
1 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Doctorate in Biology 
XXXVII CYCLE 

 
 

Arf at the crossroad between  

cancer and differentiation 

 
 

     ELENA DE MARINO 
                           
 
 
 
 
 
 
 

                                       Supervisor                                               PhD Coordinator 
 

                            Prof. Alessandra Pollice                                                          Prof. Sergio Esposito 
 



2 
 

INDEX 
INDEX .................................................................................................................... 2 

Outline of the thesis ................................................................................................ 3 

Abstract ................................................................................................................... 5 

INTRODUCTION ................................................................................................... 6 

The CDKN2A locus ..................................................................................................................... 7 

p19Arf/p14 ARF protein ............................................................................................................ 9 

The regulation of ARF .............................................................................................................. 10 

Arf inactivation in cancer and role in pancreatic cancer ......................................................... 16 

Arf emergent roles .................................................................................................................. 23 

Mouse embryonic stem cells .................................................................................................. 26 

Progenitor Cells (PPCs) ............................................................................................................ 36 

AIM OF THE THESIS ......................................................................................... 46 

RESULTS ............................................................................................................. 50 

Application of the Crispr-Cas9 technology to target Exon 1β of p19Arf ................................. 51 

Generation of the genome editing construct: lentiCRISPRv2-Cas9-sgRNA targeting the Arf 
gene. ........................................................................................................................................ 53 

Generation of p19Arf mutated mouse embryonic stem cells (mESCs)................................... 59 

Validation of transgenic clones generated by transfection with CRISPRv2Arf#1 ................... 62 

Set up of mESCs and control cells differentiation toward PPCs (pancreatic progenitor cells) 70 

Analysis of the effects of mutations in p19Arf on pancreatic differentiation ........................ 76 

Molecular analysis of p19Arf mutated clones during pancreatic differentiation. .................. 83 

DISCUSSION ....................................................................................................... 97 

MATERIALS AND METHODS ....................................................................... 106 

CRISPR/Cas9 genome editing ................................................................................................ 107 

Cell cultures and differentiation protocol ............................................................................. 115 

RNA extraction and qPCR analysis ........................................................................................ 117 

Rhodamine-Phalloidin staining ............................................................................................. 118 

Western Blot analysis ............................................................................................................ 118 

Statistics ................................................................................................................................ 119 

REFERENCES ................................................................................................... 120 

APPENDIX ........................................................................................................ 145 

  



3 
 

 

Outline of the thesis 
 

This PhD thesis reports the results of a research project focused on studying the 

role of the p19Arf oncosupressor in in vitro pancreatic differentiation. Specifically, 

the project investigates if and how ARF may influence pancreatic lineage 

commitment during in vitro differentiation. The focus was initially directed toward 

designing a comprehensive strategy to assess the involvement of p19Arf in the 

homeostasis of Stem Cells and Pancreatic Progenitor Cells. Therefore, after having 

established a CRISPR-Cas9 based technology to target the genomic Arf sequence 

in mouse Embryonic Stem Cells (mESCs), the efforts were concentrated on 

generating a molecular construct specifically designed to target exon 1β of p19Arf 

and on the generation of stably ESC mutated Arf clones to analyze alterations in 

the differentiative process toward PPCs (Pancreatic Progenitor Cells). This 

analysis provided insights into the role of ARF in lineage-specific differentiation, 

enabling a deeper understanding of its function in the regulation of stemness and 

differentiation pathways. Results of the research were presented in three 

congresses and are the object of a manuscript in preparation. 

At the end of the thesis there is an APPENDIX containing two publications 

regarding research lines in which I was involved during my three years of PhD: 

1- “Identification of Cdk8 and Cdkn2d as New Prame-Target Genes in 2C-like 

Embryonic Stem Cells”. Lucci V, De Marino E, Tagliaferri D, Amente S, Pollice 

A, Calabrò V, Vivo M, Falco G, Angrisano T. 

doi: 10.3390/genes13101745. PMID: 36292630; PMCID: PMC9601988”. 

This research aimed to explore the role of Prame in regulating pluripotency in 

embryonic stem cells (ESCs) and brought to the identification of Cdk8 and Cdkn2d 

as two targets of of Prame in 2C-like Embryonic Stem Cells Genes. My 

contribution in the publication was mainly in the data validation: cell treatment 

RNA extraction and Real-time PCR analysis. 
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2- “Integrated Bioinformatics Analysis Reveals Novel miRNA as Biomarkers 

Associated with Preeclampsia” Brancaccio M, Giachino C, Iazzetta AM, 

Cordone A, De Marino E, Affinito O, Vivo M, Calabrò V, Pollice A, Angrisano 

T. doi: 10.3390/genes13101781. PMID: 36292666; PMCID: PMC9601722”. 

This research aimed at identifying key microRNAs (miRNAs) associated with 

preeclampsia and explore their potential biological roles, focusing on their 

expression in plasma and placenta. Analyzing miRNA expression profiles by 

bioinformatics analysis it was possible to identify nine specific miRNAs as 

promising candidates for non-invasive biomarkers for preeclampsia. I was mainly 

involved in establishing a methodology for analyzing GEO dataset data, followed 

by conducting a formal analysis of bioinformatic data. 
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Abstract 
 

The p14/p19ARF (Alternative Reading Frame), encoded by the Cdkn2A locus, is 

recognized as one of the most critical tumor suppressors due to its well-established 

role in cancer suppression. Recent findings, however, reveal an emerging role for 

ARF in development, differentiation, and in the regulation of stem cell self-

renewal, positioning it at the crossroads between cancer biology and cellular 

differentiation. Progenitor cell homeostasis is crucial not only for physiological 

processes, such as organ development, but also for pathological events, including 

cancer. Progenitor cells (PCs), which arise from the asymmetric division of stem 

cells within cellular niches, are particularly essential for regenerating organs and 

tissues with high cellular turnover, such as the pancreas. Dysregulation of PC 

homeostasis is central to both healthy tissue function and disease, as disruptions 

can contribute to tumorigenesis. Notably, the multi-step molecular progression to 

pancreatic cancer frequently involves the inactivation of key tumor suppressor 

genes, including p14/p19ARF. 

This PhD project focuses on studying ARF's role in balancing progenitor cell 

proliferation and quiescence during in vitro pancreatic differentiation. Previous 

findings from our laboratory indicated that p19ARF levels increase at both 

transcriptional and protein levels during in vitro pancreatic differentiation, 

suggesting its potential involvement in this process. Therefore, to explore ARF’s 

role in progenitor cell homeostasis, by using the CRISPR-Cas9 technology, I 

introduced mutations in exon 1 of p19Arf in mESCs. I obtained several clones 

with biallelic and mono allelic mutations confirmed by sequencing. Remarkably, 

p19Arf mutated clones showed impairment in the differentiation process toward 

PPCs with a more prolonged expression of stemness factors, thus suggesting an 

important role of p19Arf in the regulation of the stemness phenotype and PPCs 

homeostasis. These observations could help to clarify p19Arf role in 

differentiation processes and cancer susceptibility.   
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The CDKN2A locus   
  
The CDKN2A locus, located on human chromosome 9p21 and mouse 

chromosome 4, is among the most commonly mutated regions in human cancers, 

second only to the p53 locus. This locus encodes two distinct tumor suppressor 

proteins, p16Ink4a and p19Arf, which play crucial roles in inhibiting tumor 

development. The way in which a single genetic locus encodes two distinct 

proteins is unique among mammals (Quelle, et al., 1995): p16Ink4a is transcribed 

from three closely associated exons (named 1α, 2, and 3), while p19Arf transcripts 

origins from a different first exon (1β), located 13–20 kb upstream in the genome 

of humans, mice, and rats, and contains exon 2 (Duro, et al., 1995; Mao, et al., 

1995; Stone, et al., 1995; Swafford, et al., 1997). The start codon in exon 1β is not 

in frame with the sequences coding for p16Ink4a in exon 2, resulting in a 

completely different polypeptide. In mice, this 19-kDa protein includes 65 amino 

acids from exon 1β and 105 amino acids produced from the alternative reading 

frame (Arf) of exon 2 (Quelle., et al., 1995) (Figure 1). So, the β transcript produces 

mouse p19Arf (169 amino acids) or human p14ARF (132 amino acids), while 

mice, with only moderate conservation between species. Both mouse p19Arf and 

human p14ARF are highly basic nuclear proteins that can trigger cell cycle arrest 

at G1 and G2 phases in various cell types (Quelle, et al., 1995; Stott, et al., 1998). 

In particular, the p16Ink4a protein is part of the INK4 family, which inhibits the 

cyclin-dependent kinases CDK4 and CDK6. This inhibition prevents cyclin D-

CDK4/6 from advancing the cell cycle from G1 to S phase. As a result, the 

retinoblastoma protein (pRB) remains active in its hypo-phosphorylated form, 

binding E2F transcription factors and causing cell cycle arrest in G1. Conversely, 

the Arf protein stabilizes p53 by blocking Mdm2, activating p53 pathways (Russo, 

et al., 1998; Serrano, et al., 1993; Sharpless, et al., 1999). Cells lacking Ink4a are 

vulnerable to Arf-induced cell cycle arrest, indicating that p19Arf activity is 

independent from that of p16Ink4a. First observations underlined the importance 

of the amino-terminal region of Arf (amino acids 1–64), that is sufficient to trigger 
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cell cycle arrest when overexpressed (Quelle, et al., 1997; Zhang, et al., 1998). 

This Arf-Mdm2-p53 axis serves as a checkpoint against hyperproliferative signals, 

arresting cell growth and potentially inducing apoptosis in response to oncogenic 

stress (Sherr, et al., 1998) 

 

 

Figure 1. Representation of the INK4-ARF Locus.   

The rectangles illustrate the coding exons for each of the two genes, separated by intronic regions 

(horizontal black line). Exons encoding p19Arf are in blue (blue rectangle), and those for 

p16Ink4a are in red (red rectangle). Exons 2 (E2) and 3 (E3) are shared by both the p16Ink4a and 

p19Arf proteins but are translated using different reading frames, resulting in no sequence 

similarity. It is noteworthy that, for p19Arf, the third exon is transcribed but remains untranslated 

(friendly adapted from Sharpless, et al., 2006). 
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p19Arf/p14 ARF protein 
 
Both mouse p19Arf (169 amino acids) and human p14ARF (132 amino acids) 

proteins are highly basic due to a high arginine content (over 20%), giving them 

hydrophobic characteristics (Ozenne, et al., 2010). Interestingly, Arf is a recently 

evolved protein with the human and mouse proteins sharing only about 50% 

sequence similarity (Figure 2 shows the N-terminus of both mouse and human 

proteins). Due to the highly basic characteristic, the Arf protein lacks recognizable 

structural motifs both in vitro and in vivo, so it is likely that the proper folding 

requires the interactions with other molecules. Thus, the binding with its partners 

could be important to obtain stabilization at physiological pH, explaining the 

multitude of interactors described. Mammalian and avian ARF proteins lack 

identifiable structural motifs, and no NMR or crystallographic structures have been 

resolved, despite the protein’s small size. With an isoelectric point above 12, ARF 

promiscuously binds to other molecules, and more than 25 binding partners have 

been described, some of which involved in p53-independent functions (Sherr et 

al., 2006). Mouse p19Arf and human p14ARF have limited lysine and methionine 

content, with only one internal methionine each (Met45 in mice, Met 48 in 

humans), which is absent in other species. Initiation from these methionines 

produces a shorter mitochondrial-localizing form (smARF), while full-length ARF 

generally localizes in nucleoli due to nucleolar localization signals (NoLS) in exon 

1β (aa 26–37) of p19Arf (Weber, et al., 1999; Reef, et al., 2006). 

 

 

 

Figure 2. Alignment of Human and Mouse Protein Sequences. Comparison of the amino acid 

sequence of the N-terminal region of mouse Arf (in bold) with the human protein. Conserved 

residues between the two species are highlighted. (DiGiammarino, et al., 2010).  
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The regulation of ARF 
 
The intriguing behavior of ARF expression triggered by oncogenes has led 

researchers to explore its transcriptional regulators. Normally, ARF expression is 

kept at low levels, but oncogenic signals or DNA damage due to stressors 

significantly increase ARF expression, thus activating the cellular fail-safe 

mechanism. The precise regulation of ARF by different transcription factors 

suggests that its tumor-suppressive function can be adjusted depending on the 

specific stress signals present (Figure 3). Here, we highlight several critical 

transcription factors involved in modulating ARF mRNA expression. Notably, 

DMP1β interacts with DMP1α to prevent DMP1α binding to the ARF promoter. 

Additionally, the transforming growth factor beta 1 (TGFβ1) signaling pathway 

downregulates ARF transcription by suppressing E2F1 expression (Seo, et al., 

2020). 

 

Arf transcriptional regulation 
 

Under oncogenic stress, ARF transcriptional levels are induced by MYC, an 

oncogenic protein that regulates many specific targets. In this context, MYC 

induces ARF transcription to trigger oncogene-induced senescence (OIS), which 

can proceed through p53-dependent or independent mechanisms. The 

transcriptional activation of ARF mediated by MYC on one hand depends on the 

stabilization of p53 by sequestering MDM2 (Conacci-Sorrell, et al., 2014; Zindy, 

et al., 1998; Kamijo, et al., 1998; Pomerantz, et al., 1998) on the other hand MYC-

induced ARF expression occurs even in p53-null cells, indicating ARF’s additional 

roles beyond p53 regulation. In the MYC-mediated ARF expression are also 

involved E2F transcription factors, particularly E2F1, E2F2 and E2F3 which bind 

to E2F-responsive elements in the ARF promoter to activate its transcription 

independently of RB (De Gregori, et al., 1997; Parisi, et al., 2002; Aslanian, et al., 

2004). However, E2F3b acts as a negative ARF regulator, binding to the ARF 
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promoter to suppress its transcription, and its deletion can lead to ARF 

stabilization, p53 activation, and cell cycle arrest (Komori, et al., 2005; Humbert, 

et al., 2000). 

DMP1, specifically the DMP1α isoform, can also increase ARF expression by 

binding to its promoter, promoting cell cycle arrest (Inoue, et al., 1999; Tschan, et 

al., 2015). Conversely, DMP1β sequesters DMP1α, reducing ARF transcription; 

this antagonistic role of DMP1β has been associated with oncogenic behavior in 

breast cancer (Maglic, et al., 2015). 

FoxO transcription factors also contribute to the ARF expression, in fact there is 

FoxO-binding site within the ARF intron, activating its transcription and inhibiting 

MYC-driven lymphomagenesis (Bouchard, et al., 2007). 

Interestingly, ARF is also regulated by members of the TGFfamily although in 

different ways. In fact, transcriptional levels increase during embryogenesis due to 

TGFβ2 that promotes chromatin remodeling at the ARF locus, while TGFβ1 

negatively regulates ARF expression in B-cell lymphoma, highlighting the dual 

regulatory potential of ARF in tumor suppression and development (Bouchard, et 

al., 2007; Zheng, et al., 2010; Chen, et al., 2012). 

ARF levels are downregulated by factors such as BMI-1 from the Polycomb group 

(PcG) and the transcription factor Twist-1 (a bHLH protein), both of which recruit 

Ezh2 to the ARF promoter region. Polycomb group proteins form two main 

complexes, PRC1 and PRC2, which modify histones, alter chromatin structure, 

and regulate gene expression. Specifically, BMI-1 and Twist-1 repress ARF 

transcription by promoting trimethylation of histone H3 at lysine 27 (H3K27me3), 

mediated by Ezh2, the catalytic component of PRC2 (Bracken, et al., 2007; Ding, 

et al., 2014) (Figure 3).  
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Figure 3. The transcriptional regulation of Arf: Activators and Suppressors.  

This figure shows the transcriptional regulation of the ARF gene, highlighting its key activators 

and suppressors, which influence cell fate decisions. The activators of ARF transcription (top 

section, in blue): are proteins that upregulate ARF transcription such as MYC, E2F2, E2F1, FoxO, 

SMAD2, SMAD3, and DMP1α. This activation leads to cell cycle arrest, and/or senescence 

processes critical for tumor suppression and controlling abnormal cell proliferation. The 

suppressors of ARF transcription (bottom section, in red): are proteins that inhibit ARF expression 

such as BX2, DMP1β, Ezh2, EGFR, VPS34, BMI-1, CBX7, and E2F3 which supports cell 

proliferation and tumorigenesis. This suppression mechanism allows cells to bypass senescence 

and continue dividing, a common feature in cancer development. Overall, ARF acts as a 

checkpoint for cell growth control, where its transcriptional regulation is influenced by various 

factors that either promote or inhibit its function, balancing between tumor suppression and 

potential tumorigenesis (Seo, et al., 2020). 

 

Arf post translational regulations  
 

The regulation of ARF expression has been extensively characterized at the 

transcriptional level. However, recent studies indicate that post-translational 

mechanisms also play a critical role in controlling ARF in response to oncogenic 

stress. Alongside, post-translational modifications such as phosphorylation, 

ubiquitination, degradation pathways involving the proteasome and the lysosome, 

have been implicated in fine-tuning of ARF protein levels and functionality. These 

findings suggest that the stability and activity of ARF in cells may be tightly 
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regulated (Seo, et al., 2020). Phosphorylation, a key post-translational 

modification, modulates protein function across many cellular signaling pathways 

by targeting serine, threonine, or tyrosine residues. This modification, catalyzed 

by kinases, alters protein conformation due to changes in charge, which can lead 

to activation or deactivation, proteasome-mediated degradation, or modified 

protein–protein interactions. While phosphorylation is crucial in cellular signaling, 

ARF has only one identified phosphorylation site. In has been demonstrated that 

activation of protein kinase C alpha (PKCα) through TPA stabilizes ARF by 

phosphorylating it at threonine 8, thereby prolonging its half-life and shifting its 

localization from the nucleolus to the cytoplasm. This phosphorylation prevents 

ARF from regulating the MDM2/p53 axis and impairs its tumor-suppressive role 

(Vivo, et al., 2013).  

Interestingly, during cell spreading, ARF expression is notably upregulated as a 

result of Protein Kinase C (PKC) activation. A mutant form of ARF, designed to 

mimic phosphorylation at the conserved threonine 8 (T8D), has been shown to 

enhance both cell spreading and the activation of Focal Adhesion Kinase (FAK). 

Moreover, cells expressing the ARF-T8D mutant demonstrated a proliferative 

advantage, indicating that phosphorylation at threonine 8 plays a critical role in 

promoting cell proliferation (Fontana, et al., 2018). 

Ubiquitination is a critical cellular process that facilitates protein turnover by 

attaching ubiquitin molecules to lysine residues (or occasionally to methionine), 

on target proteins. This modification typically marks proteins for degradation by 

the proteasome, playing a vital role in regulating various cellular functions. 

The rate limiting step is facilitated by over 1000 identified E3 ligases (Seo, et al., 

2019) that direct proteins for different cellular fates: K48-linked chains target 

proteins for proteasome-dependent degradation, whereas K63- and M1-linked 

chains are involved in signaling cascades (Buetow, et al., 2016). 
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Although human ARF lacks lysine residues, research has been focused on its 

potential N-terminal ubiquitination and ULF E3 ubiquitin ligase has been 

identified as he enzyme of election (Chen, et al., 2010). 

Depletion of ULF stabilizes p53 by increasing ARF protein levels, indicating a 

regulatory relationship. ULF-mediated ARF ubiquitination likely occurs in the 

nucleolus, as the interaction is inhibited when nucleophosmin (NPM) sequesters 

ARF in the nucleolus, thus protecting it from ULF mediated degradation. Other 

factors modulate ULF-mediated ARF degradation: MYC binds to ULF, inhibiting 

ARF-ULF interaction, independent of MYC’s transcriptional activity, thereby 

controlling ARF levels through both transcriptional and post-translational 

mechanisms (Chen, et al., 2010; Chen, et al., 2013). Additionally, TNFR-

associated death domain (TRADD) inhibits ARF ubiquitination via the TNFR 

pathway by disrupting the ARF-ULF interaction, stabilizing ARF and promoting 

oncogene-induced senescence (OIS) upon H-RasV12 expression. Finally, 

nucleostemin (NS), a nucleolar GTPase, also stabilizes ARF by preventing its 

degradation, supporting ARF's role in tumor suppression and cellular homeostasis. 

