlimited self-renewal and 

differentiational capacity towards the three embryonic germ layers. The figure was 

generated with Biorender. 

1.3.2. Characterization of hPSCs 

The maintenance of pluripotency relies on a distinct set of transcription factors and 

signaling pathways that govern the expression of genes responsible for self-renewal, 

differentiation, and maintenance of pluripotency [125]. Key genes and transcription 

factors associated with pluripotency include Oct-4, Nanog, Sox2, Rex1 [126]. 

Characterizing pluripotency in hPSCs can be performed using a variety of in vitro and in 

vivo methods. These include the alkaline phosphatase (AP) assay, embryoid body (EB) 

formation, in vitro differentiation, gene expression analysis, identification of surface 

antigens such as Tra-1-81, SSEA-4, and SSEA-3, as well as the presence of transcription 

factors mentioned earlier, and the formation of teratomas [125]. The AP assay is used to 

detect high activity of the enzyme in hPSCs, serving as an indicator of pluripotency [127]. 

Gene expression analysis confirms pluripotency by examining active gene patterns in 
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hPSCs. The expression of certain genes, including as Oct-4, Nanog, Sox2, and Rex1, can 

indicate pluripotency [128]. By assessing the levels of these genes and pathway activities, 

the pluripotent status of a hPSC line can be determined, and changes in gene expression 

during differentiation can be tracked [129]. Both teratomas and embryoid bodies (EBs) 

are utilized to characterize the spontaneous differentiation capacity of hPSCs. Teratomas 

are tumor-like structures that are composed of tissues derived from all three germ layers 

(endoderm, mesoderm, and ectoderm) in an unorganized manner. Pluripotent stem cells 

are harvested and injected into severe combined immunodeficient (SCID) mice, resulting 

in teratoma formation. The structures are then  harvested and analyzed [130]. On the other 

hand, EBs resemble the early stages of embryonic development and are 3 dimensional 

structures formed through the spontaneous differentiation of PSCs in vitro. The analysis 

of these three-dimensional structures reveals the presence of cells from all three germ 

layers (endoderm, mesoderm and ectoderm) [131,132]. Furthermore, directed in vitro 

differentiation can induce hPSCs to differentiate into various cell types, such as neurons, 

cardiomyocytes and blood cells, by using specific media and growth factors [133–138]. 

The presence of these differentiated cells can further confirm the pluripotency of the stem 

cells.  
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1.3.3. Genetic engineering in hPSCs 

Genetic modification of human pluripotent stem cells holds significant potential for 

advancing our understanding of disease mechanisms and facilitating novel therapeutic 

approaches (see Fig. 3).  

 

 

Figure 3. Significance of genetic modification in hPSCs: Genetically modified hPSCs 

serve as a promising tool for disease modeling and pharmacology: they can be cultured 

in vitro indefinitely providing large pools of mutant pluripotent cells, which later can be 

differentiated into any cell type originated from the three germ layers. The figure was 

generated with Biorender. 

 

Methods involving viral vectors or transposons can enable stable gene expression through 

genomic integration, but lack the targeting of genomic editing [139–144]. On the other 

hand, genetic engineering techniques offer precise manipulation of the genome. Although 

genome editing strategies have evolved substantially in the last three decades, achieving 

targeted genetic modifications in hPSC and in selected genes can still prove challenging. 

Initial methods, such as homologous recombination (HR) without DNA cleavage posed 

limitations due to inefficient or random integration of donor sequences [145,146]. Recent 
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advances in site-directed nucleases, including zinc finger nuclease (ZNF), transcription 

activator-like effector nucleases (TALENs), and the CRISPR/Cas9 system have 

revolutionized the field by enabling base-pair precise double-strand break (DSB) 

induction and subsequent insertion of donor sequences through the cells' repair 

mechanisms. [147–150]. The CRISPR/Cas9 platform consists of two components, a 

single guide RNA (sgRNA) and a Cas9 endonuclease. The sgRNA, mimicking trans-

activating CRISPR RNA (tracrRNA) – CRISPR RNA (crRNA) structure,  contains a 

defined 20-nt spacer sequence, that complements the target sequence through standard 

Watson-Crick base pairing, followed by a downstream PAM (protospacer-associated 

motif) in the genome. A limitation of this technology is the need of a PAM as this motif 

is required for the target sequence to be recognized by the Cas9 protein as a potential 

target. For the widely used Streptococcus pyrogenes (sp) Cas9, the PAM sequence is 5′-

NGG-3′ at the 3’ end of the 20 nt target, but different Cas9 orthologs have varied PAM 

requirements [151,152]. In terms of workload, a typical CRISPR construct takes the 

preparation of the sgRNAs, whereas TALENs require protein engineering methods. On 

the other hand, off-target cleavage is more prevalent as for TALENs [153]. These off-

target effects can result from mismatch tolerance between the spacer and target sequences 

or by the sgRNA sensitivity to the chromatin state [154]. To enhance targeting efficiency, 

strict selection of target sequences is required (38). For further improved specificity new 

strategies can be introduced, like delivery in ribonucleoprotein (RNP) complexes 

consisting of Cas9 protein and sgRNA, and the use of advanced Cas nucleases, like 

dimeric FokI-dCas9 or increased fidelity Cas9 nucleases [155–158]. Following double-

stranded break (DSB) induction, major repair mechanisms come into play, including 

homology-directed repair (HDR) or nonhomologous end-joining (NHEJ) [159]. While 

HDR can integrate exogenous DNA donors seamlessly, NHEJ-mediated repair tends to 

form insertions or deletions (indels) at the repair site. These, if occurring in the coding 

sequence, often cause frameshift mutations and permanent gene inactivation [160]. The 

activity of the HDR and NHEJ pathways is highly context dependent. The predominant 

and robust NHEJ is the primary repair mechanism in the G1 phase, although it can be 

seen throughout the cell cycle [145,161,162]. On the other hand, HDR is mainly active in 

the S/G2 phase during cell division, making it far-fetched for postmitotic cells to employ 

[145,163]. In hPSCs, HDR-mediated insertions are especially rare when cells are not 
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synchronized in the G2/M phase [164], in fact, NHEJ-mediated insertion at target sites 

outperform HDR even with larger inserts [164–167]. In contrast, in mice, classical gene 

editing with HR has been successfully used for decades [168–170]. It is also worth 

mentioning that HR frequencies can vary considerably based on cell type, insert size, 

target accessibility, and chromatin state, respectively [171,172]. In general, the 

CRISPR/Cas9 platform offers a specific and precise genome editing with relatively high 

success rates and cost-effectiveness compared to other methods. Yet, frequencies of 

successful insertions in hPSCs remain lower than in other cell lines. Additionally, off-

target and karyotype analysis are essential to detect unwanted genetic and chromosome 

alterations. 