Nucleostemin (NS) stabilizes ARF through two mechanisms: enhancing the NPM-

ARF complex in the nucleolus and preventing ARF interaction with ULF, an E3 

ligase, thus reducing ARF ubiquitination and degradation. GLTSCR2, a nucleolar 

protein, relocates ARF to the nucleoplasm, where it increases ARF’s interaction 

with ULF, leading to proteasome-dependent degradation of ARF (Lo, et al., 2015; 

Lee, et al., 2017). 

Several E3 ligases further regulate ARF stability. MKRN1 tags ARF for 

degradation, reducing ARF levels and promoting cell proliferation; MKRN1 

depletion in gastric cancer cells induces senescence, reversible by co-depleting 

ARF (Ko, et al., 2012). Similarly, Siva1 interacts with ARF, inducing its export 

from the nucleolus and promoting K48-linked ubiquitination, destabilizing ARF 

and leading to G1 cell cycle arrest upon Siva1 depletion (Wang, et al., 2013). β-

TrCP2 specifically targets p19Arf for degradation in response to growth factor 
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signaling via mTOR-S6K1 phosphorylation, which is essential for cell 

proliferation control in mouse models (Nakagawa, et al., 2015). 

Deubiquitinating enzymes (DUBs) counteract these E3 ligases. USP10 stabilizes 

ARF by removing ubiquitin tags, particularly under MYC-induced oncogenic 

stress, thereby sustaining ARF’s tumor-suppressive function (Ko, et al., 2018). 

USP7 also indirectly modulates ARF by stabilizing ULF, promoting ARF 

degradation in hepatocellular carcinoma (HCC) cells, thus enhancing proliferation 

(Cai, et al., 2015). These findings illustrate a complex regulatory network where 

ARF levels are finely balanced by both ubiquitination and deubiquitination, 

influencing cell proliferation, senescence, and tumor suppression (Seo, et al., 

2020). 

Interestingly, ARF is protected from degradation by the proteasome by TBP-1  

(Tat-Binding Protein 1), a multifunctional protein, component of the regulatory 

subunit of the proteasome (Pollice, et. al, 2004; Pollice, et al., 2007) and also by 

binding to NPM/B23 a multifunctional nucleolar phospho-protein (Bertwistle, et 

al., 2004). 
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Arf inactivation in cancer and role in pancreatic 
cancer 

 
Molecular and cellular biology techniques, animal models, and genetic studies on 

cancers have demonstrated ARF's role in tumor suppression (Muniz, et al., 2011; 

Shimizu, et al., 2010). In murine models, Arf has been shown to be more critical 

than p16 in tumor suppression, as Arf-deficient mice develop a wide range of 

tumors, including lymphomas, sarcomas, and adenocarcinomas, with a median 

survival of approximately one year. Additionally, tumors arising in heterozygous 

mice frequently undergo loss of the remaining Arf allele, further emphasizing its 

crucial role in tumor suppression. This highlights the predominant role of ARF 

over p16 in mice (Kamijo, et al., 1999; Fontana, et al., 2018). 

In the majority of human cancers, both ARF and p16 are inactive, complicating 

efforts to discern their specific roles in tumor suppression (del Arroyo, et al., 2005; 

Rizos, et al., 2001; Gardie, et al., 1998; Rutter, et al., 2003; Zhang, et al., 1998). 

Changes in the CDKN2a locus have been identified in approximately 30% of 

human tumors, including glioblastoma, melanoma, and pancreatic 

adenocarcinoma (Sharpless, et al., 1999; Maggi, et al., 2014). Germline mutations 

in CDKN2A have also been identified in pancreatic cancer patients and families 

(Lal, et al., 2000; Bartsch, et al., 2002; Gerdes, et al., 2000). Additionally, 

CDKN2A/B variants have been associated with increased susceptibility to type 2 

diabetes, underscoring their potential role in beta-cell function and regeneration 

(Bao, et al., 2011). 

Conversely, it has been shown that the loss of Arf markedly accelerates tumor 

development by promoting the angiogenic switch. This evidence highlights the 

p53-independent functions of Arf and suggests a novel role for Arf as a regulator 

of tumor angiogenesis (Ulanet, et al., 2010). 

However, Arf-null mice typically die within a year from birth due to the onset of 

various types of cancers including sarcomas (43%), lymphoid malignancies (29%), 
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carcinomas (17%), and neurological tumors (11%). In heterozygous mice, tumors 

often show loss of the remaining allele (Kamijo, et al., 1999). 

Despite the abnormal methylation of both p16INK4a and p14ARF promoters being 

linked to lymph node metastasis and higher tumor grade in colon cancer (Lee, et 

al., 2006), this alteration is also associated with poor prognosis in breast, colon, 

and bladder cancers (Dominguez, et al., 2003). Additionally, in squamous cell 

carcinoma of the anterior tongue, p14ARF expression independently predicts both 

relapse and survival outcomes (Kwong, et al., 2005). 

Interestingly, promoter methylation in the ARF gene has been observed to occur 

independently of INK4a promoter methylation, suggesting this as a distinct 

alteration affecting ARF expression. In fact, methylation of p14ARF is correlated 

with a lower recurrence rate in oral cancer patients who have favorable clinical 

outcomes (Sailasree, et al., 2008). A CpG island within the promoter region of 

p14ARF has been found to be hypermethylated (Maggi, et al., 2014) across a range 

of human cancers, including colorectal (Esteller, et al., 2000), gastric (Tsujimoto, 

et al., 2002), and prostate carcinomas (Konishi, et al., 2002). Deletions and point 

mutations in exon 1β have been reported in familial melanoma syndromes and 

glioblastoma (Ozenne, et al., 2010; Rizos, et al., 2001; Rizos, et al., 2001; Hewitt, 

et al., 2002; Randerson-Moor, et al., 2001; Nakamura, et al., 2001). In breast 

cancer, various events such as homozygous deletion, loss of heterozygosity, and 

promoter hypermethylation have been documented (Silva, et al., 2001). In 

hepatocellular carcinoma, increased p14ARF mRNA expression is linked to a 

poorly differentiated cell type (Ito, et al., 2004).  
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p53 dependent pathways 
 

Arf serves as a crucial activator of the p53 pathway. One of its most clearly defined 

roles is to prevent abnormal cell growth in response to oncogene activation by 

activating the transcription factor p53, which initiates the expression of various 

apoptosis-promoting and cell cycle-inhibiting genes (Sharpless, et al., 2005). Arfis 

thought to enhance and stabilize p53 activity by counteracting the effects of two 

specific ubiquitin ligases, Mdm2 and ARF-BP1/Mule (ARF-binding protein 

1/Mcl1-ubiquitin ligase E3) (Figure 4). These ligases directly target p53 and can 

inhibit its tumor-suppressing functions. When Arf is overexpressed, it directly 

interacts with Mdm2, blocking Mdm2’s ability to ubiquitinate, export from the 

nucleus, and degrade p53 via the proteasome (Sherr, et al., 2006). Additionally, 

Arf can move Mdm2 to the nucleoli, thereby preventing p53 ubiquitination and 

nuclear export. Some studies suggest that Arf can stabilize p53 and halt the cell 

cycle even without relocating endogenous Mdm2 to the nucleoli (Llanos, et al., 

2001; Korgaonkar, et al., 2002). Furthermore, Arf also supports the p53 pathway 

by targeting the ARF-BP1 ubiquitin ligase. In response to oncogene 

overactivation, Arf is induced and inhibits ARF-BP1's proteasome-driven 

degradation of nuclear p53, thereby promoting p53-dependent cell cycle arrest or 

apoptosis (Chen, et al., 2005). Conversely, some propose that NPM’s sequestration 

of ARF in the nucleolus could suppress Arf's growth-inhibitory functions, and its 

translocation to the nucleoplasm could facilitate p53 interaction and cell cycle 

arrest, primarily by inhibiting Mdm2. Interestingly, since Arf's nucleolar 

localization and Mdm2 binding are mediated by the same domains, it’s suggested 

that Mdm2 and NPM may compete for binding with Arf. Thus, ARF may inhibit 

cell growth via interactions with NPM in the nucleolus while also modulating the 

p53 pathway through its interactions with Mdm2 and ARF-BP1 in the nucleoplasm 

(Ozenne, et al., 2010). 
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Other evidences of Arf involvement in p53 dependent pathways regard DNA 

damage in which the p53 pathway is activated. In this context the p53 induction 

coordinated by the protein kinases ATM (ataxia–telangiectasia mutated) and ATR 

(ataxia–telangiectasia and Rad3–related), which promote the rapid degradation of 

Mdm2. In irradiated Arf-null MEFs, sustained p53 induction requires p19ARF 

expression (Khan, et al., 200), and Arf’s UV sensitization effect depends on 

coexpression with p53 (Lee, et al.,2005). Additional research demonstrates that 

ARF is involved in the p53 response to ionizing radiation, UV exposure, and 

genotoxic treatments (Meek, et al., 2009), underscoring Arf's contribution to p53-

mediated DNA damage response. However, it has been demonstrated that p14ARF 

expression and the activated phospho-CHK2(Thr68) (a key player in the DNA 

damage response) are directly associated (Eymin, et al., 2006). Consistent with 

these findings, p14ARF is an essential component for initiating the ATM/CHK2 

DNA damage signaling pathway, it seems that p14ARF is crucial for CHK2 

activation in human lung tumors (Vonlanthen, et al., 1998).  

Further research has clarified that Arf’s inhibition of cell proliferation also utilizes 

p53-independent pathways, involving functional and molecular interactions with 

various proteins (Fontana, et al., 2019).  

 

Arf’s p53-independent pathways and roles  
 

The Arf response is notably complex. Initially, Arf was primarily recognized for 

its role in suppressing abnormal cell growth by activating the p53 pathway, which 

mediates tumor suppression. However, while Arf is indeed a crucial component of 

the p53 pathway, evidences show that it can also restrict cell growth independently 

of p53 (Figure 4). These functions outside the p53 pathway are diverse and several 

potential regulators have been identified (Ozenne, et al., 2010).  
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Figure 4. Arf’s p53-dependent and independent pathways. The role of ARF in tumor 

suppression involves both p53-dependent and p53-independent pathways. When oncogenes such 

as E2F, Ras, E1A, and Myc are overexpressed, ARF levels within the cell rapidly increase, 

activating the ARF checkpoint. ARF inhibits MDM2 activity, disrupting the p53/MDM2 circuit 

(shown in grey), which results in p53 stabilization and subsequently induces cell cycle arrest 

and/or apoptosis. Additionally, ARF can inhibit cell growth independently of p53 by functionally 

interacting with various molecular players (Fontana, et al., 2019). 

 

Interestingly, the overexpression of p19Arf can cause a G1 cell cycle arrest even 

in cells that lack p53 (Carnero, et al., 2000; Weber, et al., 2000). Additionally, 

human p14ARF can halt cells in the S phase or induce apoptosis through 

mechanisms that do not require wild-type p53 protein (Yarbrough, et al., 2002; 

Hemmati, et al., 2002). 

Several studies have also shown that p14ARF can suppress the growth of human 

lung tumor cells without p53 by inducing a G2 cell cycle arrest followed by 

apoptosis in both in vitro and in vivo models. In these cases, forced expression of 

p14ARF inhibits tumor growth and even leads to the regression of lung tumors in 

nude mice (Eymin, et al., 2001; Eymin, et al., 2006).  In addition, mice lacking 
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Arf, p53, and Mdm2 have a higher tendency for tumor formation than those lacking 

only p53 and Mdm2 and Arf-null and heterozygous mice develop a broader range 

of tumors than p53-deficient animals alone (Kamijo, et al., 1999; Weber, et al., 

200). Furthermore, multiple research groups have demonstrated that Arf interacts 

with and antagonizes the transcriptional functions of Myc and E2F1 independently 

of p53, both of which are potent oncogenes required for cell cycle progression 

(Sherr, et al., 2006). Rather than directly interfering with the DNA binding of these 

transcription factors at their target promoters, Arf instead causes their 

sequestration in the nucleolus and/or blocks the recruitment of coactivators.  

These observations suggest that Arf plays a role in p53-independent tumor-

suppressing functions and may act outside of the Mdm2-p53 axis in tumor control. 

ARF primarily localizes in the nucleolus, where it binds with NPM, an abundant 

nucleolar protein whose expression correlates with cell proliferation levels 

(Itahana, et al., 2003; Bertwistle, et al., 2004).  

NPM is involved in various cellular activities, including ribosome production. 

Under oncogenic stress, Arf moves to the nucleolus and forms stable complexes 

with NPM (Sherr, et al., 2006). The predominant view is that Arf exerts growth-

inhibitory functions within the nucleolus; it slows down rRNA transcription and 

processing, disrupts NPM's nucleocytoplasmic shuttling, and blocks ribosome 

export from the nucleus to the cytoplasm. 

Numerous studies have highlighted Arf's role in the DNA damage response. Arf-

null mice exposed to ionizing radiation develop tumors more frequently than their 

wild-type counterparts (Kamijo, et al., 1999). Additionally, Arf has been shown to 

enhance DNA-damage–induced apoptosis (de Stanchina, et al., 1998) and is 

essential for certain types of DNA damage response (Khan, et al., 2000). 

Interestingly, some studies indicate that Arf may influence ATM/ATR kinase 

activity through mechanisms that bypass the p53–Mdm2 axis. For example, 

overexpression of p14ARF has been reported to activate ATR/CHK1-dependent 
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NFκB phosphorylation, inhibiting NFκB’s transactivation activity and leading to 

TNFα-dependent apoptosis (Rocha, et al., 2005). 

Ozenne et al., 2010 also shows that p14ARF activates ATM/ATR/CHK signaling 

pathways in response to various genotoxic agents, inducing p53-independent cell 

cycle arrest and apoptosis (Eymin, et al., 2006). The activation of the ATM/CHK2 

signaling cascade is mediated by p14ARF-stabilized Tip60, a histone 

acetyltransferase that activates ATM through acetylation (Sun, et al., 2005). These 

findings suggest that Arf functions as an upstream regulator of the ATM/ATR 

pathways, potentially acting as a sensor of cellular damage. Furthermore, p14ARF 

has been reported to maintain chromosomal stability in p53-null cells, with three 

critical residues outside p14ARF’s known functional domains identified as 

essential for chromosomal stability (di Tommaso, et al., 2009). Together, these 

studies suggest that Arf activates pathways crucial for maintaining genomic 

integrity and plays an important role in genome stability.  

Studies have revealed a role for p14ARF in adhesion and spreading processes 

within a specific temporal window, during which ARF relocates to adhesion sites 

and areas of active actin polymerization, where it interacts with phosphorylated 

focal adhesion kinases (pFAK). Decreasing ARF expression levels leads to defects 

in these processes (Vivo, et al., 2017; Fontana, R. et al., 2017). 

Other interesting function of Arf are related to its small isoform, named smArf 

that is mainly involved in autophagy. In both mice and humans, translation 

initiation from an internal methionine produces a shorter, mitochondrial-targeted 

ARF variant (smARF) (Reef, et al., 2006). Although smARF is normally quickly 

degraded by the proteasome, it accumulates in mitochondria when cells are 

exposed to abnormal growth signals, disrupting mitochondrial membrane potential 

and triggering caspase-independent autophagic cell death (Type II) in response to 

nutrient stress, where cells self-digest to obtain energy. This can occur with or 

without p53 and Bcl-2, and recent findings indicate that full-length ARF can also 

promote autophagy, with an important role played by exon 2 that binds p32 
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mitochondrial protein, underscoring its role in cellular stress responses (Reef, et 

al., 2006; Abida, et al., 2008; Budina-Kolomets, et al., 2013; Itahana, et al., 2008). 

Interestingly, smARF can correct some p53-independent defects of development 

of Arf null mice, indicating a role of this form in developmental processes. 

However, the mechanisms through which this occurs are not clear (van Oosterwijk, 

et al., 2017). 

 

Arf emergent roles 
 
p19Arf is fundamental not only as a tumor suppressor but also as a regulator of 

cell differentiation and developmental processes by maintaining balanced cell 

proliferation, thereby contributing to the maturation of various cell types. For 

example, emerging studies have demonstrated that p19Arf can exacerbate cellular 

responses to chronic stressors, such as cigarette smoke. For instance, research has 

shown that cigarette smoke exposure in mice induces the expression of p19Arf in 

lung cells, enhancing cellular senescence markers and contributing to 

inflammation-related tissue damage. This suggests that p19Arf may play a dual 

role in both protecting cells from malignant transformation and, paradoxically, 

promoting inflammation and senescence under chronic stress conditions, 

potentially leading to age-related tissue dysfunction (Mikawa, et al., 2020). 

Therefore, is well demonstrated that p19Arf expression can be even induced in 

response to differentiation signals, such as during neurogenesis and hematopoiesis, 

acting to avoid excessive cell proliferation, thus ensuring proper development and 

maturation of cells (Kamijo, et al., 1999; Sherr, et al., 1999). Furthermore, p19Arf 

can interact with other signaling molecules, modifying pathways that influence the 

fate of stem and progenitor cells, which are vital for development.  
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Arf involvement in differentiation and developmental processes 
 

The Arf tumor suppressor is involved in many other processes, including 

differentiative programs. In fact, p19Arf is expressed in a precise time window 

during mice eye development and male germ cell line maturation. Initial evidence 

of Arf's developmental role comes from observations in Arf knock-out (KO) mice, 

which display eye developmental defects. These KO mice are born with smaller 

eyes than wild-type mice, due to retinal and lens abnormalities that result in 

blindness. The lack of p19Arf expression in KO mice allows for continued PDGF 

expression in the hyaloid vascular system (HVS), leading to abnormal perivascular 

cell proliferation. This forms a retrolental mass that eventually damages the 

posterior lens and retina. In contrast, Arf expression in wild-type mice during a 

specific time frame reduces PDGF receptor (PDGFR) levels, preventing abnormal 

perivascular cell growth and ensuring normal eye and retinal development. This 

action is p53-independent, as it involves Arf-induced microRNAs (miRNAs) that 

suppress PDGFR synthesis (Gromley, et al., 2009). 

In addition, p19Arf is transiently expressed in spermatogonia, during the first 

synchronous wave of spermatogenesis disappearing in meiotic spermatocytes and 

their more advanced progeny. In older Arf-null males, testicular atrophy and germ 

cell apoptosis suggest Arf’s role in maintaining stem cell homeostasis by 

regulating the mitotic-to-meiotic transition, similarly to its role in hematopoietic 

stem cells (Schmidt, et al., 2000; de Rooij, et al., 2001; Akala, et al., 2008).While 

Arf expression in spermatogonia may signal the erasure of epigenetic silencing 

that occurs during chromatin remodeling in male germ cell development, aged Arf-

null males show testicular atrophy, increased germ cell apoptosis, and reduced 

sperm counts. This suggests that Arf could regulate the transition from mitotic to 

meiotic divisions, crucial for maintaining the stability of stem cells over the 

reproductive life span. This role resembles the Ink4a-Arf locus's function in 

supporting long-term repopulating hematopoietic stem cells while promoting 

short-term amplification of multipotent progenitors (Akala, et al., 2008). 
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Overall, these findings suggest that the Ink4a-Arf locus plays a role in restraining 

normal cellular self-renewal as adult stem cells generate more differentiated 

progeny. These observations support an evolving view that stem cell self-renewal 

regulation through changes in Ink4a-Arf expression adjusts across life stages, with 

the maintenance of embryonic, fetal, young, and old stem cells being controlled by 

distinct transcriptional and silencing factors (Levi, et al., 2009). 

In addition, the p19Arf protein, though not usually present in fetal or young adult 

mouse tissues, is expressed in the fetal yolk sac, indicating its role in late-stage 

differentiation of extraembryonic endoderm (ExEn) cells. Arf deficiency delays 

ExEn differentiation in embryoid bodies but doesn’t affect other cell lineages. In 

ExEn development, Arf responds to Ras/Erk signaling and interacts with p53, 

supported by miR-205 to regulate cell adhesion and migration (Li, et al., 2013). 

van Osterwijk, et al 2017 demonstrated that the smArf rescues the eye phenotype 

and fertility in Arf-null mice, although with a still unclear mechanism. 

Interestingly, p19Arf plays key roles in mammary gland development. During 

pregnancy, p19Arf levels are regulated by progesterone, increasing its expression 

sixfold, and the protein levels are stabilized during lactation (Yi, et al., 2004). 