1.3.4. In vitro disease modeling with hPSCs  

In the recent years, the use of embryonic stem cells (hESCs) and induced pluripotent stem 

cells (hiPSCs) for disease modeling has gained increasing attention [173]. These model 

systems involve the controlled differentiation of hPSCs into specific cell types that are 

often  challenging to access directly from patients, allowing for an in-depth investigation 

of the underlying mechanisms and evaluation of potential therapeutic interventions. The 

distinct advantages offered by in vitro hPSC models over traditional animal models and 

primary cells are diverse. They reduced experimental costs and time-requirements, the 

capacity to generate substantial quantities of functional cells, and diminished ethical 

concerns related to animal welfare [174]. Notably, these in vitro human models hold the 

potential to yield more predictive responses, owing to the utilization of human cells. This 

potentially holds the promise of minimizing the gap between preclinical studies and 

clinical trials in the future [175–177]. An increasingly popular approach is the generation 

of patient-derived iPSCs, although this strategy does come with a set of associated 

challenges. Concerns related to genetic instability and the epigenetic status of the 

reprogrammed iPSCs, as addressed in section 1.3.1, underscored the need for stringent 

quality controls. Moreover, heterogeneity between the patient and healthy control cells 

due to genetic differences and cell line variations necessitates careful consideration [178–

180]. High variability can pose challenges in data interpretation and can even make assays 

unfeasible.  

https://pubmed.ncbi.nlm.nih.gov/27030102/
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For minimizing genetic variability and enabling genotype-phenotype associations, the 

establishment of isogenic cell line pairs has emerged as a pivotal strategy. These pairs, 

established through the induction of disease-associated mutations into healthy control 

lines or the correction of disease-linked mutations in patient-derived lines, offer a means 

of mitigating genetic variability and enabling robust genotype-phenotype correlations 

[149,181]. Such genetically engineered cells with induced monogenic mutations and 

knockout systems facilitate the investigation of the impact of individual  mutations or 

genes  on complex phenotypes. This approach is invaluable for understanding the 

underlying molecular mechanisms and identifying potential therapeutic targets. 

Additionally, these  engineered cells serve as platforms for drug discovery, helping the 

identification of compounds that could be effective in rescuing the defected phenotype 

[182,183]. Numerous hPSC-based models have already been developed for a diverse 

spectrum of diseases. This approach is invaluable in untangling the underlying molecular 

mechanisms and identifying potential therapeutic targets [184–190]. 

Even though hPSC models are promising tools, these systems have clear limitations. One 

of the main critics is the tendency of hPSC-derived differentiated cells to display 

immature functional attributes [191–193]. The differentiation of hPSCs into fully mature 

progeny is a challenging task. In hiPSC-derived cardiomyocyte (hiPSC-CM) cultures, 

stimulation, electromechanical conditioning, small molecules, coculture with endothelial 

or fibroblast cells, and 3D culture together help to achieve the mature phenotype [194]. 

Similarly, modeling late-onset diseases is equally demanding, as evidenced by the efforts 

undertaken [188,195,196]. Notably, apart from maturity, the distribution of cellular 

subtypes within differentiated cultures often does not meet the physiologically relevant 

proportions. Addressing these concerns is vital for effective clinical translation [197–

199,199–203].  

In the broader context,  in vitro disease models serve as potent tools for understanding the 

underlying disease mechanisms of specific disease-causing mutations, identifying 

potential therapeutic targets, and facilitating drug discovery.  Their efficacy is especially 

pronounced when employed in conjunction with animal models and clinical observations, 

or when other model systems are unavailable. Future advancements will likely enhance 

our comprehension of genetic and cellular mechanisms and underlying cellular processes, 

thereby exceeding the limitations of this system.  
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2. Objectives 

The ability to generate human embryonic stem cell (hESC) lines with specific genetic 

mutations has been a significant advancement in biomedical research. These cell lines 

serve as invaluable models for investigating early developmental processes, enabling 

studies that are difficult to perform in vivo. This dissertation is dedicated to bridge an 

important gap in knowledge by establishing and characterizing a hESC line with DGCR8 

deficiency. Within the scope of this research, we pursued two primary objectives. Firstly, 

since human ESCs are prone to have enhanced repair mechanisms and are difficult to edit,  

we sought to determine the feasibility of employing a knock-in/knock-out approach using 

two tandem CAG-driven selection markers in the HUES9 human embryonic stem cell 

line, focusing on the DGCR8 gene. We also intended to characterize and register the 

resultant cell line in accordance with the rigorous criteria set for newly established stem 

cell lines. Secondly, given the profound biological significance of tightly regulated 

miRNA biogenesis during early embryogenesis, this work also addresses the question of 

how DGCR8 deficiency impacts the viability, maintenance of pluripotency and 

differentiation potential of the hESCs, the mRNA and protein levels of the 

Microprocessor components and the alterations of the functions of the miRNA 

machinery. In its entirety, this research contributes to the expanding knowledge regarding 

miRNA regulation and the role of DGCR8 in pathological phenotypes, such as those 

manifested in DiGeorge syndrome. Furthermore, the cellular model developed herein 

presents a novel platform for studying miRNA biogenesis in human pluripotent stem cells 

and their differentiation.  
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3. Methods  

Cell Culture 

The HuES9 hESC line was kindly provided by Douglas Melton and used according to the 

permission of ETT (approval number 6681/2012-EHR. HuES9). All the cell lines were 

grown on plates coated with Matrigel (Corning) and kept in mTeSR1 media (Stem Cell 

Technologies) with or without 0.8 µM of puromycin (Thermofisher Scientific). Accutase 

(Thermofisher Scientific) was used to passage the cells and they were then plated in 

mTeSR1-Y media (mTeSR1 with 10 µM Y27632-2HCl (Selleckchem). The genetic 

identity and normal karyotype were verified by STR analysis of 17 sites and G-banding, 

which was carried out by UD-GenoMed Medical Genomic Technologies Ltd.).  

CRISPR/Cas9 genome editing 

The sgRNA utilized for precise genome editing were designed using the guide design tool 

developed by the Zhang lab (accessible at http://crispr.mit.edu/). Based on the in silico 

predictions, we synthesized the five most promising and specific sequences to target the 

third exon of DGCR8.  The designed oligonucleotides were cloned into the plasmid 

pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene #42230). As for donor vector 

backbone, we employed a "self-cleaving" plasmid containing universal gRNAs. These 

facilitate efficient in-cell plasmid cleavage and thus eliminate the need for a linearized 

donor plasmid to achieve proficient targeted integration. [204]. An expression cassette 

containing two tandem, CAG promoter-driven selection marker genes -puromycin 

resistance and GFP- was cloned into this donor vector. Approximately 4 × 106 HuES9 

cells underwent electroporation with the aforementioned two vectors. This was executed 

with an Amaxa Nucleofector using the Human Stem Cell Nucleofector Kit (Lonza), 

utilizing the A-23 program. After electroporation, the cells were seeded onto Matrigel-

coated plates using mTeSR1-Y medium. The consecutive steps included puromycin 

selection and single-cell cloning based on GFP expression. Unintended cleavage and 

mutations at untargeted genomic sites were ruled out via sequence analysis of the top five 

in silico predicted off-target sites.  
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Single-Cell Cloning 

Cells were separated using StemPro Accutase and single cells were plated in 96-well 

plates coated with Matrigel using a BD FACSAria TM cell sorter based on their 

expression of GFP in cloning media (mTeSR1-Y with 1/3 MEF-conditioned hESC 

medium). SSCs were grown in cloning medium for 10-20 days and then moved to 24-

well plates coated with Matrigel in mTeSR1-Y medium. When the cells reached 80% 

density, they were transferred to 6-well plates. GFP expression was confirmed by FACS 

measurements.  

Trichostatin A Treatment 

Cells were placed in 6-well plates and grown without adding puromycin. On the third 

day, cells were treated with mTeSR1 medium containing either 30 nM or 60 nM 

Trichostatin A. The next day, the cells were removed and the GFP expression was 

measured in both treated and untreated control cells using flow cytometry. At the same 

time, the expression of the GAGE cancer testis gene was checked using RT-qPCR to 

confirm that TSA had effectively caused demethylation.  

In vitro spontaneous differentiation 

The hESC colonies were separated using collagenase (Thermofisher Scientific) and 

grown in suspension on plates that prevent attachment in EB medium (KO-DMEM with 

20% FBS, 1 mM L-GLU, 1% non-essential amino acids and 0.1 mM ß-mercaptoethanol) 

(Thermofisher Scientific) for 6 days. Subsequently, the embryoid bodies (EBs) were 

moved to 24-well tissue culture plates or confocal chamber slides (Nalgene) coated with 

0.1% gelatin (Thermofisher Scientific) and allowed to differentiate for another 12 days in 

DMEM with 10% FBS. The derivatives of the EBs were examined by 

immunocytochemical staining and qPCR. 

Immunofluorescent staining and flow cytometry 

Cells were fixed, blocked, and permeabilized as described in [205]. They were then 

incubated with primary antibodies for 60 minutes at room temperature. After washing, 

the cells were incubated with corresponding secondary antibodies for 60 minutes at room 

temperature. Cell nuclei were stained with DAPI. For more details, see [205,206].  The 

SSEA4 flow cytometry analysis was carried out as described in [205]. 
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RNA Isolation 

Total RNA from hES and differentiated cells was extracted using TRIzol reagent 

(ThermoFisher Scientific). RNA integrity was checked using agarose gel electrophoresis 

and total RNA concentrations and sample purity were measured using a Nanodrop 

spectrophotometer (ThermoFisher Scientific). 

miRNA analysis 

For pri-miRNA analysis, 1μg of total RNA was reverse transcribed using random 

oligomers and a high-capacity cDNA Reverse Transcription Kit (ThermoFisher 

Scientific). cDNA samples were diluted 1:10 before amplification. For C19MC pri-

miRNA, RT-PCR was performed using a SYBR Green PCR Master Mix with custom-

made PCR primers. For mature miRNA quantification, the expression analysis was done 

using the miRCURY LNA™ Universal RT miRNA PCR Assay (Qiagen) according to 

the manufacturer’s instructions. RNA samples (5 ng/µL) were reverse-transcribed and the 

UniSp6 RNA spike-in template was added to each reaction to control the quality of cDNA 

synthesis. The cDNA samples were diluted 1:80 before amplification. RT-PCR was 

performed using a miRCURY SYBR® Green master mix (Qiagen) and real-time PCRs 

were performed on a StepOnePlusTM platform (ThermoFisher Scientific) according to the 

manufacturer’s protocol. The hsa-miR-103a internal control miRNA was used for 

normalization during relative quantification using the ΔΔCt method. For more details see 

[206].  

Gene expression analysis (RT-PCR) 

For gene expression assays, cDNA samples were created from 400 ng of total RNA using 

the Promega reverse transcription system according to the manufacturer’s instructions. 

mRNA levels for DGCR8, DROSHA, NANOG, AFP, TBXT, and PAX6 were determined 

using TaqMan® gene expression assays (ThermoFisher Scientific). Real-time PCR 

measurements were run and analyzed on the StepOne™ Real-Time PCR System (Applied 

Biosystems) according to the manufacturer’s instructions. Quantitative gene expression 

data were normalized to endogenous control mRNAs: RPLP0 or PolR2A for details of the 

Taq-Man® analyses; for SYBR Green assay, see [205,206]. 
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Protein Analysis by Western blotting 

Samples were sonicated and then run on 8% acrylamide gels before being electroblotted 

onto PVDF membranes. The membranes were blocked with blocking solution (5% 

Milk/TBS-Tween) and incubated with a monoclonal antibody specific to human DGCR8 

(1:1,000, Abcam) overnight at 4 °C. Anti-rabbit IgG (1:5,000, ThermoFisher Scientific) 

was used as a secondary antibody. Pierce ECL Western blotting substrate (ThermoFisher 

Scientific) was used for signal detection and the membranes were exposed to Agfa films. 

An anti-β actin antibody (1:10,000, Abcam) was used to normalize the DGCR8 

expression. Expression levels were determined by measuring the density of scanned 

images using ImageJ and correcting for background and normalizing to β-actin and 

parental HuES9 levels. The region of interest (ROI) for a given protein was chosen to be 

the smallest rectangle shape that could enclose the largest band of that protein and was 

used in all lanes of a blot. The background for normalization was measured using the 

same ROI near the target band, avoiding any specific bands if present. For more details, 

see [205,206].   
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4. Results 

4.1. Establishment of the DGCR8 deficient hESC line 

To generate the DGCR8 deficient hESC line, a CRISPR/Cas9-based knock-in/knock-out 

approach was utilized. To target DGCR8, a specific sequence was designed by identifying 

unique sequences in Exon 3. Targeting this region leads to the absence of functional 

protein expression on a disrupted allele while preserving the integrity of the two 5’ 

autoregulatory loops [207]. Subsequently, these sequences were cloned into a px330 

vector encoding the spCas9 nuclease (Addgene #42230). Additionally, a “self-cleaving” 

donor vector was constructed with two tandem CAG promoter-driven selection marker 

genes: puromycin resistance and GFP (Fig. 4).  