Interestingly, Ink4a-Arf locus is epigenetically silenced in stem cell to maintain 

their ability of self-renewal (Li, et al., 2012). In addition, Li, et al., 2009 

demonstrated that the Ink4/Arf tumor suppressor locus is fully silenced in induced 

pluripotent stem (iPS) and embryonic stem (ES) cells, acquiring a bivalent 

chromatin state that allows reactivation upon differentiation. This silencing is 

essential for successful reprogramming, by increasing the reprogramming 

efficiency by 7-fold. In mouse cells, Arf represents the main reprogramming 

barrier, while INK4a is more critical in human cells (Li, et al., 2009). 
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Mouse embryonic stem cells 
 
Given the emergent role of Arf in developmental and differentiation processes, it 

can be interesting to study its role in embryonic stem cells. 

Embryonic stem cells (ESCs), derived from the inner cell mass of the blastocyst, 

are a population of undifferentiated cells that exhibit two fundamental properties: 

self-renewal and pluripotency. Self-renewal refers to the ability of ESCs to divide 

symmetrically, producing identical undifferentiated daughter cells, while 

pluripotency confers the capacity to generate a broad range of cellular lineages 

(Jiang, et al., 2013). ESCs’ unrestricted potential, known as “naïve” pluripotency, 

allows for the formation of all lineages, including germline cells (Boroviak, et al., 

2014). Notably, mouse ESCs are highly resistant to cellular aging, able to undergo 

over 250 divisions without reaching senescence or undergoing transformation 

(Zalzman, et al., 2010). Various studies have shown that ESCs fluctuate among 

various potency levels within the same culture conditions due to paracrine 

signaling and cell-to-cell interactions (Cerulo, et al., 2014; Hisada, et al., 2012).  

Studies of gene expression in embryonic stem cells (ESCs) have pinpointed 

numerous transcription factors that collaboratively drive cell proliferation while 

inhibiting differentiation, making them potential markers for ESCs (Liu, et al., 

2013). Among these, transcription factors like Oct4, Sox2, Klf4, and Nanog are 

essential regulators of self-renewal and pluripotency, actively suppressing 

pathways that lead to differentiation (Kallas, et al., 2014; Shi, et al., 2010; Rizzino, 

2013). These factors are core components in maintaining the undifferentiated state 

and are integral to ESCs identity and stability.  

Intriguingly, ESCs are able to maintain their pluripotent nature also in cultures 

(Hou, et al., 2016) using several factors in the culture medium that allows the self-

renewal maintenance by preventing differentiation and promoting proliferation 

(Tamm, et al., 2013). In particular, ESCs cultured in serum with leukemia 

inhibitory factor (LIF) (a key factor that prevents in vitro differentiation) may 
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retain an undifferentiated state (Nakai, et al., 2013). Leukemia inhibitory factor 

(LIF) belongs to the interleukin-6 (IL-6) cytokine family and interacts with a 

heterodimeric receptor complex composed by the LIF receptor β subunit and the 

gp130 signal transducer. This receptor-ligand interaction is crucial for maintaining 

pluripotency in mouse embryonic stem cells as it activates signaling pathways that 

promote self-renewal and inhibit differentiation (Ohtsuka, et al., 2015). LIF-gp130 

signaling is known to involve pathways such as STAT3, which plays a key role in 

sustaining an undifferentiated state in these cells.  

Stem cells are distinct based on their differentiation potential, setting them apart 

from typical somatic cells and making them invaluable tools in cellular research. 

Mammalian stem cells are primarily divided into two groups: embryonic stem cells 

(ESCs), found within the inner cell mass (ICM) of blastocysts, and adult stem cells 

(ASCs), present in various tissues. These stem cell types vary in their properties 

and biological functions. 

Early-stage embryonic cells can form both embryonic and extra-embryonic cell 

types, thus classified as totipotent. Totipotency describes a cell’s capacity to 

generate a whole organism. During development, totipotent cells diverge into two 

lineages: the embryonic lineage (ICM) and the extra-embryonic lineage 

(trophoectoderm). ICM cells contribute to all embryonic lineages, including the 

three primary germ layers—endoderm, mesoderm, and ectoderm (Andrews, 

2002), but not to extra-embryonic lineages (D'Angelo, et al., 2018; Chen, et al., 

2013).  
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These cells recapitulate the expression patterns typical of the pre-implantation 

epiblast, including the expression of several transcription factors such as Nanog 

and Oct4 and are mostly pluripotent (Mitsui, et al., 2003; Chambers, et al., 2003; 

Schöler, et al., 1989). However, the stem cells in culture are highly heterogeneous, 

characterized by subpopulations of cells with varying expression levels in a 

dynamic equilibrium (Canham, et al., 2010; Torres-Padilla, et al., 2014). Much of 

this heterogeneity results in fluctuating expression of pluripotency-associated 

transcription factors which are part of a large regulatory “core network” within 

ESCs (Rodriguez-Terrones, et al., 2018). These fluctuations are thought to 

contribute to a dynamic balance between self-renewal and readiness for 

differentiation, allowing cells to retain flexibility in their fate decisions. For 

instance, Nanog expression oscillates in response to cellular signals, promoting 

transitions between more and less pluripotent states, which may reflect varying 

stages of commitment to specific lineage. 

In contrast, Oct3/4 (Pou5f1), a core transcription factor for pluripotency, remains 

consistently expressed across pluripotent states, suggesting a fundamental role in 

maintaining the undifferentiated state. This stability highlights Oct3/4 as a master 

regulator of pluripotency, essential for the transcriptional network that sustains 

self-renewal and prevents differentiation. Studies by Nichols et al. 1998 and Niwa 

et al. 2000 demonstrated that fluctuations in Oct3/4 levels can disrupt this balance, 

leading to differentiation into specific lineages depending on its upregulation or 

downregulation. Together, these findings emphasize the complex regulatory 

network in pluripotent cells, where some factors fluctuate to modulate readiness 

for differentiation, while others like Oct3/4 remain constant to set pluripotency 

identity. This dynamic, yet stable, expression pattern enables embryonic stem cells 

to efficiently respond to developmental signals while preserving their fundamental 

self-renewing capacity (Nichols, et al., 1998; Niwa, et al., 2000). 
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Pluripotency markers  
 

The most important factors primarily involved in pluripotency are: Oct3/4, Sox2, 

Nanog and Dppa5a or Esg1. 

Oct3/4 
 

The pluripotent state of ESCs is sustained by a complex gene regulatory network 

centered on the core pluripotency transcription factors (TFs) Oct4, Sox2, and 

Nanog (Li, et al., 2016). Oct4 the mammalian POU transcription factor (Nichols, 

et al., 1998) is a master regulator of pluripotency that works in concert with other 

transcription factors and coregulators to sustain this undifferentiated state. It is 

present in oocytes, blastomeres, inner cell mass (ICM), epiblast, and germ cells in 

vivo, as well as in pluripotent cells cultured in vitro (Schöler, et al., 1989; Rosner, 

et al., 1990).  

A lack of Oct4 results in preimplantation lethality due to the embryo’s inability to 

establish a pluripotent ICM. In embryonic stem cells (ESCs), a precise control of 

Oct4 expression is essential; either a reduction or an increase in Oct4 levels leads 

ESCs to initiate differentiation (Niwa, et al., 2000). Oct4 predominantly operates 

by activating genes linked to pluripotency and self-renewal while concurrently 

suppresses genes associated with differentiation (Boyer, et al., 2005). Genome-

wide analyses of Oct4 and other ESC factors’ binding sites have identified 

networks of co-regulated or co-bound targets, indicating that Oct4 likely 

collaborates with other transcription factors or coregulators to orchestrate 

transcriptional programs that maintain ESC pluripotency (Chen, et al., 2008; Loh, 

et al., 2006) (Figure 5). Oct4 contains a bipartite DNA-binding domain, with a 

POU-specific domain (POUS) and a POU homeodomain (POUHD), connected by 

a linker region. This linker not only tethers the two domains but also plays a crucial 

role in maintaining the structure necessary for Oct4 functions in pluripotency. The 

flexible linkers is structured as an α-helix and is essential for its biological role in 

sustaining the undifferentiated state of embryonic stem cells (ESCs) (Esch, et al., 
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2013; Klemm, et al., 1994; Jauch, et al., 2011). Mutations in this linker impact 

Oct4’s interactions and modify binding patterns (Chen, et al., 2014) indicating that 

Oct4 may rely on other factors in a multiprotein complex to maintain ESC 

pluripotency (Boyer, et al., 2005; Loh, et al., 2006). 

Cross-linking techniques reveal an expanded Oct4 interactome, including known 

pluripotency-associated proteins like Sall4, Esrrb, and Smarca4, as well as newly 

identified interactors such as Cbx1 and Ctr9, which contribute to the regulation of 

histone modifications and gene expression. Disruptions in these interactions can 

lead to imbalanced epigenetic changes, with increased differentiation-related gene 

expression and suppressed self-renewal genes (Klockenbusch, et al., 2010;  

Mattout, et al., 2015; Ding, et al., 2009; Parisi, et al., 2008; Jiang, et al., 2008). 
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Figure 5. Oct4 interactome. Oct4 can either activate or repress target genes depending on its 

binding partners. When associated with factors like Sox2, Nanog, and Sall4, Oct4 generally 

promotes gene activation to support pluripotency. Conversely, it can repress developmental genes 

by interacting with repressor complexes such as NuRD and PRC1. Through these interactions, 

Oct4 not only activates key pluripotency factors but also prevents differentiation by repressing 

genes linked to development. Additionally, Oct4 influences other ESC functions, including cell 

cycle regulation and X-chromosome inactivation, through various effectors like miR-302a and 

Ctcf. This complex regulatory network allows Oct4 to effectively balance stem cell maintenance 

and suppression of differentiation (Shi, et al., 2010). 
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Nanog 
 

Nanog is a pivotal homeobox transcription factor and a key downstream effector 

within pluripotency signaling pathways. In mouse ES cells, elevated Nanog levels 

enable self-renewal independent of LIF, and similarly, promote human ES cell 

growth without feeder cells. Beyond external signals, transcription factors like 

FoxD3, P53, and Oct4 regulate Nanog expression, situating it within a complex 

autoregulatory network in the core pluripotency network (CPN). Working 

alongside other core factors such as Oct4 and Sox2, Nanog helps stabilize 

pluripotency by regulating target genes and contributing to essential feedback 

loops within the CPN (Pan, et al., 2007; Papatsenko, et al., 2018) (Figure 6). 

Nanog’s self-regulatory mechanisms are varied: it engages in positive 

autoregulation by directly binding to its own enhancer regions, enhancing its own 

expression (Herberg, et al., 2015). Additionally, Nanog’s negative autoregulation 

is indirect and is suggested to involve the factor Zfp281, which modulates Nanog 

expression levels (Fidalgo, et al., 2012). This dual regulation of Nanog exemplifies 

its nuanced control within the network, as it both promotes and attenuates its own 

activity depending on the cellular context. 

In studies involving knockdown and knockout models, the removal of Oct4 leads 

to a rapid downregulation of Nanog (as well as Sox2 and Esrrb) within 12–24 hours 

(Martello, et al., 2012). However, Oct4 itself is less affected by the immediate 

absence of Nanog, highlighting Nanog’s downstream positioning in the regulatory 

hierarchy relative to Oct4. This suggests that while Nanog is essential, it is more a 

responsive regulator rather than the primary initiator in the transcriptional 

hierarchy (Papatsenko, et al., 2015; Papatsenko, et al., 2013). 

Given Nanog’s role in autoregulation and its interconnection with other core 

factors, feedback mechanisms are crucial for maintaining pluripotency in 

embryonic stem cells (ESCs) by stabilizing the expression levels of key factors 

and preventing unwanted differentiation. This finely tuned balance emphasizes the 
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central function of Nanog in sustaining pluripotent states in ESCs, positioning it 

as a pivotal yet carefully modulated element within the pluripotency network 

(Papatsenko, et al., 2018). 

 

Figure 6. Regulatory network essential for ES cell pluripotency and self-renewal. The image 

shows the core pluripotency network involving transcription factors like Oct4, Nanog, Sox2, and 

FoxD3. These factors bind to each other’s promoters, creating a tightly connected autoregulatory 

network. Solid arrows show positive regulation, where one factor enhances another’s expression, 

while broken lines indicate negative regulation targeting Oct4. This balanced interplay supports 

the maintenance of pluripotency and self-renewal in ES cells (Pan, et al., 2007). 

 

Sox2 
 

SOX2 functions as a pioneering factor by binding nucleosomes and opening 

chromatin, recruiting additional chromatin-altering factors such as the ATP-

dependent SWI/SNF complex components. This role enables it to subsequently 
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attract other transcription factors and initiate target gene transcription. In mouse 

(mESC) and human (hESC) embryonic stem cells, SOX2 is known to activate 

transcription of genes regulating stem cell maintenance and proliferation (Boyer, 

et al., 2005; Chen, et al., 2008). Specific degradation studies of Sox2 in mESCs 

during different cell cycle phases show that Sox2 is crucial for the M-to-G1 phase 

transition to maintain pluripotency (Hagey, et al., 2022). "Gain and loss of 

function" studies further demonstrate SOX2’s key role in sustaining pluripotency 

in stem cells (Avilion, et al., 2003; Bylund, et al., 2003; Graham, et al., 2003). 

Additionally, SOX2 is implicated in cell cycle progression, lineage specification, 

and differentiation (Hagey, et al., 2014; Oosterveen, et al., 2013; Peterson, et al., 

2012; Bergsland, et al., 2011; Bylund et al., 2003; Graham, et al., 2003). 

In neural progenitor cells, SOX2 is critical for preserving progenitor identity and 

regulating proliferation in the brain, acting in a dose-dependent manner—both 

excessive and insufficient levels of SOX2 disrupt progenitor cell division rates. 

SOX2 deficiency in these cells leads to rapid loss of their progenitor identity, 

reduced proliferation, and premature differentiation. SOX2 expression helps 

maintain the progenitor state, ensuring a reserve of cells capable of differentiating 

into specific neural cell types as needed (Graham, et al., 2003; Hagey, et al.,2014). 

SOX2 also influences progenitor differentiation by modulating the neural 

progenitors' response to Sonic Hedgehog (Shh) signaling. SOX2 enables selective 

responsiveness to Shh signals, maintaining neural identity, and collaborates with 

Gli proteins to activate neural-specific genes precisely. The combined action of 

Sox2 and differential-affinity Gli binding sites allows progenitor cells to form 

distinct cell types in response to the Shh gradient, ensuring accurate neural cell 

type formation (Peterson, et al., 2012). 
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Dppa5a or Esg1 
 

Esg-1 appears to be a critical mediator within the pluripotency network, operating 

downstream of both Oct3/4 and LIF–Stat3 pathways, thus playing a unique role in 

sustaining the undifferentiated state of embryonic stem cells (ES cells). Stat3, a 

primary effector of LIF signaling, is sufficient to maintain ES cells in an 

undifferentiated state independently of LIF, and Esg-1 expression is strongly 

linked to this state, suggesting that Stat3 might regulate Esg-1 directly or through 

intermediary pathways. In the absence of active Stat3, Esg-1 expression declines 

significantly, indicating its dependence on this pathway for maintaining 

pluripotency (Matsuda, et al., 1999). 

Furthermore, Esg-1 appears to promptly respond to changes in Oct3/4 levels, 

positioning it as an early-response gene within the pluripotency framework. The 

rapid downregulation of Esg-1 upon Oct3/4 suppression underscores its sensitivity 

to core pluripotency factors, highlighting it as an essential marker of the 

undifferentiated state that responds dynamically within the cellular regulatory 

network (Niwa, et al., 2000). 

Interestingly, unlike other pluripotency factors that act mainly at the transcriptional 

level, Esg-1 contains an RNA-binding KH domain, indicating it may exert post-

transcriptional control over certain genes critical for maintaining the pluripotent 

state. This RNA-binding capacity links Esg-1 to post-transcriptional regulation, 

positioning it uniquely within the Oct3/4 and Stat3 pathways, which are 

traditionally composed of transcription factors. Esg-1's RNA-binding function 

may allow for fine-tuning of gene expression, adding an additional regulatory layer 

to the pluripotency network (Adinolfi, et al., 1999). This unique role of Esg-1 

could therefore provide stability and adaptability within the stem cell's regulatory 

landscape, distinguishing the pluripotent state from lineage-specific stem cells by 

endowing it with an added level of post-transcriptional control (Tanaka, et al., 

2002).  
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Progenitor Cells (PPCs) 
 
Progenitor Cells (PCs) serve as a vital regenerative reserve for both the 

maintenance and repair of organs and tissues. Their homeostasis is crucial not only 

for normal organ development but also for responses to pathological challenges. 

They play an especially important role in sustaining and regenerating organs and 

tissues with high cell turnover like Pancreas. The existence and role of progenitor 

cells in the adult mammalian pancreas (PPCs Pancreatic Progenitor Cells) are 

increasingly recognized as crucial to understanding pancreatic regeneration 

(Tanase, et al., 2014). While pancreatic embryonic progenitors are well-

characterized, identifying similar regenerative populations in adults has proven 

difficult due to inconsistent findings on regenerative capacity following injury or 

disease in mice. Recent technological advances, however, are challenging these 

previous uncertainties and revealing that certain adult pancreatic cells may indeed 

possess progenitor-like properties.  

Under specific conditions such as inflammation, tissue injury, or oncogenic stress 

these progenitor-like cells appear capable of activating regenerative processes. 

This potential for progenitors to contribute both to routine maintenance 

(homeostasis) and to repair in response to damage underscores the functional 

versatility of the adult pancreas. Notably, recent single-cell transcriptomics have 

exposed a remarkable cellular diversity within the pancreas, with certain 

subpopulations displaying gene expression signatures indicative of progenitor 

potential. These findings suggest that rather than being absent, progenitor-like cells 

may remain latent within the adult pancreas, poised to activate under the right 

physiological triggers.  

High-resolution single-cell RNA sequencing (scRNA-seq) and emerging in vitro 

culture models became essential tools to explore how a single progenitor 

population generates the three differentiated cell types within the adult pancreas: 

acinar, ductal, and endocrine cells (Alvarez, et al.,2021). These technologies have 
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enabled researchers to dissect the cellular heterogeneity of these progenitors, 

providing insights into their specific characteristics and regenerative potential 

(Edlund 2002; Alvarez, et al., 2021) (Figure 7). These advancements are redefining 

our understanding of the pancreas not as a static organ but as a dynamic system 

with a capacity for renewal, especially under stress. This growing knowledge 

opens promising therapeutic avenues, particularly in regenerative medicine, for 

treating diseases that compromise pancreatic structure and function by potentially 

harnessing or enhancing progenitor-mediated repair mechanisms (Alvarez, et al., 

2021). 

Emerging evidence on the stem-like features within tumoral cells has led to a 

compelling debate, particularly emphasizing the role of de-differentiation in 

tumorigenesis. Rather than tumors originating solely from dedicated stem cells or 

progenitors, it is increasingly hypothesized that differentiated cells might revert to 

a stem-like state, thus gaining tumorigenic potential. This de-differentiation 

process is supported by the high differentiation observed in some low-aggressive 

tumors, which might indicate that these tumors arise from cells that initially 

differentiated and later reverted to a more progenitor-like, stem-capable state. 

Additionally, normal differentiated cells have been shown to adopt stem-like 

characteristics under specific conditions, further suggesting that de-differentiation 

could be a fundamental mechanism by which cells acquire the ability to drive 

tumor formation (Carvalho, 2020; Gabbert, et al., 1985; Zhou, et al., 2019). 
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Figure 7. Schematic representation of pancreatic progenitor cells and the three mature cell 

types derived from them. During pancreatic development, multipotent Pdx1+ progenitors 

differentiate into the three main cell types of the adult pancreas: acinar, ductal, and endocrine 

cells. These progenitors express key transcription factors such as Sox9, Ptf1a, Foxa2, Nkx6-1, 

Hnf1b, Hes1, and Glis3. Two primary lineages emerge from this progenitor population: tip 

progenitors, which retain Ptf1a expression and differentiate into acinar cells characterized by the 

production of digestive enzymes and trunk progenitors, which maintain Nkx6.1 expression 

(Alvarez, et al., 2021).   