 

 

Figure 4. CRISPR approach and the transgene integration sites: Schematic overview 

of the (A) donor construction with the tandem, CMV-early enhancer/chicken β actin 

promoter (CMV) driven GFP and Puromycin resistance (PURO) genes and the (B) 

targeted region within the third exon of the DGCR8 gene [205].  

 

HUES9 hESCs were subjected to electroporation using the two vectors, followed by 

puromycin enrichment of cells with stable marker expression. Subsequently, 100 single 

GFP expressing cells were isolated for clonal expansion. Out of the 100 clones, 20 could 

be successfully expanded and subjected to genotyping. We did not identify instances of  

biallelic insertions, yet one clone among the 20 showed monoallelic insertion. Sanger 

sequencing of the target site unveiled a 16 bp long NHEJ product upstream of the donor 

DNA as shown in (Fig. 4). Our analysis did not reveal indels or other insertions at the 

A 

B 
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predicted off-target sites (for detailed sequence alignment, please refer to [205]). These 

cells retained stem cell-like morphology as indicated in (Fig. 5 A), and maintained a 

normal karyotype as observed in (Fig. 5 B). These cells were also free of mycoplasma 

and STR analysis on 17 sites proved their identity (as detailed in [205]). The generated 

DGCR8+/- cell line underwent comprehensive characterization in line with the strict 

requirements of pluripotency testing. This included the identification of key genes and 

transcription factors linked to pluripotency alongside carrying out a spontaneous 

differentiation assay. The resulting monoallelic hESCs showed robust expression of the 

pluripotency markers OCT4 and NANOG, with the additional strong expression of the 

surface antigen SSEA-4, further indicating their pluripotent state (Fig. 5 D, E, G). Upon 

induction of spontaneous differentiation, these cells displayed the expression of lineage-

specific markers from all the three lineages: ectoderm (TUJ1, PAX6), mesoderm (TBXT, 

SMA), and endoderm (AFP) (Fig. 5 F, G). The decreased expression of DGCR8 protein 

was confirmed  by Western blot (Figure 5 C). The cell line has been published [205] and 

registered under the unique identifier ‘HVRDe009-A-1’. 
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Figure 5. HVRDe009-A-1 colony morphology and karyogram: (A) HVRDe009-A-1 

exhibits typical stem cell-like morphology and forms colonies. (B) Representative 

karyogram of the HVRDe009-A-1 cell line. Resolution 450-500 bands per haploid 

chromosome. (C) Representative Western blots for DGCR8 and β-actin. (D) 

Immunostaining of the pluripotency markers OCT4 and NANOG on the undifferentiated 

HVRDe009-A-1 cells (E) SSEA-4 flow cytometry analysis of undifferentiated 

HVRDe009-A-1 cells. (F) Immunostaining of markers specific for the three germ layers 

(AFP endoderm, SMA mesoderm, TUJ1 ectoderm) in differentiated offspring (embryoid 

body day 12). (G) relative mRNA expression to RPLP0 housekeeping gene of 

pluripotency and lineage-specific markers on undifferentiated hESCs and differentiated 

offspring (embryoid body day 12), mean ± SD values of technical replicates are shown 

[205]. 
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4.2. Gradual loss of transgene expression in DGCR8+/- hESCs  

Consistent monoallelic expression of GFP was observed in HVRDe009-A-1 cells under 

puromycin-containing culture conditions (Fig. 6 A, B, C). However, after puromycin 

deprivation, GFP expression decreased gradually (Fig. 6 B). To investigate whether 

transgene silencing was a consequence of promoter hypermethylation, the cells were 

treated  with Trichostatin A (TSA), a compound that promotes the  removal of acetyl 

groups from histones. The treatment led to an increase in GFP expression only in cells 

that were still GFP-positive, thereby eliminating transgene silencing as the likely cause 

of GFP loss (Fig. 6 D). RT-qPCR measurements on FACS-sorted GFP negative 

populations showed a reduction in copy number, implying that genetic rearrangements 

and the loss of transgene copy from the DGCR8 locus were likely contributed to the loss 

of transgene expression (Fig. 6 E). Both GFP positive and GFP-negative single cells were 

selected and subsequently expanded for further characterization as illustrated in (Fig. 6 

A).  
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Figure 6. Gradual loss of transgene expression in the HVRDe009-A-1 cells: (A) 

Schematic overview of clone selection  (B) GFP FACS measurements of cells during 

puromycin deprivation. (C) GFP copy number measurement in the HVRDe009-A-1 cells 

with antibiotic selection. Relative quantification (RQ) values were calculated using 

RPPH1 as reference target and a 1 copy control as reference sample; mean ± SD values 

of technical replicates are shown.  (D) GFP FACS measurements of cells treated with 0, 

30 or 60 nM Trichostatin A (TSA), respectively. (F) Measurements of GFP copy number 

R
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in the GFP positive or negative sorted populations. Relative quantitation (RQ) values 

were calculated using RPPH1 as reference target and a 1 copy control as reference sample; 

mean ± SD values of technical replicates are shown [206]. 

 

A total of 25 single cells were successfully expanded without puromycin selection. 

Among these, 12 of 25 had GFP positive origins and the remaining GFP negative. The 

progression of GFP loss during clonal expansion of GFP positive cells was closely 

monitored through  FACS analysis. By day 30, GFP expression had dropped below 25% 

in 7 of 12 GFP-positive clones. Subsequently, by day 60, the expression had declined to  

0% in two cases (as shown in Supplementary Fig. 1 and Fig. 7 A). In contrast, the GFP-

negative clones retained the GFP-negative phenotype, irrespective of the presence of 

other parts of the insert. These findings were further confined by qPCR measurements, 

confirming the absence of the GFP expression cassette in the GFP negative clones (as 

illustrated in Fig. 7 B). 

 

 

Figure 7. GFP expression and copy number in HVRDe009-A-1 clones: (A) GFP 

FACS analysis of GFP positive cell derived HVRDe009-A-1 clones 60 days after single-

cell cloning. (B) Measurements of GFP copy number in the HVRDe009-A-1 clones 60 

days after single-cell cloning. Relative quantification (RQ) values were calculated using 

RPPH1 as reference target and a 1 copy control as reference sample; mean ± SD values 

of technical replicates are shown [206]. 

 



 
32 

 

In general, the observations suggest that genetic rearrangements and the loss of transgene 

copy from the DGCR8 locus were likely the cause of the loss of transgene expression. 

The generated single cell clones were subjected to further genetic characterization.  

 

4.3. Selected single cell clones contain certain regions of the insert. 

 Four single-cell clones (HVRDe009-A-1-A11, HVRDe009-A-1-B3, HVRDe009-A-1-

C4 and HVRDe009-A-1-E9) were selected for further in-depth analysis. Every clone lost 

GFP expression and puromycin resistance along the clonal expansion without antibiotic 

selection (Fig. 8 A). To clarify the genetic mechanism for the loss of transgene expression, 

diagnostic PCR were conducted on these clones. Notably, substantial portions of both 

expression cassettes were found to be absent, resulting in the retention of specific 

segments of the integrated transgene (Supplementary Fig. 2). Through sequencing 

analysis, it was revealed that all four of the single-cell clones exhibited monoallelic 

disruption of the DGCR8 gene, while the intact allele remained preserved (Supplementary 

Fig. 3). Despite rigorous steps involving multistep FACS sorting and clonal expansion, 

these selected clones consistently maintained their characteristic stem cell-like 

morphology and normal karyotype (as shown in Fig. 8 B).  

These results proved that the loss of transgene expression and puromycin resistance is 

due to genetic rearrangements and the loss of the transgene copy from the DGCR8 locus, 

rather than epigenetic silencing. 
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Figure 8. Expression of GFP and karyogram of the selected HVRDe009-A-1 clones: 

(A) GFP FACS analysis of the selected HVRDe009-A-1 clones (B) Representative 

karyogram of the HVRDe009-A-1 clones. Resolution 450-500 bands per haploid 

chromosome [206]. 

 

4.4. DGCR8+/− hESCs maintain pluripotency and trilineage differentiation capacity. 

The expression of crucial pluripotency markers, namely OCT4 and NANOG was 

thoroughly analyzed by immunostaining and real-time quantitative PCR. Remarkably,  

HuES9 DGCR8+/− cells constantly expressed these markers, at levels comparable to the 

wild-type cell. This observation underscores that the introduced mutation did not affect 

the pluripotent state of the cells (Fig. 9 A and Fig. 10 B). Furthermore, flow cytometry 

analysis also demonstrated the robust expression of SSEA4 in cells, further confirming 

the cell’s pluripotency (Fig. 9 B).  
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Figure 9. Pluripotency of selected HVRDe009-A-1 clones: (A) Immunostaining of the 

pluripotency markers OCT4 and NANOG on the undifferentiated HVRDe009-A-1 clones 

(B) SSEA-4 flow cytometry analysis of the selected HVRDe009-A-1  clones [206]. 

 

To investigate the differentiation potential of HuES9 DGCR8+/− cells, embryoid body 

(EB) formation was used. Through this approach, markers indicative of the three germ 

layers -ectoderm (TUJ1, PAX6), mesoderm (TBXT, SMA), and endoderm (AFP)  were 

detected by immunostaining and real-time quantitative PCR (Fig. 10). The clones 

displayed enhanced expression levels of OCT4 and NANOG in the undifferentiated state, 
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which progressively declined upon differentiation, as shown in (Fig. 9 A and Fig. 10 B). 

In contrast, differentiated offspring 12 days after EB plating presented increased 

expression in markers representing all three germ layers (Fig. 10).  

 

Figure 10. Differentiation capacity of selected HVRDe009-A-1 clones: (A) 

Immunostaining of markers specific for the three germ layers (AFP endoderm, SMA 

mesoderm, TUJ1 ectoderm) in differentiated offspring (embryoid body day 12); (B) 

relative mRNA expression to RPLP0 housekeeping gene of pluripotency and lineage-

specific markers on undifferentiated hESCs and differentiated offspring (embryoid body 

day 12); mean ± SD values of technical replicates are shown [206]. 

 

Overall, these results demonstrated that the heterozygous deletion of DGCR8 did not 

impair the pluripotency and spontaneous differentiation capacity of hESCs.   
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4.5. DGCR8+/- hESCs show decreased DGCR8 expression. 

Given the complex autoregulatory loop between DGCR8 and  DROSHA, it becomes 

essential to evaluate the levels of DGCR8 and DROSHA protein. Our methodology 

conducted concurrent measurements DGCR8 and DROSHA within the same cellular 

population, thus providing a ‘snapshot’ of the clones. Notably the cell pellets utilized for 

both real-time quantitative PCR and Western blot analyses were derived from the same 

origin, ensuring accurate representation. Results of two representative experiments 

facilitated the  following observations: Real-time quantitative PCR results showed 

slightly fluctuating levels of DGCR8 in the clones, not considerably different in any case 

compared to the parental HUES9 line (Fig. 11 A and Supplementary Fig. 4 A). In contrast, 

Western blot detections consistently showed a reduction of 40-50% in protein expression 

within each clone  relative  to the parental line, regardless of the individual clone or it’s 

corresponding mRNA expression (Fig. 11 C and Supplementary Fig. 4 B). Meanwhile, 

the assessment of DROSHA mRNA and protein levels showed clone-specific expression 

profiles, clonal differences made comparisons with the parental HUES9 line inconclusive 

(Fig. 11 and Supplementary Fig. 4 A C).  

These results show that in the expression profile of Microprocessor components on the 

mRNA level may be inconclusive. Compared to the parental HUES9 hESC line, every 

hemizygous clone showed indistinguishable DGCR8 and DROSHA mRNA levels. The 

DGC8 protein levels, however, showed 40-60% reduction. 
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Figure 11.  Expression of the Microprocessor components DGCR8 and Drosha in 

the selected HVRDe009-A-1 clones: (A) Expression levels of DGCR8 and DROSHA 

mRNAs relative to POL2A endogenous control in a representative experiment; mean ± 

SD values of technical replicates are shown.  (B) Representative Western blots for 

DGCR8, DROSHA, and β-actin. (C) DGCR8 and Drosha protein levels of representative 

Western blots normalized to β-actin levels, and relative expressions in the parental HuES9 

(WT) cell line [206]. 

 

4.6. DGCR8+/- hESCs show partial disturbance of Microprocessor function. 

The Microprocessor complex is essential for the processing of primary microRNA into 

mature miRNA. As clustered miRNAs share primary transcript, processing steps can 

provide an additional layer for their regulation. A previous study has shown that Drosha 

depletion by siRNA silencing in hESCs results in a gradual decrease in pri-miRNA 

processing in the extended miRNA cluster, C19MC [208]. Building upon these insights, 

we addressed the question whether partial depletion of DGCR8, the other essential 

component of the Microprocessor complex, may yield a similar phenotype. Therefore, we 

examined the processing activity in three selected regions along C19MC in four 

DGCR8+/- clones. The results indicated clone-specific responses: clones E9 and B3 
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showed a modest, gradual decrease toward the 3’end of the cluster, while this decrease 

was not observed in clones A11 and C4, as shown in Figure 12. Interestingly, our findings 

did not demonstrate a clear correlation between DGCR8 expression levels and the 

observed responses. However, they do suggest a potential disturbance in the 

Microprocessor function among cells where the DGCR8 protein level is reduced due to a 

heterozygous mutation. 