 

PPCs markers 
 

Pdx1 
 

The three main types of adult pancreatic cells originate from a common progenitor 

marked by the transcription factor Pancreatic and duodenal homeobox 1 (Pdx1) 

during embryonic development (Edlund 2002). PDX1 encodes a critical 

transcription factor that regulates both the development and function of pancreatic 

β-cells (Jennings, et al., 2015; Bastidas-Ponce, et al., 2017). In mice, Pdx1 

expression begins at embryonic days E8.5–9.0 and later localizes specifically to β- 

and δ-cells within adult islets (Ahlgren, et al., 1996; Guz, et al., 1995; Offield, et 
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al., 1996; Ahlgren, et al., 1998 ). Mice with homozygous Pdx1 knockout form 

initial pancreatic buds but do not develop a fully formed pancreas (Jonsson, et al., 

1994). In contrast, heterozygous Pdx1 knockout mice develop a normal pancreas 

but become diabetic as adults with β-cells undergoing increased apoptosis over 

time (Brissova, et al., 2002; Johnson, et al., 2003; Holland, et al., 2005). 

The critical role of Pdx1 is evident, as its ablation leads to pancreatic agenesis 

(Offield, et al., 1996; Stoffers, et al., 1997), underscoring its necessity for both 

exocrine and endocrine cell formation. In mice, Pdx1+ progenitors that also express 

Sox9 and Ptf1a emerge in the posterior foregut endoderm at embryonic day E8.5. 

These progenitors then progress into the pancreatic bud, transitioning between E12 

and E15 into specific cell types—ductal, acinar, or endocrine—guided by a finely 

regulated signaling network (Edlund 2002) (Alvarez, et al., 2021). 

PDX1 binds to regions associated with 5,664 genes, with its binding sites located 

within 20 kb of their transcription start sites (TSS) or within the gene body. These 

target genes include PDX1 itself and other important pancreatic genes such as 

RFX6, MEIS1, and HNF1B (associated with MODY). PDX1 binding is 

accompanied by the active histone modification marker H3K27ac, which is 

notably present at PDX1-bound regions, especially in intergenic (44.2%) and 

intronic (40.4%) regions, while a smaller proportion (11.3%) is found in promoter 

regions. This concentration near TSS highlights PDX1's influence on activating 

transcription for its target genes (Wang, et al., 2018). 

 

Nkx6.1 
 

NKX6.1, an important homeobox protein, functions as a transcription factor 

essential for the performance and growth of pancreatic β cells.  Alongside PDX1, 

NKX6.1 is prominently expressed in both multipotent pancreatic progenitor cells 

(MPCs) and mature β cells, underscoring its role across various developmental 

stages. During pancreatic development, NKX6.1 is found in three main cell types: 
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pancreatic progenitors (PDX1+/NKX6.1+), endocrine progenitors 

(NGN3+/NKX6.1+), and fully differentiated insulin-producing β cells 

(insulin+/PDX1+/NKX6.1+) (Aigha, et al., 2020; Villasenor, et al., 2008). 

Throughout pancreatic development, NKX6.1 expression becomes more 

concentrated in the trunk region of the pancreatic epithelium, which will later give 

rise to endocrine lineages responsible for hormone production(Al-Khawaga, et al., 

2017).Within human pancreatic islets, NKX6.1 is exclusively expressed in β cells 

and is not detectable in other islet cell types. Conversely, MPCs without NKX6.1 

expression (PDX1+/NKX6.1−) tend to differentiate into non-functional 

polyhormonal β cells, which is an undesirable outcome. In mice, Nkx6.1 appears 

as early as embryonic day 9.5 (E9.5), with its role becoming more defined over 

time. By E10.5, Nkx6.1 coexists with Ptf1a in numerous MPCs, indicating a shared 

potential for endocrine and exocrine fates. However, by E12.5, Nkx6.1 and Ptf1a 

diverge in function: Nkx6.1 restricts itself to the trunk domain, guiding cells 

towards the endocrine lineage, while Ptf1a localizes to the tip domain, leading cells 

toward exocrine differentiation (Zhou, et al., 2007). In addition, it has also been 

demonstrated that forced expression of NKX6.1 in PDX1+ MPCs can restore 

pancreatic β cell development in NKX6.1-deficient progenitors (Nelson, et al., 

2007). The progressive restriction of NKX6.1 to the trunk domain highlights its 

central function in endocrine differentiation, establishing NKX6.1 as 

indispensable for the formation and function of β cell populations (Aigha, et al., 

2020) (Figure 8). 
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Figure 8. An overview of the transcription factors that marks each stage of pancreatic 

differentiation. The expression of essential transcription factors (TFs) varies throughout the 

stages of multipotent pancreatic progenitor (MPC) differentiation into distinct pancreatic cell 

lineages. NKX6.1 expression begins at the MPC stage, persists within the endocrine lineage, and 

ultimately becomes confined to β cells (Aigha, et al., 2020) 

 

Gata4 
 

The GATA transcription factors family to which Gata4 belong is a subfamily, 

expressed in the definitive endoderm that forms the pancreas and other 

gastrointestinal organs. In particular, GATA4 is a transcriptional regulatory factor 

involved in the development of endoderm-derived organs such as the heart and gut 

(Gong, et al., 2018). Detailed RNA in situ hybridization analysis of GATA factors 

in the mouse pancreas has revealed that only Gata4 and Gata6 are expressed in the 

embryonic pancreas (Decker, et al., 2006). Both Gata4 and Gata6 are present in 

the early pancreatic endoderm and remain active throughout pancreatic 

development although early studies reported conflicting data on Gata expression 
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during pancreas formation (Decker, et al., 2006; Nemer, et al., 2003; Ritz-Laser, 

et al., 2005; Ketola, et al., 2004). Recent immunohistochemistry studies have 

clarified these patterns, showing that Gata4 expression gradually becomes limited 

to the acinar compartment. These expression patterns have been further confirmed 

in transgenic mouse reporter assays (Rojas, et al., 200; Freyer, et al., 2015), 

although a study noted low levels of Gata4 expression in mouse islets, detected via 

RT-PCR (Sartori, et al., 2014). GATA4 together with GATA6 are essential for the 

expansion and maintenance of MPCs (multipotent pancreatic progenitors) during 

the early stages of mouse pancreas development (Xuan., et al., 2012; Carrasco., 

et al., 2012). Interestingly, while GATA factors are not required for pancreas 

specification within the foregut endoderm, they are crucial for maintaining 

pancreatic identity in MPCs. The absence of both GATA4 and GATA6 leads to 

the conversion of pancreatic tissue into intestinal and gastric cell types in the dorsal 

and ventral pancreas, respectively (Xuan, et al., 2016). This transformation is 

partly attributed to the inappropriate activation of the Shh (Sonic hedgehog) 

pathway in pancreatic progenitors. GATA4 and GATA6 contribute to sustaining 

pancreatic identity by repressing Shh expression in the pancreatic endoderm 

through binding to the foregut endoderm enhance (Xuan, et al., 2016). However, 

Gata4 may function as a potential tumor suppressor gene. Notably, high levels of 

GATA4 expression have been observed in pancreatic cancer tissues, where its 

expression correlates with the grade of pathological differentiation. When the 

GATA4 gene is ectopically expressed, it reduces cell viability, while interference 

with GATA4 expression significantly enhances the colony-forming ability of 

pancreatic cancer cells. Additionally, GATA4 has been shown to inhibit tumor 

growth in xenograft mouse models. Moreover, re-expression of GATA4 was found 

to up-regulate P53 expression. Collectively, these findings suggest that GATA4 

may influence cell proliferation and differentiation in the progression of pancreatic 

cancer (Gong, et al., 2018). 
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Sox9 
 

SOX9 acts as a critical "molecular gatekeeper" in preserving the pluripotency of 

pancreatic progenitors during early pancreatic development, similar to its role in 

other tissues such as the nervous system, hair follicle, testis, and notochord 

(Bylund, et al., 2003; Blache, et al., 2014; Vidal, et al., 2005; Akiyama, et al., 2005; 

Cheung, et al., 2005; Barrionuevo, et al., 2006). Within the developing pancreas, 

SOX9 is selectively expressed in a subset of PDX1+ progenitors that are mitotically 

active and responsive to Notch signaling, absent from differentiated cells (Bylund, 

et al., 2003; Graham, et al., 2003). It supports progenitor maintenance by 

promoting their proliferation, survival, and undifferentiated state. The reduced 

expression of the Notch effector HES1 in SOX9-deficient cells suggests that SOX9 

may regulate pancreatic progenitors via the Notch pathway, mirroring its role in 

neurogenesis, where SOX factors prevent premature differentiation by inducing 

Notch effectors (Bylund, et al., 2003; Bani-Yaghoub, et al., 2006). 

SOX9/HES1 co-expressing cells in the pancreas appear interspersed with 

NGN3/SOX9-negative cells, consistent with a SOX/Notch-mediated mechanism 

of lateral inhibition during pancreatic development. However, SOX9-deficient 

pancreas shows more pronounced hypoplasia and increased apoptosis than Hes1 

mutants, indicating that SOX9 has additional Notch-independent roles (Jensen , et 

al., 2000). Although SOX9 deficiency in mice leads to a relative increase in 

glucagon+ cells, this is likely due to delayed SOX9 inactivation compared to Hes1-

null models, where glucagon+ cells drastically increase. During early 

organogenesis, SOX9 colocalizes with PDX1 within the pancreatic bud region, 

starting from embryonic day (E) 9.0, with nearly complete overlap in expression 

until E12.5, marking SOX9 as a definitive marker of pluripotent pancreatic 

progenitors. As differentiation intensifies post-E14, SOX9 expression becomes 

restricted to a subset of PDX1+ cells, underscoring its role in maintaining 

undifferentiated progenitors and preventing premature differentiation. Lineage-

tracing studies further affirm SOX9's function in progenitor cell maintenance, 
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showing that SOX9+ cells contribute to all pancreatic cell types (Lioubinski, et al., 

2003; Akiyama, et al., 2005). 

 

p21  
 

p21, encoded by the gene CDKN1A, is the first discovered member of cyclin-

dependent kinase inhibitors (CKIs), crucial regulators of the cell cycle that help 

maintain genomic stability and are frequently deregulated in human cancers 

(Xiong, et al., 1993; Abbas, et al., 2009; Kreis, et al., 2015, Roninson, et al., 2002). 

Identified through cDNA isolation, p21 was associated with differentiation, 

initially recognized for its elevated expression in differentiating human melanoma 

cells, thus named melanoma differentiation-associated gene 6 (mda6) (Jiang, et al., 

1995). As cell proliferation and differentiation are inversely related, their 

coordination is essential for growth, development, and tissue homeostasis 

(Ruijtenberg, et al., 2016). p21-induced cell cycle arrest is often required for cells 

to enter terminal differentiation, quiescence, or senescence, typically marked by 

increased p21 levels. Activated by p53, the primary transcriptional regulator of 

p21 (el-Deiry, et al., 1993), it initiates cell cycle arrest by repressing cell cycle 

genes through the DREAM complex (Engeland, et al., 2017). Besides p53, p21 

expression is also promoted during differentiation by p53-independent 

mechanisms, influenced by factors like vitamin D3, TNF-β, nerve growth factor, 

and others (Gartel, et al., 1999). 

Research indicates that p21’s role in differentiation varies by cell type and 

differentiation stage, acting positively or negatively depending on the context 

(Dutto, et al., 2014). Overexpression of p21 induces differentiation in both normal 

and cancer cells by triggering cell cycle exit (Warfel, et al., 2013). In support of 

its positive role, p21 promotes differentiation in various cell types, including 

murine oligodendrocytes, human monocytes, megakaryocytes, erythroid 

progenitors, and skeletal muscle cells (Asada, et al., 1999; Zezula, et al., 2001; 
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Baccini, et al., 2001; Papetti, et al., 2010; Guo, et al., 1995; Wang, et al., 1996; 

Mercer, et al., 2005). In p21-knockout mice, muscular differentiation is disrupted, 

and p21 expression correlates with terminal differentiation across multiple cell 

types—muscle, cartilage, skin, and nasal epithelium—during embryogenesis and 

in adult tissues, independent of p53 (Chinzei, et al., 2015; Parker, et al., 1995). 
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Although p14/p19Arf is best characterized as one of the most relevant 

oncosuppressor (Weber, et al., 2002; Sherr, et al., 2000; Fontana, et al., 2018), 

recent evidences underline its emerging role in the context of differentiation and 

control of stem cells self-renewal. In fact, p19Arf has been shown to be transiently 

expressed in a precise time window during mouse male germ cell and eye 

development as well as during in vitro keratinocytes differentiation (Li, et al., 

2013; Gromley, et al., 2009; van Oosterwijk, et al., 2017). Furthermore, 

p14/p19Arf must be silenced to generate induced Pluripotent Stem Cells and to 

maintain the self-renewal capacity of stem cells in physiological conditions (Li, et 

al., 2009) (See Introduction). In line with these observations, our research group 

explored Arf’s relevance during in vitro pancreatic differentiation: mouse 

Embryonic Stem cells were induced to differentiate through definitive endoderm 

toward Pancreatic Progenitor cells by using an in vitro differentiation protocol 

already set up in the laboratory (De Angelis, et al., 2014, Figure 9) and it was 

demonstrated that p19Arf intracellular levels increase during differentiation, 

starting at Day 4 (when definitive endoderm is formed) and continuing to rise up 

until Day 8 of differentiation both at the RNA and protein level (Figure 10 and 

Montano, et al., 2021). 

 

 

Figure 9. Schematic of the differentiation protocol used to differentiate mouse embryonic stem 

cells (mESC) toward Pancreatic Progenitor Cells (PPCs). 
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Figure 10. Mouse embryonic stem cells were treated to differentiate toward Pancreatic Progenitor 

cells. Cells were collected at 3 different time points (D0, D4, D8). Differentiation process was 

analyzed by qRT-PCR (A) by using stemness markers (Oct4 and Nanog), definitive endoderm 

markers (FoxA2 and Sox17), Posterior Foregut markers (Hnf6) and Pancreatic Progenitor cell’s 

markers (Sox9 and Nkx6.1). (B) p19Arf gene expression was analyzed by qPCR vs. Gapdh is 

reported as folds increase. Data points represent the average of triplicate determinations ± SD. 

Similar results were obtained in 3 independent experiments. *, p < 0.05; **, p < 0.01. (C) p19Arf 

protein levels were also evaluated by Western Blot and densitometric analysis relative to Gapdh. 

The data are expressed as average of three independent experiments ±  SD,* p < 0.05; **, p < 

0.01. 

C 

A B 
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p19Arf levels increase during pancreatic differentiation toward the pancreatic 

lineage is suggestive of its potential involvement in the differentiative process. 

This is the starting point of my PhD project, the main objective of which is to 

explore the potential role of ARF in in vitro pancreatic differentiation. 

Therefore, a direct genetic approach was employed to analyze whether alterations 

in p19Arf interfere with proper in vitro pancreatic differentiation toward pancreatic 

progenitor cells (PPCs). To this end, CRISPR-Cas9 technology was adopted to 

target the genomic exon 1β of p19Arf and phenotyping of cellular clones 

displaying mutations in p19Arf. 
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Application of the Crispr-Cas9 technology to target 

Exon 1β of p19Arf 

 
In order to investigate the potential role of p19Arf during pancreatic differentiation 

we decided to use the CRISPR-Cas9 technology to target the INK4a/Arf locus of 

mESCs. This versatile technology for genome editing consists of two components: 

a single guide RNA (sgRNA) and the Cas9 nuclease. The specificity of CRISPR-

Cas9 is determined by the recognition of the target DNA through base pairing with 

a 20-base sgRNA. Thus, the interaction between the target DNA and the sgRNA 

makes it highly precise. 

To apply this technology to our system, it has to be taken into account the 

peculiarity of the Ink4a/Arf locus (Cdkn2a) that codes two important 

oncosuppressors, Ink4a and Arf that are mostly intertwined with each other (Figure 

11 and see Introduction). The two proteins encoded by the locus are translated 

from two different transcripts, an α-transcript and a β-transcript which share DNA 

sequences in exon 2 and 3 but not in their amminoacidic sequence. Thus, the 

resulting INK4a and ARF tumor suppressors display completely different amino 

acid sequences with distinctive functions due to the alternative reading frames (Ko, 

et al., 2016; Ko, et al., 2018; Seo, et al., 2020)  
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Figure 11. Genomic structure of the Ink4a/Arf locus (Cdkn2a) This locus encodes two 

oncusuppressor transcribed from two different transcription start site: α-transcript, encoding 

INK4a (pink) and β-transcript, encoding ARF (green). Although these two transcripts share exon 

2 and 3 sequences, they are translated following alternative reading frames, thus resulting into 

two completely different proteins (freely adapted from Seo, at al., 2020). 

 

 

 

α-transcript  

β-transcript  
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Therefore, given the structure of the CDKN2a locus, we decided to target exon 1β 

to exclusively mutate Arf. In fact, exon 1 is fundamental for p19Arf tumor 

suppressor activity and for the control of cell cycle functions as well as in several 

developmental and differentiation context (see Introduction).  

It has to be noted that the Arf sequence is highly repetitive rendering very difficult 

to design specific oligos. Therefore, we decided to use a single guide RNA already 

successfully used (Weber, et al., 2015) to specifically target exon1β. 

 
Generation of the genome editing construct: 

lentiCRISPRv2-Cas9-sgRNA targeting the Arf gene. 

 
In order to target exon 1 of p19ARF, the first step was the generation of a 

molecular construct containing two fundamental elements: a single guide RNA 

specifically targeting the sequence of interest and the coding sequence for the Cas9 

protein. 

I decided to use a validated sgRNA (Weber, et al., 2015) targeting a region located 

70 bp downstream of the ATG of Arf, along with the lentiCRISPRv2 plasmid, 

which is a versatile tool for CRISPR-Cas technology (Addgene Plasmid 49535). 

The lentiCRISPRv2 plasmid contains all the key elements necessary for the 

cloning strategy, as well as for subsequent transfection and selection in mammalian 

cells (Figure 12B) (see materials and methods). 

 

The single guide RNA was specifically designed with the necessary 5' and 3' ends 

for cloning after vector digestion with BsmBI, according to the Zhang Lab protocol 

(Sanjana, et al., 2014; Shalem, et al., 2014) (Figure 12, A, C). 
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Figure 12. Preparation of the construct (Part 1) 

A BsmBI non palindromic recognition sequence. Arrows indicate the cut occurring after 1 

nucleotide (5’-3’ strand) and 5 nucleotides (3’-5’ strand) after the recognition site.  

B LentiCRISPRv2 vector: the CMV enhancer and the U6 promoter controlling the transcription 

of the sgRNA and of the chimeric guide RNA; the BsmBI site to clone the sgRNA; the Cas9 

coding sequence with a chicken promoter; the Puromycine and Ampicillin resistance. 

C sequence of the single guide RNA to target exon 1β of p19Arf. In red are shown the 5’ and 3’ 

ends complementary to the 5’ and 3’ ends of the vector after BsmBI cut. 

 

 

 

BsmBI 
A sgRNA Top           CACCGTGGTGAAGTTCGTGCGATCC         

sgRNA Bottom     AAACGGATCGCACGAACTTCACCAC 

C 

B 
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To clone sgArf into the lentiCRISPRv2, the plasmid was digested with the BsmBI 

enzyme and loaded on a preparative 0,8% agarose gel to isolate the linearized 

vector that, once purified, was ligated to the annealed sgArf (synthesized with 5' 

and 3' ends complementary to the BsmBI vector ends (Figure 13 and see Materials 

and Methods). 
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Figure 13. Preparation of the construct (Part 2) 

The Figure shows the expected LentiCRISPRv2e vector after ligation with the single guide 

(sgArf) into the BsmBI restriction sites, downstream the U6 promoter and upstream the chimeric 

guide RNA. 

 

The ligated product was then transformed in Stbl3 bacterial cells that were 

incubated over night at 37°C in the presence of 100g/ml ampicillin. DNA was 

extracted from the two colonies obtained from the transformation of the ligation 

reaction and subjected to restriction map analysis (Figure 14), PCR amplification 

and Sanger sequencing (Figure 15). 

For restriction map analysis, digestions with the following enzymes were 

performed: EcoRI, EcoRV and KpnI alone and together in different combinations. 