 

 

Figure 12. miRNA processing along the C19MC in selected HVRDe009-A-1 clones: 

Measuring position-dependent pri-mRNA processing along the C19MC in DGCR8 

mutant clones. At 3 selected positions, the ratio of total versus unprocessed pri-miRNAs 

was determined using distinct primer pairs by real-time PCRs. In this representative 

experiment, colored circles show mean values of measurement points in different clones; 

± SD values of 3 technical parallels are also shown. Colored lines indicate the tendency 

to decrease in processing efficiency (if any) for a given clone. [206] 



 
39 

 

5. Discussion 

miRNAs exert their function in the post-transcriptional regulation of gene expression. 

They have been proven to influence many important biological processes, including cell 

differentiation, proliferation, apoptosis, and embryonic development [54]. A dysregulated 

miRNA pattern is often implicated in various diseases, suggesting the crucial role of 

miRNA dosage in pathophysiological processes (202–205). The primary emphasis in 

research has traditionally been on mechanistic investigation of miRNA function. 

However, it is equally important to understand the importance of alterations in their 

coordinated regulation in disease pathogenesis. [67]. Pri-miRNA processing is one such 

regulatory step, carried out by the Microprocessor complex consisting of two 

components, DROSHA and DGCR8 [209]. DGCR8 is one of the genes affected by 

DiGeorge syndrome (DGS), a congenital disease caused by hemizygous microdeletions 

in 22q11.2 [2]. Major clinical manifestations in DGS include congenital heart disease, 

palatal abnormalities, immune deficiency, facial features, and central nervous system 

anomalies, among others [210]. Since 2007 various  Dgcr8 knockout model approaches 

have been established on mice and mESCs. Most of these studies concentrated on 

conditional- or tissue-specific knockout mice and mESCs [11–15]. While these models 

indeed provide an ideal platform for studying DGCR8 protein, non-canonical miRNAs, 

or non-canonical DGCR8 functions, they have less impact on the interpretation of the 

partial DGCR8 disruption presented in DGS. Studies concerning the consequences of 

monoallelic DGCR8 expression predominantly use mESC-derived neural cultures or 

mice for studying DGS or SCZ. They often find overlapping phenotype with DGS mouse 

models, including signs of altered brain miRNA biogenesis [17–21]. It is noteworthy that 

transcriptional networks and signaling pathways of mouse and human PSCs display 

considerate divergence due to species differences, making mESCs less reliable as models 

of human disease [211,212]. To our knowledge, only two papers have been published 

with partial or complete loss of DGCR8 in human pluripotent stem cells. The first 

reported altered cell cycle and poor self-renewal capacity coupled with spontaneous 

differentiation in DGCR8-/- hiPSCs [22]. The other reported overlapping phenotypic 

alterations when comparing DGS- and DGCR8+/- hiPSCs-derived cortical neurons further 

suggesting the prominent role of DGCR8 in DGS. However, the characterization of the 

haploinsufficient pluripotent stem cells was beyond the scope of these works [23].  
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This work presents the establishment and characterization of a DGCR8 hemizygous hESC 

line, a cellular tool to model DGS and linked psychiatric diseases, and to carry out 

comprehensive studies in miRNA biology. Human ESCs have enhanced repair 

mechanisms compared to their differentiated offspring and to hiPSCs, making them 

difficult to edit [213]. Therefore, we applied a knock-in/knock-out NHEJ approach with 

two tandem CAG-driven selection markers enabling GFP expression and puromycin 

resistance (Fig. 4 A). Despite our impressive transfection efficiencies, stable integration 

of our selection markers proved to be surprisingly low, even though NHEJ delivery of 

large inserts was reported to be efficient [165]. With the help of multi-selection 

enrichment, in a stable GFP-expressing population, insertional events could be detected, 

and single cell clones of GFP-expressing cells established. Clonal expansion resulted in 

20% survival, and the clones exhibited uniform and stable GFP expression. This meets 

the typical recovery of wild-type hESCs using mouse embryonic fibroblast-conditioned 

medium (MEF-CM) and Matrigel coating [214]. We could not detect clones carrying 

biallelic insertion. Given that biallelic insertions are generally less frequent and DGCR8 

knockout ESCs and DGCR8-/- cells have low proliferation rate, this is not surprising. PCR 

genotyping and Sanger sequencing revealed that 1 of 20 clones contained the insert in the 

right location (Fig. 4). The resulting cell line, HVRDe009-A-1, maintained stem cell-like 

morphology and normal karyotype despite the transfection, multistep FACS sorting, 

puromycin selection and single cell cloning (Figure 5 A B). All of this poses a high risk 

of developing karyotypic aberrations [215,216]. What is more, none of the top predicted 

CRISPR off-target sites carried mutations (for detailed sequence alignment see [206]). 

This was expected, given that ESCs, in general, have superior DNA repair machinery, 

and hESCs, unlike hiPSCs, have been reported to repair DSBs predominantly via 

homologous recombination repair (HRR) and high-fidelity NHEJ [217,218]. The 

HVRDe009-A-1 cells display uniform GFP expression in puromycin containing selection 

medium (Figure 6 B). However, without puromycin, cells slowly lose transgene 

expression (Figure 6 D). This could be caused by transgene silencing, which is known to 

occur in transfected cells; however, it is very unlikely, given the fact that the CAG 

promoter is known to sustain expression in PSCs [219]. Further genetic characterization 

on single cell clones of HVRDe009-A-1 revealed that loss of transgene expression is 

caused by genetic rearrangements resulting in the loss of significant portions of both 
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marker expressing units from the DGCR8 locus (Supplementary Fig. 2). Loss of 

heterozygosity is known to occur in PSC systems; however, this form of partial transgene 

loss differs from those observed in LOH [220]. Sanger sequencing data provided evidence 

for the sustained monoallelic disruption of DGCR8 in the subclones (Supplementary Fig. 

3 B) which may be the consequence of the recombination of two identical CAG 

promoters. With this method, we generated mutated clones without selection markers. To 

date there is no other work studying the pluripotency and the differentiational capabilities 

of DGCR8+/- hESCs. The knockout mESCs revealed that complete depletion of Dgcr8 is 

coupled with altered cell cycle, and that these cells are incapable of silencing their self-

renewal program [9]. Consistent with hemizygous mESCs, The HVRDe009-A-1 clones 

show homogeneous expression of OCT4 and NANOG pluripotency markers in the hESC 

colonies, and more than 90% of the cells express SSEA-4 comparable to HUES9wt (Fig. 