In particular, both the control vector (uncut lentiCRISPRv2) and the DNA obtained 

from the two colonies were digested as indicated in Figure 14: 

  

Single 
guide 

U6 
promoter 

Chimeric 
guide RNA 
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Figure 14. Restriction map of clones #1 and #2 

Lane M: 1kb molecular weight Marker  

Lane 1: V: Uncut lentiCRISPRv2 vector  

Lane 2 and 3: Uncut lentiCRISPRv2-sgArf Midiprep #1 (two different concentrations) 

Lane 4 and 5: Uncut Midiprep #2 lentiCRISPRv2-sgArf (two different concentrations) 

Lanes 6-20: lentiCRISPRv2 control vector (V), Midiprep #1 (#1) Midiprep2 (#2) digested with 

the restriction enzymes indicated below. 

 

 

As shown, both clone #1 and clone #2, following a double digestion with KpnI and 

EcoRV, release a fragment of 2000 bp, suggesting the success of the cloning 

strategy (see Figure 14, lanes 18, 19, 20) 

 

Before proceeding with the sequencing of the clones, a PCR amplification was 

performed using a pair of primers that anneal to the U6 promoter and the sgArf.  

 

EcoRI EcoRV EcoRI- 
EcoRV 

KpnI KpnI- 
EcoRV 

Un #1 Un #2 V V #1 #2 V #1 #2 V #1 #2 V #1 #2 V #1 #2 

Uncut 

4000b

2000b
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The final check was performed by Sanger sequencing using the same primers that 

were used in the PCR. 

Sequencing results confirmed that the sgp19Arf was correctly cloned into the 

lentiCRISPv2 vector without unexpected mutations (Figure 15). 

Therefore, both molecular clones were good candidates for our purposes. 

 

 

 

Figure 15. Electropherogram showing the Sanger sequencing results for the lentiCRISPRv2 

sgArf on clones #1 and #2. The highlighted section shows the sequence of sgArf correctly cloned 

into the lentiCRISPRv2 vector. 
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Generation of p19Arf mutated mouse embryonic stem 

cells (mESCs) 

 
Once the molecular constructs were validated, clone #1 (CRISPRv2Arf#1) was 

selected for transfection into mouse embryonic stem cells (mESCs) to obtain stably 

mutated p19Arf clones. 

mESCs were transfected with either CRISPRv2Arf#1 or lentiCRISPRv2 (as 

negative control) vectors. Additionally, to quickly assess transfection efficiency, a 

plasmid containing a GFP cassette (pcDNA3-eGFP) was used in parallel. 

For each experimental condition, 6 x 10^5 ESC (E14TG2a) cells were seeded in 

60 mm dishes 24 hours prior to transfection (see Materials & Methods) and 

subsequently transfected using Lipofectamine® 2000. 

Twenty-four hours after transfection, cells transfected with pcDNA3-eGFP were 

observed under phase contrast and fluorescence microscopy to evaluate the 

approximate rate of transfected cells that was estimated around 30% (Figure 16). 
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Figure 16. Evaluation of transfection efficiency 

The left image shows transfected cells observed under phase contrast microscopy, while the right 

image displays only the transfected cells that express eGFP observed at fluorescence microscopy 

(Leica DMi8). 

 

 

Forty-eight hours after transfection, cells were detached, and 1 x 10^6 cells for 

each experimental condition were replated in 100 mm dishes with 0.8 μg/mL 

puromycin added to the medium.  

After 8 days cells were harvested from the 100 mm plates and plated in 0.32 cm² 

multiwell plates while maintaining high puromycin selection (0.8 μg/mL) (see the 

timeline in Figure 17) to obtain single clones. 

42 clones were obtained from transfection with CRISPRv2Arf#1 and were plated 

in 96-well plates; of these, 14 clones were successfully transferred to a 24-well 

plates (1.9 cm²) and subsequently to a 12-well plates (4 cm²), while maintaining a 

puromycin concentration of 0.4 μg/mL. The clones were then expanded for 

validation. Similarly, E14TG2a cells were transfected with lentiCRISPRv2 

(“empty” without sgRNA) to obtain a valid control for subsequent experiments 

(named CTRL). 
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Figure 17. Workflow for the generation of E14-lentiv2-Cas9-sgp19Arf cell clones. 

"E14 ES cells (E14TG2a) were transfected with lentiv2-Cas9-sgp19Arf (Day 0) in p60 dishes. 

Two days later, cells were plated in 100 mm dishes, and 0.8 μg/mL puromycin was added to start 

clone selection. Eight days after transfection clones were picked up and transferred to a 96-well 

plate while maintaining the same selection. The clones were then expanded by plating them in a 

24-well plate, and then in a 12-well plate and a 6-well plate reducing puromycin concentration 

selection (0.4 μg/mL puromycin).  
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Validation of transgenic clones generated by 

transfection with CRISPRv2Arf#1 

 
In order to introduce alterations in the targeted sequence using CRISPR-Cas9 

technology, the first requirement is the expression of the Cas9 enzyme. So, at a 

first attempt, we decided to check its expression in transfected clones. To this 

attempt, total protein extracts from 14 clones derived by transfection with 

CRISPRv2Arf#1 (herein named mArf clones) were analyzed by Western Blot 

using a polyclonal antibody α-Cas9 (see Materials and Methods).  

Western blot analysis revealed that three clones express the Cas9 protein at high 

or detectable levels (Figure 18). 

 

 

 

 

 

 

 

Figure 18. Evaluation of Cas9 protein expression levels in mArf clones. 

Western Blot analysis on transgenic clones obtained by transfection with CRISPRv2Arf#1  

 

As figure 18 shows, the Cas9 protein is expressed in mArf clones #3, #15 #42 and 

#20, Therefore, these clones were chosen for subsequent characterization.  

Genomic DNA was extracted and subjected to PCR amplification of the region of 

interest to obtain sufficient template for sequencing analysis. 

α-Cas9 (150 KDa) 

#2     #3     #9     #14   #15   #18   #19       #clone number 

α-Cas9 (150 KDa) 

α-GAPDH (36 KDa) 

#10   #21   #22   #26    #39   #42     #20    #clone number 

α-GAPDH (36 KDa) 
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Due to the unique and repetitive nature of the p19 genome sequence, we tried 

different oligos in various combinations before succeeding. Figure 19 shows the 

sequence and the annealing regions of the selected oligos, which map at the 5’UTR 

and at an internal position of Exon 1β. 

 

 

 

 

 

 

 

Figure 19. Sequence and position of Forward (Fw) and reverse oligos on the to p19Arf 

genomic sequence 

The Fw oligo recognizes a sequence at the 5’UTR that is 126 bp upstream of the region targeted 

by Crispr-Cas9. The Rv oligo anneals to a sequence on exon 1β located 73 bp downstream of the 

sgArf target region. The image also shows the site of annealing of the guide (purple) and the 

potential cut site located upstream of the PAM sequence (red). 

 

The 219 bp amplicon obtained from the PCR was then subjected to Sanger 

sequencing at the Eurofins Genomics facility. 

The electropherogram results are shown in the Figure 20, 21, 22 and 23.  

  

Cutting 
site 
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  Figure 20. Electropherogram results of mArf clone #3 

 

 

 

 

 

 

 

 

    Figure 21. Electropherogram results of mArf clone #15 
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Figure 22. Electropherogram results of mArf clone #42 

 

 

 

 

 

Figure 23. Electropherogram results of clone #20 
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The sequencing results were analyzed by identifying the wild-type sequence peaks 

through alignment with the p19Arf wild-type sequence. From this analysis it 

turned out that clone #3 is completely wild type while clones #15, #42 and #20 

appear significantly altered in the region of interest. However, sequencing results 

are not optimal as indicated by the presence of more than two peaks, suggesting 

that the samples are not derived from single clones. Therefore, we decided to 

proceed with a subcloning strategy in order to obtain more homogeneous clones.  

To this purpose, 1x106 cells for each clone (#42, #15 and #20) were plated in a two 

100mm dish in the presence of 0,4 µg/mL puromycine (Figure 24). After 4 days 

visible clones were picked up and plated again into a 0,32 cm2  well. The cells were 

then plated in progressively larger dishes to facilitate the separation of individual 

clones (see Materials and Methods).  
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Figure 24. Workflow for subcloning. 

 

After 10 days, we obtained well-separated clones from each of initial clones. Three 

clones in total were analyzed by sequencing as previously described: genomic 

DNA extraction and PCR amplification were used to amplify a 219 bp amplicon 

that was subsequently analyzed by Sanger sequencing thanks to Eurofins 

Genomics facility. 

The sequencing results demonstrated a successful reduction in sequence variability 

among the subclones. The electropherogram results are shown in Figures 25, 26, 

and 27. 

  

Pick of clones 

After 6 days After 8 days After 10 days Puromycine 0.4µg/mL 

Puromycine 0.4µg/mL Puromycine 0.4µg/mL Puromycine 0.4µg/mL Puromycine 0.4µg/mL 



68 
 

 

 

 

Figure 25. Electropherogram results of mArf subclone #15 . 

 

 

Figure 26. Electropherogram results of mArf subclone #20. 

 

 

Figure 27. Electropherogram results of mArf subclone #42. 
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The obtained DNA sequences were compared to the wild-type sequence to identify 

the presence of mutations. Using the SnapGene Viewer software we identified the 

codons altered by the various mutations in the coding sequence (Figure 28).  In all 

cases, there are profound alterations in the expected region. In particular, all mArf 

clones present a truncated allele and various changes in the remaining allele, 

except for clone 20. 

 

 

 

 

Figure 28. Deduced amino acidic sequence of mArf clones  

The image shows the amino acidic sequence of p19Arf exon 1β in wild type (A), mArf #15 (B), 

mArf #42 (C) and mArf #20 (D). Evidenced are the MDM2 interaction sites (purple line), the 

sgArf (Guide) recognition site (pink) and the PAM sequence (yellow). All clones exhibit an allele 

containing a STOP codon between aa 37-47 depending on the clone, along with various alterations 

in the remaining allele (except for clone 20). 
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Set up of mESCs and control cells differentiation 

toward PPCs (pancreatic progenitor cells) 

Once the presence of extensive mutations in the desired region of Arf's exon 1β in 

the three subclones was confirmed by sequencing analysis, we decided to analyze 

the effect of these mutations. However, since p19Arf is absent in ESCs and is 

expressed during a specific time window during pancreatic differentiation (see 

preliminary data in the Aim of the thesis), it is necessary to differentiate ESCs 

toward the pancreatic lineage in order to analyze the phenotype. 

Using a validated differentiation protocol (De Angelis, et al., 2014), we first 

analyzed the phenotypes of wild-type ESC-E14TG2a vs control cells (CTRL) 

(derived by transfection of ESCs with the empty vector) that were induced to 

differentiate (Figure 29). 

Briefly, definitive endoderm (DE) formation is induced during the priming step by 

Activin A on Day 4. Subsequently, the cells are further directed toward posterior 

foregut endoderm (PPCs) on Day 8 using RA and FGF10 (for details see Materials 

and Methods). 
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Figure 29. Protocol of mESCs differentiation toward pancreatic lineage. 

The figure shows the timeline used to differentiate mESCs into pancreatic progenitor cells over 8 

days. On day 0, the cells (expressing Oct4, Nanog, Sox2, and Dppa5a) were treated with Activin 

A in Matrigel for the first four days to generate definitive endoderm (DE). For the subsequent 

four days, the cells were treated with retinoic acid and fibroblast growth factor10 to differentiate 

the definitive endoderm into pancreatic progenitor cells. The evaluated markers for the pancreatic 

progenitor cells were Sox9, Gata4, and p19Arf. 

 

Wild type mESCs and the control (CTRL) were plated in 6-well dishes (9 cm²) and 

treated as described to induce pancreatic differentiation (Figure 29). 

The first evaluation we conducted was a morphological analysis using a phase 

contrast microscope (Leica DMIL Led) to observe changes occurring during the 

differentiation process (Figure 30). 

As expected, the morphology of the cells changed during treatment: at day 0, the 

cells exhibited a rounded morphology typical of mESCs in culture. They then 

formed a distinct structure by joining together, and by day 8, they acquired a 'spider 

web' or basket-like structure characteristic of pancreatic progenitor cells. 

Importantly, there were no significant differences between the wild-type and 

control cells, both of which exhibited the same morphology. 
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Figure 30. Phase contrast microscopy images (Leica DMIL LED) of clones during 

pancreatic differentiation. 

Cells were observed at three experimental time points: day 0, day 4, and day 8, using a 20X 

objective. The morphological analysis indicates that there are no differences between wild-type 

cells and CTRL (control) cells during pancreatic differentiation. By day 8, both exhibited a 

basket-like morphology typical of pancreatic progenitor cells. 

 

Subsequently, as differentiation toward PPCs is characterized by a change in the 

expression patterns of specific markers (see Figure 29), we decided to analyze the 

expression of p19Arf, as well as stemness and differentiation markers using Real-

Time PCR at different time points (day 0, day 4, and day 8) during differentiation 

of wild type and control cells. To this end, cells were collected, RNA was 

extracted, retrotranscribed into cDNA, and subjected to Real-Time PCR (see 

Materials and Methods). We choose to analyze the expression of Oct4 as a stem 

cells marker and of Sox9 which marks PPCs. As expected, Oct4 expression 

decreased significantly as the cells differentiated from day 0 to day 8, while Sox9 

expression gradually increased, confirming that the differentiation process was, 

indeed, correctly occurring (Figure 31). Importantly, Arf’s levels increase, as 

expected, both in wild type cells and in CTRL cells mostly at the same extent. 

Western Blot analysis are almost in agreement with Real Time PCR results (Figure 

32). Since the CTRL exhibited a completely overlapping trend with that of the wild 

Day 0 Day 4 Day 8 

CTRL 

Wild-type  
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type (particularly at the end of differentiation), both at cellular and molecular 

levels it was used in most of the subsequent experiments as it serves as a more 

suitable reference point. 
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Figure 31. Analysis of the expression of Arf, Oct4 and Sox9 markers in wild type cells and 

control cells at day D0, day D4 and day D8 by qPCR. The graph shows data from a 

representative experiment performed in technical triplicate ± SD. Significance was determined 

using unpaired t-test followed by Dunnett's multiple comparison tests. ** (p < 0.01), ***(p < 

0.001) and ****(p < 0.0001) represent the significance of the reduction compared to day 0 (D0). 
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Figure 32. Representative western blot showing the expression of p19Arf and Oct4 markers 

in wild type cells and control cells at Day 0, Day 4 and Day 8 of differentiation.  

The panel is a representative Western Blot showing p19Arf protein levels at Day 0 and Day 8. 

Cells were collected at the time points indicated and total protein extract was prepared and run on 

a 12%SDS gel, transferred to a nitrocellulose filter and hybridized to -arf antibody and-Gapdh 

antibody (see materials and Methods for details). Band intensities were quantified by ImageLab 

BioRad software and normalized respect to loading controls (Gapdh). 
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Analysis of the effects of mutations in p19Arf on 

pancreatic differentiation 

 
After setting up the differentiation protocol, we proceeded with the treatment of 

the p19Arf mutated clones. Control cells and cells from mArf clones #15, #42, and 

#20 were induced to differentiate toward PPCs as previously described (see also 

the Materials and Methods section), and phenotyping was performed using several 

approaches.  

 

Morphological analysis of p19Arf mutated clones during pancreatic 

differentiation. 

Cells (both from control, CTRL, and mArf #15, #20, #42 clones) were plated in 6-

well dishes (9 cm²) and treated as described above to induce pancreatic 

differentiation. Morphological analysis by confocal microscopy at the three 

different time points (Day 0, Day 4 and Day 8) revealed significant differences in 

the behavior of p19Arf mutated clones compared to control (Figure 33). 

Specifically, at day 0, all cells displayed a rounded, stem-like morphology typical 

of cultured mESCs in both the control and p19Arf mutated clones. This is not 

unexpected, as Arf is silenced in stem cells (Li, et al., 2009 and 2012) and start to 

be expressed in vitro at day 4 (Montano, et al., 2021). 

In contrast, several differences emerged during treatment. On day 4, when control 

cells began to lose their stem phenotype and tend to adopt a differentiative 

morphology, the subclones (#15, #42, and #20) maintained a rounded shape, 

indicating defects in the differentiative program. By day 8, the differences are more 

striking as control cells acquired a basket-like morphology typical of progenitor 

cells, indicating a correct execution of the differentiative program, while mutated 

clones maintain a stem-like phenotype (especially clones #20 and #42). 
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Figure 33. Phase contrast microscopy analysis of cell morphology during pancreatic 

differentiation toward the pancreatic lineage. The images are representative of the behavior of 

control and p19Arf mutated clones during pancreatic differentiation in two representative 

experiments. Upper panel was captured with a phase contrast Leica microscope DMIL LED using 

a 20X objective, and the lower panel with a phase contrast Leica microscope DMi8 using a 20X 

objective. Initially, all cells exhibit a clonal morphology; however, by day 4, differences emerged 

between control cells and mutated clones. In particular, clones #15 and #42 (upper panel) and #20 

(lower panel) display rounded morphology, while control cells acquire the morphology of 

definitive endoderm cells. By day 8, control cells exhibit a "basket-like" morphology, while #15 

shows a structure that appears to have some basket characteristics but differs from control cells. 

The most significant differences compared to controls were observed in #42 and #20, which seem 

to maintain rounded morphology even at day 8 of differentiation.  
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We then decided to explore the morphology of the clones by staining them with a 

fluorescent conjugate of phalloidin which stains F-actin filaments and allows us to 

reveal changes in cytoskeletal rearrangements during differentiation. 

Cells from control, clone #20 and #42 were plated in LabTech plates (2.5 cm2) and 

treated to differentiate toward PPCs as described before (Figure 29 and Materials 

and Methods). At different time points cells were fixed with paraformaldehyde and 

stained with rhodamine-phalloidin and DAPI to stain the nuclei (see Materials and 

Methods) (Figure 34). 

Strikingly, p19Arf mutated clones clearly tend to maintain a more prolonged 

rounded morphology compared to the control, which acquired the correct basket-

like structure at the end of the in vitro differentiation, further suggesting that 

p19Arf mutated clones tend to maintain a more prolonged stem like phenotype. 

In particular, while CTRL cells acquire the correct structure by day 8, #42 and #20 

cells tend to assume either an enlarged and cohesive structure resembling the 

typical definitive endoderm morphology or maintain the rounded morphology 

characteristic of day 0.  

We also attempted to analyze p19Arf localization by immunofluorescence, as we 

expected that a mutated p19Arf might not localize correctly. Unfortunately, 

attempts to analyze p19Arf localization were unsuccessful probably because cells 

are poorly permeable to the antibody due to their tendency to grow in clusters. 

Therefore, experiments are ongoing to improve the protocol by optimizing cell 

permeabilization and preparing sections using a cryostat. 
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Figure 34. Evaluation of morphological changes at day 8 by rhodamine-phalloidin staining.  

The panels show representative images acquired with 60X objectives of an Olympus confocal 

microscope FV3000. Phalloidin staining of F-actin is shown in red (by using rhodamine-

phalloidin), while DAPI staining to highlight the nuclei is shown in blue. At day 0 (A) all cells 

exhibit the rounded morphology typical of stem cells in culture. By day 8 (B), the control cells 

form 'basket structures,' while the mutated clones #42 and #20 tend to maintain the rounded 

morphology or acquire broader and less structured structures resembling those observed on day 

4. 
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Molecular analysis of p19Arf mutated clones during 

pancreatic differentiation. 

To analyze whether the morphological differentiation defects observed are also 

accompanied by changes in the pattern of gene expression during differentiation, 

RNA was extracted from control cells and mArf mutated clones at Day 0 and Day 

8, reverse-transcribed into cDNA and levels of expression of different stemness 

and differentiation markers was analyzed by RT-qPCR (see Materials and 

Methods). Day 4 was excluded from the analysis because the most striking 

phenotype is observed on Day 8, when Arf levels also reach their highest levels. 

We chose to analyze the following markers: Oct4, Nanog, Sox2, and Dppa5a as 

stemness markers, and Gata-4, Sox9, Pdx1, and p21 as differentiation markers, for 

several reasons outlined below. Collectively, chosen differentiation markers are 

among the key factors involved, on one hand, in maintaining the multipotency of 

pancreatic progenitors by ensuring a continuous reserve necessary for organ's 

plasticity, and, on the other hand, because they serve as pioneering factors in the 

specification of the pancreatic lineage. 

Oct4 plays a crucial role in regulating pluripotency in embryonic stem cells, being 

highly expressed in these cells but silenced during differentiation. The level of 

Oct4 expression significantly influences the fate of the stem cells. Together with 

Sox2, Nanog, and other key regulators, Oct4 activates essential protein-coding 

genes and noncoding RNAs for maintaining pluripotency. Additionally, Oct4 

works with transcriptional repressive complexes to suppress genes associated with 

developmental processes (Shi, et al., 2010). 

Nanog is a homeodomain protein essential for the propagation of undifferentiated 

embryonic stem (ES) cells, present in pluripotent mouse and human cell lines but 

absent in differentiated cells. In preimplantation embryos, Nanog is confined to 

founder cells that give rise to ES cells. It functions alongside cytokine stimulation 
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of Stat3 to promote ES cell self-renewal. Interestingly, increased Nanog expression 

from transgene constructs can lead to clonal expansion of ES cells, bypassing the 

need for Stat3 while maintaining Oct4 levels (Chambers, et al., 2003). 

Maintaining pluripotency in stem cells requires precise regulation of Sox2 

expression; both high and low levels can lead to a loss of pluripotency by 

diminishing the activity of Sox2-Oct4 target genes. Sox2 expression must remain 

in dynamic equilibrium with other synergistic factors. This is further supported by 

the cooperation of Sox2 with other dose-dependent transcription factors, such as 

Oct4 and Nanog, in regulating pluripotency (Zhang, et al., 2014). Together, Oct4 

and Sox2 control downstream genes essential for maintaining pluripotency and 

inhibiting differentiation (Loh, et., al 2006). 

Dppa5a/Esg-1 transcripts are low in the unfertilized egg but significantly increase 

during zygotic genome activation at the two-cell stage, continuing through 

preimplantation to the blastocyst stage. This differs from Oct3/4, which is present 

in oocytes but activated only at the eight-cell stage. Esg-1 and Oct3/4 show similar 

gene expression patterns, and Esg-1 appears to be downstream of Oct3/4, as 

repressing Oct3/4 in mouse ES cells leads to a decrease in Esg-1 expression 

(Tanaka, et al., 2002). 

Sox9 is a specific marker and maintenance factor for multipotential progenitors 

during pancreas organogenesis as well as of multiple organs, including testis, 

chondrocytes, heart, lung, pancreas, bile duct, hair follicles, kidney, inner ear, 

retina and the central nervous system (Stolt, et al., 2003; Chaboissier, et al., 2004; 

Akiyama, et al., 2005; Furuyama, et al., 2010; Seymour, et al., 2007). It is 

expressed in a mitotically active, Notch-responsive subset of PDX1⁺ pluripotent 

progenitors, but not in committed endocrine precursors or differentiated cells. 

Sox9 helps maintain these pancreatic progenitors by promoting their proliferation, 

survival, and retention in an undifferentiated state (Seymour, et al., 2006). 
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Gata4 is a transcriptional regulatory factor that governs the development of 

endoderm-derived organs, such as the heart and the gut. It may functions as a 

putative tumor suppressor, as its re-expression increases p53 gene expression. The 

findings suggest that GATA4 may also influence cell proliferation and 

differentiation during pancreatic cancer progression (Gong, et al., 2018). 

Pdx1 is a master regulator of early pancreatic development, initially expressed in 

all pancreatic progenitors but later restricted to β- and δ-cells during endocrine 

differentiation (Wang, et al., 2018). The three differentiated adult pancreatic cell 

types , acinar, ductal, and endocrine, arise from a common Pdx1⁺ progenitor during 

embryonic development. Ablation of Pdx1 results in pancreatic agenesis, 

underscoring its critical role in the formation of both exocrine and endocrine cells 

(Edlund, et al., 2002; Offield, et al., 1996; Stoffers, et al., 1997). 

The Nkx family of homeodomain factors includes several members, with Nkx6-1 

being crucial for foregut patterning, pancreas organogenesis, and the development 

of both the central and peripheral nervous systems (Burtscher, et al., 2021; Li et 

al., 2016; Prakash, et al., 2009). Specifically, during pancreas development, Nkx6-

1 is vital for the patterning of the pancreatic epithelium (Schaffer, et al., 2010). 

Furthermore, Pancreatic and Duodenal Homeobox 1 (PDX1) and NKX6.1 are two 

primary transcription factors expressed in multipotent pancreatic progenitor cells 

(MPCs) and functional β cells. NKX6.1 is expressed from early stages of 

pancreatic development and persists in adult β cells, playing several essential roles 

throughout this process (Aigha, et al., 2020). In mice, Nkx6.1 is first expressed in 

the pancreatic epithelium at embryonic day 9.5 (E9.5) and continues to be 

expressed until embryonic day 13 (E13). 

Cell cycle arrest or exit from cell cycle is a crucial first step toward terminal 

differentiation, quiescence, or senescence, often associated with increased p21 

expression. Several evidences suggest that p21 can have either a positive or 
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negative impact on differentiation, depending on the cell type and stage of 

differentiation. Overexpression of p21 can induce differentiation in various normal 

and tumor cells by promoting cell cycle exit (Kreis, et al., 2019). 

At a first attempt we checked the transcriptional and protein levels of p19Arf in 

control cells and mArf #15, #42 and #20 clones (Figure 35 A and B). As expected, 

Arf levels rise up at Day 8 in both control and mutated clones, confirming that 

experimental conditions are effective. Analysis by Western Blot reveal lower 

levels of p19Arf proteins in mArf clones. 

Therefore, the expression levels of stemness markers (Oct4, Nanog, Sox2 and 

Dppa5a) and differentiation markers (Sox9, Gata4, Pdx1 and p21) were analyzed 

in both the control and p19Arf-mutated clones both at Day0 and Day8 of 

differentiation (Figure 36). 
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Figure 35. RTqPCR and Western Blot to evaluate p19Arf levels. (A)Each graph is the result 

of five biological replicates for CTRL, #15, #42 and four biological replicates for CTRL and #20. 

Significance was determined by unpaired t-test followed by Dunnett's multiple comparison tests. 

* represent significance in reduction/increase respect to D0, *(p < 0.05),**(p < 0.01),***(p < 

0.001) and ****(p < 0.0001); # represent significance at D8 between clones  #(p < 0.05), ##(p < 

0.01) and ###(p < 0.001). 

Panel B is a representative Western Blot showing p19Arf protein levels at Day 0 and Day 8. Cells 

were collected at the time points indicated and total protein extract was prepared and run on a 

12%SDS gel, transferred to a nitrocellulose filter and hybridized to -arf antibody and-Gapdh 

antibody (see materials and Methods for details). Band intensities were quantified by ImageLab 

BioRad software and normalized respect to loading controls (Gapdh). 
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The behavior of stemness markers (Oct4, Nanog, Sox2, and Dppa5a) was 

particularly interesting as they appeared collectively much less reduced in p19Arf 

mutated clones by Day 8 compared to control cells (Figure 36A). 

On the other hand, differentiation markers (Sox9, Gata4, Nkx6.1, Pdx1, and p21) 

show an increase in all clones during differentiation, which, although varying in 

extent, is notably lower in Arf-mutated clones (Figure 36 B). 
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Figure 36. RTqPCR on control and p19Arf mutated clones at Day 0 and Day 8 of 

differentiation. Each graph is the result of five biological replicates for CTRL, #15, #42 and four 

biological replicates for CTRL and #20. In panel A Stemness markers Oct4, Nanog, Sox2 and 

Dppa5a are shown, in panel B the differentiation markers Gata4, Sox9, Nkx6.1 Pdx1 and p21. 

Significance was determined by unpaired t-test followed by Dunnett's multiple comparison tests. 

* represent significance in reduction/increase respect to D0, *(p < 0.05),**(p < 0.01),***(p < 

0.001) and ****(p < 0.0001); # represent significance at D8 between clones  #(p < 0.05), ##(p < 

0.01) and ###(p < 0.001). 
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Analysis by Western Blot of the stemness marker Oct4 are in line with was 

observed by Real Time (Figure 37).  

 

 

 

 

 

 

Figure 37. Representative Western Blot of Oct4 protein levels at day 0 and day 8 of 

differentiation. Cells were collected at the time points indicated and total protein extract was 

prepared and run on a 10 %SDS gel, transferred to a nitrocellulose filter and hybridized to -Oct4 

antibody and-Gapdh antibody (see materials and Methods for details). Band intensities were 

quantified by ImageLab BioRad software and normalized respect to loading controls (Gapdh). 
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Collectively, morphological and molecular data indicate a defect in the 

differentiation program. The elevated expression of pluripotency markers 

(particularly Oct4, Nanog and Dppa5a) observed on Day 8 in mArf clones suggests 

that, in the absence of functional Arf, cells have a tendency to retain a pluripotent 

phenotype. Figures 38 A and B more clearly show that mArf clones at Day 8 

present a sustained expression of pluripotency markers at the RNA levels respect 

to CTRL cells that more clearly express higher levels of differentiation markers. 
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Figure 38. Summary of Real Time PCR Data. This panel presents a graphical overview of the 

general behavior of mArf clones on Day 8 of differentiation using pie charts to illustrate the 

distribution of specific markers in CTRL cells and the mArf clones analyzed. Each slice 

represents a distinct marker of either stemness or differentiation. Panel A displays the marker 

distribution in CTRL cells and in individually mArf clones #15, #42, and #20. On Day 8, CTRL 

cells exclusively express differentiation markers, as shown by the presence of only three slices 

corresponding to Gata4, Pdx1, and Nkx6.1. In contrast, mArf clones #15, #42, and #20 retain 

higher levels of stemness markers as indicated by the high proportion of the red slice 

(representing Dppa5a expression), followed by the orange and yellow slices, representing 

Nanog and Sox2 expression, respectively. 

Panel B provides a summary of the data presented in Panel A, highlighting the overall trend in 

marker expression across CTRL and mArf clones. 
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While the p19Arf protein critically functions as a tumor suppressor, more recent 

evidences brought new insights into this intriguing protein positioning it at a 

critical intersection between oncogenesis and cellular differentiation. Among the 

various cellular process in which Arf has been shown to be involved, a major one 

appears to be its involvement in development and differentiation (see also 

Introduction). It is now well-documented that p19Arf expression can be induced 

in response to differentiation signals as observed in processes such as neurogenesis 

and hematopoiesis, where it acts to prevent unchecked cell proliferation and to 

ensure appropriate development and cellular maturation (Kamijo, et al., 1999; 

Sherr, et al., 1999). Initial evidence of p19Arf's involvement in developmental 

processes originates from Arf knock-out (KO) mice studies, which exhibit 

significant eye development anomalies. Moreover, p19Arf shows transient 

expression in spermatogonia during the first synchronized wave of 

spermatogenesis, ceasing in meiotic spermatocytes and their more mature 

derivatives (Gromley et al., 2009). In addition, while the p19Arf protein is 

generally absent in fetal and young adult mouse tissues, it appears expressed in the 

fetal yolk sac, underscoring its function in the late-stage differentiation of 

extraembryonic endoderm (ExEn) cells (Li, et al., 2013). Furthermore, particularly 

during pregnancy and lactation, p19Arf levels increase in response to progesterone 

stimulation and play a role in the mammary gland homeostasis (Yi, et al., 2004). 

Notably, the Ink4a-Arf locus is epigenetically silenced in stem cells, a mechanism 

essential for preserving their self-renewal capabilities, reflecting a complex 

regulatory interaction in cellular differentiation and developmental biology (Li, et 

al., 2012).  

However, the mechanisms through which Arf acts in differentiation processes are 

still unclear and are just beginning to be partially elucidated. On the other hand, 

given Arf’s established role in cancer and the growing body of knowledge on the 

role of the homeostasis of Stem cells, Progenitor Cells and Cancer stem cells, it 

appears particularly urgent to elucidate the role(s) that Arf plays in this context. 
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The role of Progenitor Cells (PCs) appears particularly important as they are 

essential for the maintenance and repair of organs and tissues, especially those with 

high cell turnover such as pancreas. Their role in the homeostasis supports normal 

organ development while their unbalance could be responsible of the onset of 

pathological conditions. The importance of progenitor cells in adult mammalian 

pancreatic regeneration is increasingly growing, highlighting their importance in 

understanding pancreatic repair mechanisms (Tanase, et al., 2014). Of note, 

mutations in Arf are highly prevalent in pancreatic cancer, second only to 

mutations in p53, underscoring its crucial role in tumorigenesis within this tissue 

type (Aguirre, et al., 2003). 

Therefore, interfere with Arf function to look for alterations in PPCs homeostasis 

could be important to better clarify its “dual” role in cancer and differentiation. 

Our initial strategy predicted a CRISPR-Cas9 approach to knock out p19Arf in 

mouse ESCs. However, due to the intrinsic complexity of the INK4a/ARF locus 

(Quelle, et al., 1995; Duro, et al., 1995; Mao, et al., 1995; Stone, et al., 1995; 

Swafford, et al., 1997)-which contains intertwined coding sequences for both Arf 

and p16-and the highly repetitive nature of the Arf sequence, after several attempts, 

we had to select a single guide RNA (sgRNA) previously validated in vivo by 

Weber et al. (2015). This allowed us to specifically target exon 1β although, up to 

now, we didn’t obtain any knockout Arf clone. Intriguingly, all three selected 

clones exhibit alteration in the differentiation process toward PPCs both at 

morphological and molecular levels, despite the partial impairment of Arf. All 

clones analyzed so far exhibit a truncated allele (due to the presence of a stop 

codon) that retains about 40 N-ter amminoacids with extensive mutations in the 

region between aa 26-37. These alterations are likely to impair most of Arf's 

functions especially in the p53/Mdm2 pathway (Kamijo, et al., 1998; Weber, et al., 

2000). The remaining allele exhibit various mutations—except for one clone—that 

may potentially further affect the interactions with key protein partners.  
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Given the unfolded structure of the p19Arf protein, it is unlikely that mutations 

would lead to its degradation. However, mArf clones appear to express lower 

levels of the protein which could be attributed to the monoallelic truncation. 

Therefore, we are currently screening for additional clones in search of double null 

allele to fully investigate the impairment. 

It should be noted that the initially selected clones were highly heterogeneous, 

prompting us to apply a subcloning strategy to enhance clone homogeneity and 

obtain clearer results. However, it is important to consider the intrinsic variability 

in these cells during the differentiative processes due to dynamic fluctuations 

among different differentiative states. This variability helps explain the challenges 

encountered in obtaining highly reproducible results (Canham, et al., 2010; Torres-

Padilla, et al., 2014). 

Despite the intrinsic variability and the fact that none of the clones analyzed were 

complete knockouts, our data quite robustly show that the p19Arf-mutant clones 

tend to maintain a prolonged pluripotency phenotype (both at morphological and 

molecular level) during in vitro differentiation respect to both wild type and control 

cells that, instead, acquire a more pronounced multipotent phenotype.  

This is particularly evident when examining p19Arf-mutant clones at phase 

contrast and fluorescence microscopy: at day 0, all cells displayed a classical 

clonal morphology, as expected. However, by day 4, distinct morphological 

variations emerged; control cells began to acquire the definitive endoderm 

morphology, whereas mutant clones #15, #42, and #20 retained a rounded shape. 

By day 8, the control cells adopted a distinctive "basket-like" morphology typical 

of differentiated pancreatic progenitor cells while the clones continued to exhibit 

rounded morphology, suggesting impaired or delayed progression of 

differentiation. Staining with phalloidin (marking F-actin filaments) more 

markedly reveal the rounded phenotype of mArf clones at the end of the in vitro 

differentiation and/or the presence of enlarged aberrant basket-like structures. 

Since the mutations introduced in the Arf sequence in selected clones may have 
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altered the interaction with some of its binding partners and/or its subcellular 

localization, it would have been very interesting to analyze the potential resulting 

changes in Arf's intracellular localization. Several attempts were made to analyze 

these changes through immunostaining. However, we were unsuccessful in 

achieving our objective for different problems that we are trying to overcome. 

First, the presence of Matrigel coating in our samples results in basal 

autofluorescence, making permeabilization less efficient. Second, the growth 

patterns of the cells, which tend to form clusters, complicate both permeabilization 

and visualization. We are now trying several approaches to improve the results 

such as increasing the concentration of the permeabilizing agent, extending the 

reaction time, and freezing the samples to section them with a cryostat, all aimed 

at enhancing localization accuracy. 

Evaluation of pluripotency (Oct4, Nanog, Dppa5a, and Sox2) and 

multipotency/differentiation markers (Gata4, Pdx1, and Nkx6.1) by RT-PCR 

analysis more precisely indicate alterations in the differentiative program toward 

PPCs of mArf clones that exhibited a marked retention of pluripotency at day 8, 

producing cells not fully multipotent. Our results align with findings that the 

Ink4a-Arf locus is fully silenced in both induced pluripotent stem (iPS) and 

embryonic stem (ES) cells (to preserve their self-renewal capacity) acquiring a 

bivalent chromatin state that enables reactivation during differentiation (Li, et al. 

(2009; Li, et al., 2012). Interestingly, in mouse cells, Arf is the primary barrier to 

reprogramming, whereas INK4a plays a more crucial role in human cells (Li, et 

al., 2009). 

Although our data indicate a clear involvement of Arf in the differentiation of PPCs 

cells, we still do not have a precise understanding of the mechanisms of action of 

Arf in this context, nor direct evidence of its involvement in this process.  

Regarding the last point, we would ideally need to rescue the mutant phenotype by 

re-introducing wild type p19Arf back into our clones, although this presents 

significant challenges that we are currently trying to overcome. First of all, it 
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should be noted that p19Arf is expressed only at late stages of differentiation 

(between Days 4 and 8), making the use of a constitutively expressing construct 

unsuitable. Furthermore, it is important to consider that the copy of exogenously 

introduced p19Arf must be engineered to evade targeting by Cas9. Actually, a 

modified p19Arf coding sequence was cloned in a vector containing a Tet-On 

promoter responsive to doxycycline. However, we ultimately did not proceed with 

transfection, due to the variability of the system, which posed several risks. First, 

re-transfecting the mArf selected clones could introduce further genetic alterations. 

Second, doxycycline treatment during differentiation could add further complexity 

to the process. The pancreatic differentiation protocol itself is delicate, requiring 

treatment with multiple factors over an 8-day period, during which cells experience 

considerable stress. The introduction of doxycycline could potentially interfere 

with the differentiation process, complicating the interpretation of results. 

Regarding the potential mechanisms of action of Arf in PPCs differentiation, we 

cannot provide a precise mode of action, but we can offer some interesting 

speculations. 

Notably, all our clones present mutations in the 26-37 amino acid region of exon 

1β, resulting in a stop codon preceeded by many altered codons. This region has 

been extensively studied and turned out to be crucial for interaction with Mdm2 

and nucleolar localization (Weber, et al., 2000). An impaired or less efficient 

interaction with Mdm2 in mArf clones may explain most of the phenotypes we 

observed. mArf clones should present an alteration of the classical p53-Mdm2 

pathway leading to the observed differentiation defects. On the other hand, there 

are many evidences demonstrating the involvement of p53 in differentiation 

contexts:  

• p53 can directly bind to the Nanog promoter lowering its level of expression 

(Pan, et al., 2007; Solozobova, et al., 2011 and Lin, et al., 2004). In embryonic 

stem (ES) cell differentiation, the swift downregulation of Nanog is associated 



103 
 

with the activation of p53’s transcriptional activity and its phosphorylation at 

Ser315 (Pan, et al., 20017). 

• p53 can directly upregulate miR-205 (Piovan, et al., 2012; Alla, et al., 

2012). In the formation of extraembryonic endoderm (ExEn) starting from 

Pluripotent Stem Cells there is a rapid and timely increase in p19Arf that results in 

the activation of p53 and miR205. Arf null contexts present a significant temporal 

delay in ExEn formation that can be rescued by enforced expression of 

miRNA205. Further, miR205 is involved in the upregulation of the GATA-4 

differentiation marker (Li, et al., 2012). 

• p53 regulates p21, a cyclin-dependent kinase inhibitor, playing an essential 

role in promoting differentiation. Elevated p21 levels drive differentiation in 

murine embryonic stem cells (ESCs) by repressing SOX2, a key pluripotency 

factor, thereby accelerating the formation of cell types such as endothelial cells, 

hepatocytes, and neurons. p21 is also indispensable for maintaining the self-

renewal of quiescent stem cell populations, including hematopoietic, keratinocyte, 

and neuronal stem cells, underlying its role in both differentiation and tissue 

homeostasis (Kreis, et al., 2019). 