9 A B). Their spontaneous differentiation capacity was tested using embryoid body (EB) 

differentiation (Fig. 10). We analyzed the presence and cellular location of markers 

specific for all three germ layers with immunostaining and RT-qPCR in parallel. None of 

the subclones showed any difference in the expression of markers of ectoderm (TUJ1, 

PAX6), mesoderm (TBXT, SMA), and endoderm (AFP) compared to the HUES9 cells 

throughout the differentiation process, indicating that monoallelic DGCR8 disruption is 

not sufficient to abort spontaneous trilineage differentiational potential (Fig. 10). This is 

in line with studies on hemizygous mice and mESCs. While all of them display strong 

and relevant pathophysiological phenotypic differences in differentiated neurons 

compared to controls in terms of synaptic plasticity and morphology, their differentiation 

towards neuronal lineages is intact except for alterations in progenitor proliferation [17–

21]. Due to the autoregulatory feedback loop (discussed in detail in 1.3.1), the expression 

levels of DROSHA and DGCR8 are not implicit in DGCR8 hemizygous cells. Dgcr8 

mRNA levels were not included in those studies conducted on haploinsufficient mice 

except for a few examples: the Zakharenko group reported significant, around 20% 

decrease in Dgcr8 mRNA levels in a Dgcr8+/- mutant mouse model they generated; source 

of the sample was not published [20], while the Kim group found no significant 

differences on hemizygous mESCs in Dgcr8 mRNA levels compared to those in wild-

type cells [47]. Our results on DGCR8 mRNA expression are consistent with those 

observed in these mice/mESCs: all four Dgcr8+/- clones show slightly fluctuating but not 
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considerably different DGCR8 mRNA levels when compared to the parental HUES9wt 

cells (Fig. 11 A, Supplementary Fig. 4 A). However, DGCR8 protein levels of DGCR8 

are approximately 50% reduced in all cell lines compared to parental DGCR8+/+ (ntotal=10 

in 4 representative runs) (Fig. 11 B, Supplementary Fig. 4 B). Surprisingly, DROSHA 

mRNA and protein levels were not consistent with DGCR8 protein decrease despite the 

well documented autoregulatory loop (Fig. 11 A C and Supplementary Fig. 4 A C) [47]. 

It is widely accepted that mRNA levels in DGCR8+/- cellular and mouse models represent 

constant DGCR8 dosage. A 2011 study from the Blelloch group illustrates well the 

significant impact a 20-day long period over postnatal development can have on the 

cortex of Dgcr8+/- mice: “Surprisingly, on postnatal day (P)5 Dgcr8+/- frontal cortices 

showed no significant changes in Dgcr8 mRNA levels assessed with quantitative PCR 

(qPCR).” “In contrast, by P25, Dgcr8 mRNA was significantly downregulated by 40 ± 

9% in Dgcr8+/- cortex.” [221]. This strongly indicates that cell type and developmental 

state may considerably change DGCR8 mRNA expression. In neurons, DGCR8 

haploinsufficiency was reported to cause significant alterations in miRNA biogenesis, 

Ca2+ handling, proliferation [17–21]. Pri-miRNA processing is known to act as a 

regulatory factor in miRNAs [222]. Since clustered miRNAs share primary transcript, 

processing steps in their regulation are particularly important [46]. One of such clusters 

is the primate-specific C19MC, a large cluster of 46 miRNAs. It is predominantly 

expressed in hESCs and in the reproductive system, including the placenta [89]. A 

previous study found that the processing of the cluster members shows a position-

dependent profile with decreased activity towards the 3’ regions in hESCs, but not in 

placenta-derived cells. Additionally, this phenomenon could be enhanced with siRNA 

knockdown of DROSHA [208]. Therefore, we addressed the question whether 

haploinsufficiency in DGCR8, the other essential component of the Microprocessor 

complex, may cause a similar phenotype. Surprisingly, our results did not demonstrate a 

clear correlation between DGCR8 protein levels and the observed response, while two 

clones showed a modest, gradual decrease toward the 3′ end, this could not be observed 

in the other two clones (see Fig. 12). This suggests a potential disturbance in the 

Microprocessor function among DGCR8 heterozygous cells. In the C19MC, tissue-

specific differences in the effective Microprocessor recruitment to transcriptional sites 

are thought to influence processing of the primary transcript [208]. The limited 
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availability of any Microprocessor component can indeed act as a bottleneck. A previous 

study on the Microprocessor dynamics showed that DGCR8 is massively recruited close 

to the C19MC transcription sites and is also essential for DROSHA recruitment [223]. In 

addition, they are dissociating separately from the transcription site, and DGCR8 has a 

longer residue time [223]. Recently it was also found that ERH and SAFB2 recruit the 

Microprocessor by binding to the N-terminus of DGCR8 and mediate the processing of 

suboptimal and neighboring hairpins in miRNA clusters. Both ERH and SAFB2 tend to 

dimerize, suggesting a complex with a dimerized Microprocessor [224]. Furthermore, 

cluster assistance has been proved to effectively enhance processing over 1kb spacing 

between helper and recipient hairpins [101]. It is tempting to speculate that DGCR8 - due 

to its intensive recruitment by ERH - tends to be enriched on the processing site, while 

DROSHA dissociates. In this scenario, with locally increased DGCR8 levels in proximity 

to a polycistronic locus, processing could be feasible even with globally reduced DGCR8 

levels. However, our knowledge of cluster assistance and the regulation is incomplete and 

fragmented. Countless trans factors may alter the Microprocessor recruitment, affinity, or 

cleaving activity. Dicer processing and decay further complicate the regulatory network. 

However, it is important to study the regulatory processes of miRNA biogenesis in 

different contexts. In summary, this study demonstrates that the hESC line with a 

heterozygous mutation in the DGRC8 gene serves as an effective molecular and cellular 

model for examining the functions of DGCR8. The suppressed maturation of canonical 

miRNAs resulting from lower DGCR8 expression also facilitates the study of 

noncanonical miRNAs. In general, the HVRDe009-A-1 cell line contributes significantly 

to understanding of the canonical human RNA interference pathway and the 

“noncanonical” functions of the DGCR8 protein. 
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6. Conclusions 

This dissertation aims to focus on the establishment and characterization of a DGCR8 

hemizygous hESC line. Employing our knock-in/knock-out NHEJ approach with two 

tandem, CAG driven selection markers (GFP expression and puromycin resistance), we 

successfully generated a GFP expressing monoallelic DGCR8 mutant clone (HVRDe009-

A-1). This underscores the feasibility of this method for site-directed mutagenesis in hard-

to-edit genomic regions. We observed spontaneous loss of transgene expression caused 

by genetic rearrangements, and the loss of significant portions of both marker-expressing 

units in the clonal derives of HVRDe009-A-1. Sanger sequencing provided evidence for 

the sustained monoallelic disruption of DGCR8 in all investigated single cell clones, 

enabling their future use in fluorescent assays. miRNAs play a pivotal role in the post-

transcriptional regulation of gene expression; disruption of miRNA regulation may lead 

to differentiational defects. Our results show that  haploinsufficiency in DGCR8 is not 

sufficient to disrupt the pluripotent state or the trilineage differentiational potential of 

hESCs, which is in line with the studies on Dgcr8+/- mESCs. Given the overall phenotype, 

we assessed the question whether monoallelic DGCR8 expression is complemented by 

regulatory mechanisms or results in a substantial reduction in mRNA and protein levels. 