Consistent with the hypothesis of an alteration in the Arf/Mdm2/p53 pathway, 

mArf clones are expected to exhibit lower levels of active p53.This could explain 

the higher levels of the stemness markers Nanog and Sox-2 (that are negatively 

regulated by p53) and lower levels of the differentiation markers Gata-4 and p21 

(positively regulated by p53) in mArf clones. Apart from these established 

observations, it would be noteworthy to investigate whether in mArf clones there 

are changes in the binding efficiency to Mdm2, alterations in subcellular 

distribution of Arf and variations in p53 protein levels. Many challenges in this 

type of analysis arise from the lack of antibodies efficiently working in mouse 

embryonic stem cells. Different settings for western blot and immunofluorescence 

analysis are being optimized to improve experimental conditions. Of course, other 



104 
 

explanations could be considered due to the intrinsic nature of Arf and the 

multitude of partners it can interact with. 

Notably, all our clones potentially possess a single copy of the small ARF isoform, 

which is a short form of ARF translated from an internal methionine at amino acid 

45. This isoform localizes to the mitochondria and plays a role in autophagy (Reef, 

et al., 2006). Interestingly, the observation that smARF can rescue the eye 

phenotype and fertility in Arf-null mice -although with a yet undefined 

mechanism-(van Oosterwijk, et al., 2017) led to the hypothesis that this form of 

Arf may also play a role in pancreatic differention. On the other hand, this isoform 

has been shown to be unable to regulate the cell cycle (van Oosterwijk, et al. 2017) 

and constitutes only a small fraction compared to full length Arf, making it difficult 

to hypothesize its function in our experimental conditions. However, we are 

planning experiments aimed at uncovering a potential role of smArf in PPCs 

differentiation. Immunofluorescence experiments will enable us to assess its 

colocalization with mitochondria and the changes in mArf clones compared to the 

control (CTRL). 

All these hypotheses, even if indirect, could reveal important cellular connections 

that could explain the alterations in balancing stem cell self-renewal and 

differentiation, promoting genetic stability and appropriate cellular responses 

under physiological stress conditions. 

Imminent transcriptomic and subsequent proteomic analyses in the near future will 

help clarify the effective molecular pathways involved. 

This research may advance the understanding not only of the molecular 

mechanisms underlying differentiation toward pancreatic progenitor cells but also 

of the critical balance within progenitor cell populations. Progenitor cells serve as 

an essential reserve for organ regeneration and plasticity, making their equilibrium 

a key objective. Our results could provide insights into maintaining pancreatic 

progenitor cells for regenerative medicine applications, while also elucidating the 
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role of tumor suppressor genes in multipotent cells. This dual role supports both 

tissue regeneration and cancer prevention, addressing two sides of the same 

biological coin. 
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CRISPR/Cas9 genome editing  

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and the 

associated protein Cas-9 form a highly effective genome editing tool used across 

various fields. The system consists of two main components: guide RNA (gRNA) 

and Cas-9 protein. CRISPR/Cas-9 editing involves three steps: recognition, 

cleavage, and repair. The designed sgRNA identifies the target gene through 

complementary base pairing, while Cas-9 creates double-stranded breaks (DSBs) 

at a specific site upstream of the protospacer adjacent motif (PAM). This break is 

then repaired through either non-homologous end joining or homology-directed 

repair (Asmamaw, et al., 2021). 

Cas-9, derived from Streptococcus pyogenes, is a large multi-domain DNA 

endonuclease that functions as a genetic scissor, cleaving DNA to generate DSBs. 

The system's effectiveness relies on the sgRNA directing Cas-9 to the target 

sequence, as Cas-9 is inactive without it. The PAM sequence, typically a conserved 

2–5 base pair sequence, is crucial for Cas-9's recognition and varies among 

bacterial species, with the common PAM being 5'-NGG-3' (Mei, et al., 2016; Jiang, 

et al., 2017). 

This prokaryotic system has been adapted for molecular biology, becoming one of 

the most powerful and versatile platforms for precise genome mutagenesis. After 

transfecting or transforming target cells with a construct expressing guide RNA 

and Cas9 protein, a double-strand break in the DNA is induced. The cell can then 

repair this break using either homologous recombination (HR) or non-homologous 

end joining (NHEJ). HR relies on the presence of an externally provided DNA 

template similar to or different from the deleted DNA sequence. In contrast, NHEJ 

has a high probability of introducing errors, resulting in small insertions and 

deletions (indels) at targeted sites. 
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Cloning of sgRNA into lentiCRISPRv2 vector 
 

In order to apply the CRISPR/Cas9 system in our context we decided to use 

LentiCRISPRv2 vector (Addgene #52961). 

The lentiCRISPRv2 plasmid contains all the key elements necessary for the 

cloning strategy, as well as for subsequent transfection and selection in mammalian 

cells: 

 the coding sequence for the Cas9 protein;  

 the ampicillin resistance to select bacterial cells after transformation; 

 the puromycine resistance necessary to select stable clones after the 

transfection; 

 Two BsmBI restriction sites, fundamental for the directional cloning of the 

selected single guide into the vector (with the elimination of a fragment of 1885 

bp). This enzyme recognizes an asymmetric DNA sequences and cleave 

outside the recognition sequence itself (N1-N5); (see Figure 12 A). 

 The Chimeric guide RNA (gRNA scaffold) that will fall downstream the U6 

promoter after the digestion with BsmBI enzyme.  

 The CMV enhancer and the U6 promoter to efficiently transcribe the sgRNA 

and the chimeric guide RNA; 

 

The single guide RNA was specifically designed with the necessary 5' and 3' ends 

for cloning after vector digestion with BsmBI, according to the Zhang Lab protocol 

(Sanjana, et al., 2014; Shalem, et al., 2014). 

sgArf TOP 5’- CACCGTGGTGAAGTTCGTGCGATCC-3’ 

sgArf BOTTOM 5’- AAACGGATCGCACGAACTTCACCAC-3’ 
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Before starting the sgRNA top and bottom provided us by Eurofins Genomics 

S.R.L were annealed. The sgArf top and bottom were resuspendend in milliQ 

water at a final concentration of 100 µM and were annealed as follow: 

Components Amount  

sgArf TOP (100 µM) 4,44 µL 

sgArf BOTTOM (100 µM) 5,71 µL 

Annealing Buffer (10X) 1X 

bdH2O To 20 µL 

Total volume 20 µL 

 

For the annealing reaction, the sgRNAs were placed in boiling H2O at 100°C to 

completely denature, and then left in water to cool for proper annealing of the top 

and bottom guides. Finally, the resulting double-stranded DNA molecules were 

diluted 1:200 (2 μL ligase mix + 398 μL H2O). Subsequently, the paired 

oligonucleotides were subjected to a ligation reaction with the vector. 

 

LentiCRISPRv2 digestion with BsmBI enzyme 
 

The first step to obtain the ligated construct was the LentiCRISPRv2 digestion 

with BsmBI enzyme (New England Biolabs #R0580 GmbH Brüningstr). The 

digestion was performed as follow and according to manufacture’s protocol: 

  



110 
 

 

Components Amount 

LentiCRISPRv2 vector (1γ/µL) 5γ 

BsmBI enzyme (10.000 U/mL) 50 U 

NEB Buffer 10X 1X 

bdH2O To 60 µL 

Total  volume 60 µL 

 

The reaction was incubated for 1 hour and 30 minutes at 55°C. Subsequently, to 

extract the linearized vector, 60 μL of the digestion reaction was loaded into four 

wells on a 0.8% agarose gel in 1X TAE. 

After the electrophoresis run the band corresponding to the digested vector was 

extracted using the QIAquick Gel Extraction Kit (Qiagen, Hilden Germany) 

according to manufactures protocol.  
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DNA was eluted in 30 μL of elution buffer and the concentration and purity of the 

sample were assessed using a NanoDrop® 1000 analysis. 

Sample ng/µL 

BsmBI digested LentiCRISPRv2 7,4  

 

After the purification, the digested vector was ligated using T4 DNA ligase (NEB 

#M0202S) according to manufacture’s protocol:  

Components  Amount 

Digested vector (8 ng/µL) 48 ng 

Annealed sgArf (0,5 ng/ µL) 0,5 ng 

T4 ligase Buffer 10X 1X 

T4 DNA ligase (1U/ µL) 1 U 

bdH2O To 20 µL 

Total volume 20 µL 

 

The ligation mix, was incubated overnight at 16°C and then incubated for 10 

minutes at 65°C. After the ligation mix and a negative control, using the same 

reaction mix but without the guide were transformed in Stbl3 bacterial cells and 

incubated O.N. at 37°C. After bacterial transformation, the construct was extracted 

using midi-preparations of plasmid DNA. 

 

Transformation in bacterial cells and DNA MIDI preparation 

Competent E. coli Stbl3 cells, were made competent to acquire foreign DNA with 

a chemical reaction using calcium chloride and after  with thermal shock 

incubating cells 42°C for 30 second and after in ice for 1 minute. 50 μL of 

competent cells were incubated with 10 μL of the ligation reaction. The cells were 



112 
 

incubated on ice for 30 minutes, then subjected to a 30-second heat shock at 42°C, 

followed by 1 minute on ice. 

Next, were added 950 μL of LB medium without antibiotic, and the mixture 

incubated for 1 hour at 37°C with shaking to express antibiotic resistance. The 

samples were centrifuged at 1100 g for 5 minutes, and the pellet was resuspended 

in 100 μL of LB, then plated on agar containing 100 μg/mL. The plates were 

incubated overnight at 37°C, yielding two colonies, which were inoculated into 5 

mL of LB with ampicillin and grown for 6 hours at 37°C. This pre-culture was 

then used to grow 100 mL of LB overnight at 37°C for DNA midi-preparations. 

For plasmid DNA extraction ZymoPURE II Plasmid Midiprep kit was used 

according to manufacture’s protocol. At the end of protocol 200 μL of 

ZymoPURE™ Elution Buffer was added to the column, incubated at room 

temperature for 2 minutes, and centrifuged at ≥ 10,000 g for 1 minute. The eluted 

plasmid DNA was stored at ≤ -20°C, and its purity and concentration were assessed 

using a NanoDrop 1000. 

 

Sample ng/ μL  

 

MIDIprep 1 2774,1 

MIDIprep 1 1019,6 

 

Resctriction analysis of DNA preparation  

The two ligated Midipreps products and the control vector were digested with 

various restriction enzymes. 300 ng of the vectors were digested both with single 

(EcoRI R601A, EcoRV R635A, KpnI R634A; Promega, Madison, Winsconsin 
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USA) and double (EcoRI-EcoRV, KpnI-EcoRV) digestions. All digestions were 

performed following the manufacture’s protocol and using MULTI-CORE™10X 

Buffer (R999A Promega). 

The obtained fragments were analyzed using 0.8% agarose gel electrophoresis in 

1X TAE buffer with the addition of SybrSafe ® DNA gel stain 1X (Thermo Fisher 

Scientific Waltham, Massachusetts, Stati Uniti). 

Transfection of E14Tg2a.4 cells with LentiCRISPRv2-sgArf and 

LentiCRISPRv2#1 

 
The lentiCRISPRv2#1 vector and the control vector were transfected into mESCs 

E14Tg2a.4 usign Lipofectamine ® 2000 (Invitrogen Waltham, Massachusetts, 

Stati Uniti). Our aim was to obtain stable clones expressing Cas9 protein. The 

transfection control was performed using pcDNA3-eGFP. The day before 

transfection 6x105 were plated into 60mm dish and the day after the cells were 

transfected using Lipofectamine 2000 with a 1:3 ration. The transfection mix were 

prepared using manufacture’s protocol. After 24h from transfection the cells 

transfected with the pcDNA3eGFP vector were observed under phase contrast and 

fluorescence microscopy to evaluate the approximate rate of transfected cells. 

Forty-eight hours after transfection, cells were detached, and 1 x 10^6 cells for 

each experimental condition were replated in 100 mm dishes with 0.8 μg/mL 

puromycin added to the medium. After 8 day, colonies were growing in the 

culture plate. Using 100 µL pipette tips, the colonies were picked up and 

placed individually in the 96 well culture plate filled with trypsin that was 

inactivated by adding complete medium. The day after the medium was changed 

with fresh medium. After 11 days the cells were detached and plated into 24-well 

(1.9 cm²) and by maintaining high the concentration puromycine subsequently to 

a 12-well plates (4 cm while maintaining a puromycin concentration of 0.4 μg/mL. 

The clones were then expanded for validation. Furthermore, the genotyping by 

PCR and chromatogram sequencing were used to analyze the mutations and select 
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the positive clones for our analysis.  42 clones were obtained from transfection 

with CRISPRv2Arf#1. Similarly, E14TG2a cells were transfected with 

lentiCRISPRv2 (“empty” without sgRNA) to obtain a valid control for subsequent 

experiments (named CTRL); cells were then collected and used without any 

subcloning for successive experiments.  
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Cell cultures and differentiation protocol 
 
Murine E14Tg2a.4 ES cells derived from mouse inner cell mass of the blastocyst 

(CRL-1821™ ATCC® Manassas, VA, USA). Cells were cultured on gelatin-

coated in complete ES medium: GMEM (Glasgow Minimal Essential Medium, 

Sigma-Aldrich, St. Louis, MO), 15% FBS (HyClone), 1,000 U/ml-1 leukaemia 

inhibitory factor (LIF) (Millipore, USA), 1.0 mM sodium pyruvate (Invitrogen, 

Carlsbad, CA, USA), 0.1 mM non-essential amino acids (Invitrogen, Carlsbad, 

CA, USA), 2.0 mM L-glutamine (Invitrogen, Carlsbad, CA, USA), 0.1 mM β-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO), 500 U ml-1 

penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) were used. ESCs were 

incubated at 37°C in 5% CO2. Cell culture medium was changed daily, and cells 

were split every 2–3 days routinely. For the endoderm differentiation, 5x105/plate 

cells were seeded in 35 mm dishes, and 1x106/plate cells were seeded in 60mm 

dishes as a feeder free monolayer. The differentiation medium consists of DMEM 

Low Glucose non-essential amino acids (Gibco, Dublin, Ireland), 100 U-µg/mL 

Penicillin/Streptomycin (Gibco),0.1 mM β-Mercaptoethanol (Sigma Aldrich„ 

depleted of LIF, with 200 µg/mL Corning ® Matrigel Matrix (Corning, New York, 

USA) and treated sequentially with several molecules at different time point for 8 

days. These factors included activin A (20 ng/mL, R&D Systems, Minneapolis, 

MN, USA), all trans retinoic acid (RA, 5 µM, Sigma Aldrich), fibroblast growth 

factor 10 (Fgf10, 10 ng/mL, R&D Systems). Medium was changed every 2 days. 

These cells were incubates t 37°C in 5% CO2. 
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Subcloning 
 

1 × 10^6 cells for each clone (#42, #15, and #20) were plated in two 100 mm dishes 

in the presence of 0.4 µg/mL puromycin. After 4 days, visible clones were picked 

and replated into 0.32 cm² wells. After 6 days, the clones were harvested and 

transferred to a 24-well plate (1.9 cm²). Subsequently, the cells were plated in 12-

well plates (4 cm²) while maintaining a puromycin concentration of 0.4 µg/mL. 

The clones were then expanded in 35 mm dishes and after reaching 60 mm plates, 

they were frozen and genomic DNA was extracted for validation. 

PCR-genotyping of mESCs stable clones 

 
The genomic DNA was extracted from our clones using HiPurA® Mammalian 

Genomic DNA Purification Kit according to manufacture’s protocol (HiMedia 

Modautal, Germany). Il DNA estratto è stato poi quantizzato utilizzando il 

NanoDrop (ThermoFisher Waltham, Massachusetts, Stati Uniti). After the 

extraction the DNA integrity was evaluated with electrophoresis. So the samples 

was loaded into a 0,8% agarose gel with TAE 1X using SybrSafe ® DNA gel stain 

1X (Thermo Fisher Scientific Waltham, Massachusetts, Stati Uniti). 

To evaluate the mutation we performed a PCR analysis using ROCHE Faststart 

Taq (Roche, Basel, Switzerland). The PCR was performed according to 

manufacture’s protocol using the following primers: 

 

Name Primer sequence (5’-3’) 

Primer Fw (5’ UTR) TTCTCACCTCGCTTGTCAC 

Primer Rv (CDS Arf) TTCTCAAGATCCTCTCTAGCC 

 

 

The 219 bp amplicon obtained from the PCR was then subjected to Sanger 

sequencing at the Eurofins Genomics facility. The sequencing results were 
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analyzed by identifying the wild-type sequence peaks through manually alignment 

with the p19Arf wild-type sequence. After the coding sequence of mutated clones 

were analyzed thanks to SnapGene Viewer software (Sand Diego, California, 

USA). 

 
RNA extraction and qPCR analysis 
 
Total RNAs were extracted from cells using TRIzol (Invitrogen) method according 

to the manufacturer’s protocol. One microgram of total RNA was reverse-

transcribed by iScript TM cDNA synthesis kit (Biorad, Hercules California  USA) 

according to the manufacturer’s protocol. qPCR analyses were performed using  

20 ng or 100 ng cDNA per well with the iTaq Universal SYBR Green Supermix 

(Biorad, Hercules California  USA). Each sample was repeated three times and 

normalized with the expression of housekeeping glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) gene. Reactions were run on the Aria Mx Real-Time 

PCR system (Agilent, Santa Clara, California, USA). Fold induction was 

calculated using ddCt method. All Primers are listed in the following table. 

 

Gene Primer Fw (5’-3’) Primer Rv (5’-3’) 

Gapdh AATGGTGAAGGTCGGTGTG GAAGATGGTGATGGGCTTCC 

Oct4 CCGTGTGAGGTGGAGTCTGGAGAC CGCCGGTTACAGAACCATACTCG 

Nanog AACCAGTGGTTGAAGACTAGCAATGGTC TTCCAGATGCGTTCACCAGATAGC 

Sox2 AACGGCAGCTACAGCATGATGC CGAGCTGGTCATGGAGTTGTAC 

Dppa5a CGAGGTCTTCATTTACGGCTCTC GGTCTTCATGGATTCCTCCAGC 

Gata4 TCAAACCAGAAAACGGAAGC  CTGCTGTGCCCATAGTGAGA  

Sox9 GGTCTGCCTGGACTGTATGTGGATG CTGTCCGATGTCTCTCTGCAGGAG 

Nkx6.1 GACAGCAAATCTTCGCCCTGG TTCTCCGAAGTCCCCTTGAGCC 

Pdx1 GCTCACCTCCACCGGACCTTC GGGTCCTCTTGTTTTCCTCGGG 

p19  TGAGGCTAGAGAGGATCTT CGTGAACGTTGCCCATCAT 

p21 GAACATCTCAGGGCCGAAAA CAATCTGCGCTTGGAGTGAT 
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Rhodamine-Phalloidin staining 
 
For Rhodamine-phalloidin staining, 4 x 104 cells D0 (2.5 cm2) and 1.4 x 105D8 

(2.5 cm2) were plated and then were fixed with 3.7% PFA (Sigma-Aldrich  St. 

Louis, Missouri, USA) permeabilized with 0.5% Triton X-100 (Sigma-Aldrich  St. 

Louis, Missouri, USA), and blocked with 3% BSA (Sigma-Aldrich  St. Louis, 

Missouri, USA) in PBS-Tween 0.05%. Then, they were incubated with primary 

antibody for 1 h at RT, and after for 1 h in the dark in Alexa-FluorTM 488  

secondary antibodies (Thermo Fisher Scientific Waltham, Massachusetts, Stati 

Uniti). Lastly, cells were incubated with rhodamine-phalloidin 1:1000 to localize 

filamentous actin and then counterstained with DAPI (4′,6-diamidin-2-

phenilindol) 1:10,000 for nucleus visualization (Thermo Fisher Scientific 

Waltham, Massachusetts, Stati Uniti). 

Western Blot analysis  
 
Total protein were extracted using RIPA cell lysis buffer and 1X Protease Inhibitor 

Cocktail (Sigma-Aldrich St. Louis, Missouri, USA). Protein concentration was 

determined using the Bio-rad protein assay (Bradford) (Biorad Hercules, 

California, USA) and after denaturation at 90 °C for 10 min, 15γ or 30γ (depending 

on protein we want to detect) of total protein were electrophoretically separated 

through 12% or 10% SDS polyacrylamide gels transferred on Amersham™ 

Protran® Nitrocellulose membranes (Sigma-Aldrich St. Louis, Missouri, USA) . 