Intriguingly, while HVRDe009-A-1 cells and their progeny did only show minor 

disparities  in DGCR8 mRNA expression, protein levels exhibited approximate 50% 

reduction compared to wild-type parental cells. This discrepancy between mRNA and 

protein levels highlights the potential inconclusiveness of mRNA measurements alone. 

Lastly, a previous study found that processing of the primate specific C19MC cluster 

members shows a position-dependent profile with decreased activity towards the 3’ 

regions in DROSHA knockdown hESCs. We investigated whether DGCR8 

haploinsufficiency, as the other essential component of the Microprocessor complex, 

could yield a similar phenotype. Surprisingly, our results did not demonstrate a clear 

correlation between DGCR8 protein levels and the observed response. While two clones 

showed a modest, gradual decrease toward the 3′ end, this could not be observed in the 

other two clones. Consequently, further comprehensive studies are needed to decipher the 

exact processes behind the incomplete penetration of this phenotype.  
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In summary, the main findings of this study as follows:  

 

• Insertional mutagenesis via CRISPR/Cas9 and NHEJ repair is a viable approach to 

induce monoallelic loss-of-function mutations.  

• DGCR8+/- hESCs  effectively maintain their pluripotent state. 

• DGCR8+/- hESCs are also capable of differentiating spontaneously in the three germ 

layers. 

• Monoallelic DGCR8 disruption in hESCs does not always lead to  50% reduction in 

DGCR8 mRNA expression in hESCs. 

• DGCR8 mRNA expression levels do not necessarily indicate protein levels or 

genetic background.  

• While DGCR8+/- hESCs partially recapitulate the position-dependent miRNA 

processing observed along the human C19MC, this phenomenon is distinct from the 

response seen in DROSHA knockdowns.  
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7. Summary 

miRNAs regulate gene expression and influence biological processes (54). The 

Microprocessor complex – composed of DGCR8 and DROSHA- is essential for the 

first step of miRNA processing, thus serving as a highly relevant component in miRNA 

regulation (70). Systemic deletion of DGCR8 is lethal with an early arrest in 

development, while haploinsufficiency is present in a congenital disease, DGS (6,9). 

To date there is no other work studying the pluripotency and the differentiational 

capabilities of DGCR8+/- hESCs, or the consequences of reduced DGCR8 levels in 

miRNA processing. This dissertation presents the establishment and characterization of 

a DGCR8 hemizygous hESC line. We applied a CRISPR-based knock-in/knock-out 

NHEJ approach with two tandem selection markers (GFP and puromycin resistance). 

Although we were unable to detect knockouts, a single cell clone (HVRDe009-A-1) 

carried the insert at the right location in a monoallelic manner. Without selection, 

gradual loss of transgene expression was observed in the clonal progeny of HVRDe009-

A1. Sanger sequencing data provided evidence for the sustained monoallelic disruption. 

The parental HVRDe009-A-1 and four selected subclones maintained normal karyotype 

despite transfection, cloning and selection steps. Our results demonstrate that DGCR8 

haploinsufficiency does not alter the pluripotency and spontaneous differentiation 

capacity of hESCs. It is hard to find research papers concerning DGCR8 expression 

levels in hemizygous cells. Based on our results, the expression profile of 

Microprocessor components on the mRNA level can be inconclusive: compared to the 

wild-type, the HRVDe009-A-1 cells display indistinguishable DGCR8 mRNA levels. 

The protein levels, however, show 40-60% reduction among them. A recent study 

reported that in DROSHA knockdown hESCs, the processing of the C19MC cluster 

members shows a position-dependent profile. Interestingly, HVRDe009-A-1 cells did 

not show 100% penetrance of this phenotype in our experiments. This could be 

explained by a better local DGCR8 recruitment caused by ERH-binding; however, 

further studies are needed to uncover this phenomenon. In conclusion, the HVRDe009-

A-1 cell line may be a good model to examine the functions of DGCR8 and the 

regulatory network of Microprocessor components and its role in disease. 
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Supplementary material 

 

Supplementary figure 1. Overview of the single cell cloning of GFP positive 

HVRDe009-A-1 without puromycin selection: GFP FACS analysis time points labeled 

green with the corresponding percentage of GFP expressing cells [206].  
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Supplementary figure 2. Diagnostic PCR results in the parental HVRDe009- 

A-1 cell line and the derived single cell clones: (A)  Schematic overview of the targeting 

construct and primers (B) Diagnostic PCR results in the parental HVRDe009-A-1 cell 

line and the derived subclones. Each primer set covers a  different fragment in the inserted 

cassette.  Green, black, and blue arrows indicate the expected amplicon sizes. Empty 

arrows indicate unexpected amplicon sizes. #: amplifying the normal allele (with 

primers 567+568) [206]. 
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Supplementary figure 3. Sanger sequencing of the selected  HVRDe009-A-1 clones: 

(A) Schematic representation of the 5’ transgene sequence environment. The indicated 

primer was used for sequencing (B) Sanger sequencing of the DGCR8 allele in the 

HVRDe009-A-1-derived single cell clones. 5’ residual sequence is labeled blue, NHEJ 

repair product is labeled grey, donor vector sequence is labeled with red and CAG 

promoter is labeled green. (For detailed sequence alignment see [206]). 
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Supplementary figure 4. Analysis of DGCR8 and DROSHA expression in the 

HVRDe009-A-1 clones: (A) Another biological replicate of relative mRNA expression 

levels; mean ± SD values of technical replicates are shown. (B) A biological replicate of 

DGCR8 protein level measurement in the clones relative to the parental HuES9 (WT) cell 

line. (C) A biological replicate of Drosha protein level measurement in the clones relative 

to the parental HuES9 (WT) cell line. For (B) and (C), Western blot images are on the 

left, quantification results are on the right [206]. 

 