The membranes were blocked with 5% non-fat milk and probed with primary 

antibodies overnight at 4 °C with a gentle shaker, followed by incubation with 

HRP-conjugated secondary antibodies for 2 h at room temperature (RT) (Cell 

Signaling Technologies Danvers, Massachusetts, Stati Uniti). Proteins were 

detected by the ECL system (BioRad Biorad Hercules, California, USA), and 

images were taken with ChemiDoc XRS System (Bio-Rad Laboratories) and 

quantified with densitometric analysis by Image J Software. Total protein extracts 
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were normalized to Gapdh. The antibodies rabbit anti-Cas9 antibody (1:1000; 

Diagenode, Belgium), rabbit anti-p19Arf (1:500; Cayman Chemical, Ann Arbor, 

MI, USA), mouse anti-Gapdh (1:10.000; Santa Cruz Biotech, Dallas, TX, USA), 

rabbit anti-Oct4 (1:500; Santa Cruz Biotech, Dallas, TX, USA). 

Statistics 
 
Graphpad Prism 8.0.1 software was used to perform statistical analysis. Values are 

presented as mean ± SD. p-values were determined using a two-tail unpaired t-test. 

p < 0.05 was used as a threshold for statistical discernibility. 
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Abstract: Embryonic stem cells (ESCs) present a characteristic pluripotency heterogeneity correspon-
dent to specific metastates. We recently demonstrated that retinoic acid (RA) induces an increase in
a specific 2C-like metastate marked by target genes specific to the two-cell embryo stage in preim-
plantation. Prame (Preferentially expressed antigen in melanoma) is one of the principal actors of the
pluripotency stage with a specific role in RA responsiveness. Additionally, PRAME is overexpressed
in a variety of cancers, but its molecular functions are poorly understood. To further investigate
Prame’s downstream targets, we used a chromatin immunoprecipitation sequencing (ChIP-seq) assay
in RA-enriched 2C-like metastates and identified two specific target genes, Cdk8 and Cdkn2d, bound
by Prame. These two targets, involved in cancer dedifferentiation and pluripotency, have been further
validated in RA-resistant ESCs. Here, we observed for the first time that Prame controls the Cdk8
and Cdkn2d genes in ESCs after RA treatment, shedding light on the regulatory network behind the
establishment of naïve pluripotency.

Keywords: PRAME; embryo stem cell; RA-resistant

1. Introduction

Prame, Gm12794c in mice, is a member of a multigene family present in humans
and other mammals [1]; it is expressed in different cancers [2] and is associated with
a novel stem cell molecular signature in the 2C-like metastate, characteristic of naïve
pluripotency [3]. ESCs are characterized by different metastable subpopulations that
fluctuate among different levels of pluripotency, defined as metastates. These metastates
are marked by specific factors whose expression affects the state of cell pluripotency [4–6].
Occasionally, a metastable subpopulation may convert to a highly pluripotent metastate (2C-
like) resembling the two-cell stage (2C) embryos, in which a rearrangement of chromatin
induces a reprogramming of a transcription named zygotic genome activation (ZGA) [7].

Recently, it was demonstrated that RA enhances ESCs’ metastate subpopulation,
named Zscan4 metastate, marked by a specific 2C-like gene signature, including Prame
and Zscan4, in which ESCs retain both self-renewal and pluripotency capability [8–10].
Correlated to this aspect, human PRAME overexpression has been demonstrated to block
retinoic acid (RA)-mediated cell differentiation, cell growth arrest, and apoptotic death,
suggesting that PRAME acts as an inhibitor of the retinoic acid receptor (RAR) [11–13].
Moreover, PRAME overexpression was found to promote leukemic cell proliferation and
inhibit all-trans retinoic acid (ATRA)-induced myeloid differentiation [14] and in several
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hematological malignancies characterized by the block of myeloid differentiation [15].
Indeed, the murine Prame counteracts RA-dependent differentiation. RA induces high
levels of Prame, contributing to the overall DNA hypomethylation and global increase in
H3K27 acetylation levels throughout the Cdkn1a transcriptional repression induced by the
PCR2 complex [13]. The considerable heterogeneity among the different Prame isotypes
made it challenging to determine their specific function, so the clinical relevance of Prame
remains still unclear and prompted us to investigate whether Prame is a suitable ATRA-
resistance therapeutic target. To better understand this aspect, we performed a Prame
chromatin immunoprecipitation followed by sequencing (ChIP-seq). We found Prame-
specific binding to Cdk8 and Cdkn2d regulatory regions by this approach. We focused our
attention on these two targets because of their involvement in cancer dedifferentiation
and pluripotency.

Cdk8 is a cyclin-dependent kinase implicated in cellular homeostasis and develop-
mental programming, and it has been shown to regulate several signaling pathways that
are crucial regulators of both embryonic stem cell pluripotency and cancer [16].

On the other hand, Cdkn2d is a member of the INK4 family of cyclin-dependent kinase
inhibitors that generally regulate the G1-to-S phase transition [17]; interestingly, Cdkn2d
dissymmetric mRNA distribution was observed in the 2-cell stage in blastomeres [18].

Our ChIP-seq data were validated by chromatin immunoprecipitation and gene ex-
pression analysis in ESpZscan4-EME/Prame-FLAG transgenic cell line. Moreover, we used a
second transgenic cell line, overexpressing Prame, to analyze the Prame -specific activity
on Cdk8 and Cdkn2d gene expression to maintain the pluripotent metastate in cells treated
or not treated with RA.

2. Materials and Methods
2.1. Cell Culture

The pZscan4-Emerald cells, a gift from Dr. Minoru S.H.Ko, were transfected with
the Prame-3xFlag vector (ESpZscan4-EME/Prame-FLAG), generated in [13], and validated for
pluripotency expression markers after RA treatment. It was necessary to use the FLAG-
tag for Prame immunoprecipitation analysis as there is no available antibody against the
murine isoform of the Prame studied.

ESpZscan4-EME/Prame-FLAG cells were cultured in gelatin-coated 6-well plates in a com-
plete ES medium: DMEM (Sigma-Aldrich, St. Louis, MO, USA); 15% FBS (EuroClone,
Italy); 1000 U/mL leukemia inhibitory factor (LIF) (ESGRO, Chemicon, SIGMA, Darmstad,
Germany); 1 mM sodium pyruvate; 0.1 mM nonessential amino acids (NEAA), 2.0 mM
L-glutamine (Invitrogen, Waltham, MA, USA), 0.1 mM β-mercaptoethanol, and 500 U/mL
penicillin/streptomycin, 125 µg/mL G418, and 2.5 µg/mL Blasticidin (Sigma-Aldrich).
ESCs were incubated at 37 ◦C with 5% CO2. To enrich Zscan4-EME positive cells (EME+)
expressing Emerald protein, the ESpZscan4-EME/PRAME-FLAG cells were treated with 1.5 µM
RA for 4 days. EME+/NoFLAG, containing only Zscan4 promoter fuser to Emerald protein,
was used as a negative control in the immunoprecipitation assay with ant-FLAG antibodies.

The second ES cell line Prame inducible by tetracycline, ESGm12794cp2Lox was initially
described and validated in [13], and in this study it is named ESPramep2Lox. Briefly, the
coding sequence of Prame was amplified from an available plasmid and cloned into a p2Lox
targeting vector. Cellular clones were grown with 275 µg/mL neomycin (Invitrogen), and
an empty p2Lox vector stably transfected in ESCs was used as a negative control cell line.

ESPramep2Lox and p2Lox empty vector cell lines were cultured in DMEM (Invitrogen)
supplemented with 15% ES-certified FBS (Invitrogen), 0.1 mM nonessential amino acids
(Invitrogen), 1 mM sodium pyruvate (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma-
Aldrich), 50 U mL−1 penicillin/50 µg mL−1 streptomycin (Invitrogen), and 1000 U mL−1

LIF (Sigma-Aldrich). Clones were treated for 72 h in the absence or presence of 1.5 µg/mL
doxycycline to induce transgene expression, followed by the presence or absence of RA
1.5 µM for 4 days.
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Finally, an E14 ES transient knockdown of the Prame gene was generated. The Prame
shRNA was transfected into a pLKO.1 vector (Addgene, Arsenal, UK) using AgeI and
EcoRI restriction enzymes. All these passages were verified by sequence analysis. The ES
cells were transfected with Lipofectamine Transfection Reagent (InvitrogenTM) according
to the manufacturer’s instructions.

2.2. Flow Cytometry and Sorting of ESpZscan4-Em/Prame-FLAG Transgenic Cell Lines

1 × 106 cell line ESpZscan4-EME/Prame-FLAG was plated in p100 and treated with 1.5 µM
all-trans RA for 4 days and the medium was changed every day. ES E14 cell lines, plated in
ES medium and treated with RA, were used as a negative control.

Then, the cells were harvested by Trypsin (Invitrogen) and resuspended in a complete
ES medium containing 25 mM HEPES buffer and by FACS-sorted according to the fluo-
rescent intensity of Emerald into a complete ES medium containing HEPES and separated
in EME+ (Zscan4/Emerald expressing) and EME-(Zscan4/Emerald not expressing) as
performed in [19].

Cell sorting experiments were performed by the cell sorter FACSAria and analyzed
through FACSDiva Software Version 6.1.3 (Becton Dickinson, Franklin Lakes, NJ, USA).
Analysis of forward scatter (FSC) vs. side scatter (SSC) dot plots excluded dead cells and
debris. Afterward, an FSC-Area vs. FSC-Height dot plot was used to identify single cells
and exclude doublets. In all experiments, purity was higher than 95% of the desired cells.

2.3. Western Blot Analysis

Total proteins extracted from EME+ and EME− cells were analyzed by western blot
as described in [20]. The antibodies used are as follows: mouse monoclonal antibody
anti-FLAG M2 (Sigma Aldrich, Milan, Italy) and rabbit polyclonal anti-Gapdh (Santa Cruz
Biotechnology, Heidelberg, Germany).

2.4. qPCR Analysis

For qPCR analysis of FACS-sorted cells, total RNA was collected immediately after
sorting from EME+ and EME- cells by TRIzol (Invitrogen) as performed in [21]. The
integrity of the RNA was assessed by denaturing agarose gel electrophoresis (presence
of sharp 28S, 18S, and 5S bands) and spectrophotometry. A total of 1 µg of RNA of each
sample was reverse transcribed with QuantiTect® Reverse Transcription (Qiagen, Germany,
Europe) according to the manufacturer’s instructions. qPCR analyses were performed
using 20 ng cDNA per well in duplicate with SYBR green master mix (Applied Biosystems,
Waltham, MA, USA) according to the manufacturer’s instructions. Reactions were run
on Applied Biosystem 7500 (Applied Biosystems). Fold induction was calculated and
normalized with the DDCt method and considered the values of at least three independent
experiments. The gene-specific primers are available in Table 1.

Table 1. List of genes and sequences of primers used for relative gene expression analysis by qPCR.

Gene Sequence Fw (5′-3′) Sequence Rv (5′-3′) 1 Method

Cdkn2d CCACCGGTATCCACTATGCT GCACAGGACTAGTACCGGAG qPRC

Cdk8 TCCAGTGGTTGTAACATTCTGGT TTCTGCAAATATACACCCTATAGCC qPRC

Prame TGCTGCCAAATTCCTTTCTC GAGAGTTGGCAGCGATTCAT qPRC

Gapdh AATGGTGAAGGTCGGTGTG GAAGATGGTGATGGGCTTCC qPRC

Cdkn2d TCCTCATGCTGGTTCTGTGT AGGAGGGAAAACAAGGGCTT ChIP

Cdk8 TTAAATGAGACATGGGCGCG GGAGTTTACCACCCGCTTTG ChIP
1 In the Method column, qPCR indicates the gene expression analysis, while primers used for ChIP assay are
indicated in the Method column with ChIP.
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2.5. ChIP Analysis

ChIP analysis was performed as previously described [22] using the EpiQuikTM
chromatin immunoprecipitation kit from Epigentek Group Inc. (Brooklyn, NY, USA). Then,
2 × 106 cells sorted into EME+ and EME- were cross-linked in a fresh culture medium with
1% formaldehyde for 10 min, sonicated and used for each immunoprecipitation with 3 µg
of antibodies. Immunoprecipitated DNA was used for massively parallel sequencing or
analyzed on a real-time PCR machine (Applied Biosystem 7500), SYBR green master mix
according to the manufacturer’s instructions. Primer sequences are listed in Table 1.

2.6. ChIP-Sequencing, Mapping, and Peak Analysis

Prame immunoprecipitation was used as anti-FLAG antibody on cells EME+ and
EME- using independent biological replicates. Single-end 50-bp libraries were prepared
from Genomix4life.

The signal obtained by precipitation with the control EME- and input was subtracted
from the signals obtained with the specific antibodies. Results are expressed as a percentage
of the input, and calculations considered the values of at least two biological replicates.
ChIP-seq libraries were prepared with 10 ng of ChIP (or Input) DNA with TruSeq ChIP
Sample Prep Kit according to the manufacturer’s instructions of Illumina sequencing.
Before sequencing, libraries were quantified using Qubit (Invitrogen) and quality-controlled
using Agilent’s bioanalyzer. The basic steps are represented in the form of a flowchart in
Figure 1.
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Figure 1. Flow chart for ChIP-seq analysis in RA-treated EME+ cells. The multiple steps involved
in the analyses of ChIP_seq data are schematically displayed.

A 50 bp single-end sequencing was performed using Illumina HiSeq 2000 platform
(Genomix4life S.R.L., Baronissi, Salerno, Italy) according to standard operating procedures.
ChIP-seq reads were quality-checked with NGS QC Toolkit. Alignments were performed
with BWA to the reference genome mm9 (mouse assembly July 2007 NCBI37). SAM-
tools [23] and BEDtools [24] were used for filtering steps and file format conversion. The
peaks were identified from uniquely mapped reads without duplicates using MACS, and
the p-value cutoff used for peak detection was 1 × 10−5. ChIP-seq data were normalized on
DNA Input and expressed as a log2 value. ChIP-seq peaks were annotated with PAVIS [25].
IGV genome browser was used for data visualization (Figure 1). To plot data of average
profiles around prime target genes, specific site positions were retrieved from the mouse
genome (mm9).

2.7. Statistical Analysis

Statistical significance between two or three groups was assessed with Student’s t-
test and or ANOVA test, respectively. Data are expressed as mean ± standard deviation
(SD). All experiments were repeated at least three times. A p-value < 0.05 was considered
statistically significant.
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3. Results

3.1. RA induces Zscan4 Metastate and Prame Expression in ESpZscan4-EME/PRAME-FLAG

To identify the Prame target genes, we used a transgenic ESCs line that simultaneously
expresses FLAG-tagged Prame protein and Emerald downstream to the Zscan4 promoter
(ESpZscan4-EME/Prame-FLAG), as described in Material Methods and previously validated for
expression of pluripotent marker genes [13]. ESpZscan4-EME/Prame-FLAG cell line RA-treated
was sorted for Emerald expression (or Zscan4 metastate), then immunoprecipitated with
an anti-FLAG antibody and analyzed by next-generation sequencing (Figure 2A).
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Figure 2. RA induces Zscan4-Metastate and Prame expression in ESpZscan4-EME/Prame-FLAG.
(A) Schematic representation of ES transgenic cells for pZscan-Emerald and PRAME-FLAG ex-
pression. (B) Zscan4 and Prame positive cells visualized by Emerald reporter. After four days of RA
treatment. Cells were imaged using phase-contrast microscopy (scale bars, 100 nm). Flow cytometry
evaluation (dot blot) in ESpZscan4-EME/PRAME-FLAG cell lines of two subgroups, EME+ and EME-).
(C) PRAME expression analysis for sorting validation by qPCR and western blot assays. Data are
shown as mean ± SD from three independent experiments, normalized with Gapdh, and reported to
the control (EME-). *** and p < 0.001.
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To obtain an enriched EME+ cell population, ESpZscan4- EME/Prame-FLAG cells were
cultured with 1.5 µM of RA for four days. Zscan4 induction was evaluated through
fluorescence microscopy (Figure 2B) and FACS analysis to quantify Zscan4 expression; we
analyzed the percentage of green cells (EME+) in ESpZscan4- EME/Prame-FLAG that increased
to 21.8% after RA treatment (Figure 2C). In addition, we further confirmed the successful
separation of Prame gene and protein expression in EME+ cells by western blot (Figure 2C).
Finally, we performed a ChIP-seq analysis in EME+ cells.

3.2. Identification of Prame Target Genes by ChIP-Seq Analysis

To identify Prame target genes upon RA treatment, we collected 2 × 106 EME+ cells
after sorting. In Figure S1A, we can see the distribution of Prame binding regions: up-
stream and downstream gene regions, 5′UTR and 3′UTR, introns in the form of a pie
chart (Figure S1B). As shown in Figure S1B, binding is mainly found in regulatory regions
(upstream, 3′-UTR and downstream gene regions).

The ChIP-seq analysis showed 15 specific genes significantly bound by Prame (Cdk8,
Cdkn2d, uc009gks.1, St6galnac1, Stard13, Mir26b, 533042B09Rik, Gm15319, Gm3168, AK053193,
Mir715, Zc3h7a, Filip1l, AK041614, and Gm10406) and described in Table 2.

Table 2. Prame target genes identified by ChIP-seq analysis in EME+ cell lines.

Gene Category Chr Description

Cdk8 Intron 5 Cell division protein kinase 8

Cdkn2d Upstream, Downstream 9 Cyclin-dependent kinase 4 inhibitor D

uc009gks.1 Upstream, Intron, 3′UTR,
Downstream 7 Hypothetical protein LOC72244

St6galnac1 Intron 11 α-N-Acetyl-galactosaminide

Stard13 Intron 5 stAR-related lipid transfer protein 13 isoform

Mir26b Downstream 1 Mus musculus microRNA 26 b (Mir26b), microRNA

5330429B09Rik Downstream 8 Subname: Full = putative uncharacterized protein

Gm15319 Intron 8 Testis-specific gene with ankyrin repeats

Gm3168 3′UTR 8 Subname: Full = Gag protein

AK053193 Downstream 10 Mus musculus 9,5 days embryo parthenogenote cDNA,
RIKEN full

Mir715 Downstream 17 Mus musculus microRNA 715 (Mir715), microRNA

Zc3h7a Intron 16 Zinc Finger CCCH-type containing 7A

Filip1l Intron 16 Filamin A-interacting protein 1-like isoform 1

AK041614 Downstream 15 Mus musculus 3 days neonate thymus cDNA, RIKEN
full-length enriched library

Gm10406 Intron 14 Alpha7-takusan

Among these, we chose Cdk8 and Cdkn2d for further validation. Cdk8 is a cyclin-
dependent kinase that maintains both tumors and embryonic stem cells in an undiffer-
entiated state [16], while Cdkn2d (cyclin-dependent kinase inhibitor 2D) is a cell growth
regulator that controls G1 cell cycle progression and results in dissymmetrically expressed
cells in the 2-cell stage, thus, representing good targets of the pluripotency stage marked by
Prame expression [14].

Figure 3A indicates the schematic position of primers used for ChIP analysis validation
by qPCR on Cdk8 and Cdkn2d enriched sequences after ChIP-seq.
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Figure 3. Prame-target gene identification by ChIP-seq analysis and ChIP assay for validation.
(A) Schematic representations of Cdk8 intron 2 and Cdkn2d upstream regions with enriched sequences,
peaks were indicated on specific chromosome positions. (B) ChIP assay validation followed by
qPCR analysis for Prame binding sites on Cdk8 and Cdk2d gene sequences in EME+, EME, and
EME+/NoFLAG cells (without Prame-FLAG) as the negative control. Data are shown as mean ± SD
from three independent experiments, normalized with Gapdh, and reported to the control (EME-).
*, p < 0.05; ***, and p < 0.001.

EME+ and EME- cells and EME+/NoFLAG DNA immunoprecipitated for Prame, with
anti-FLAG antibody, was analyzed through qPCR for Cdk8 and Cdkn2d enrichment to confirm
data obtained by ChIP-seq. Data are calculated as the percentage of the input (Figure 3B). The
EME+/NoFLAG cells were used as a negative control of immunoprecipitation.

3.3. RA Induces Cdk8 and Cdkn2d Expression

To understand how RA influences Cdk8 and Cdkn2d expression, a qPCR analysis was
performed in EME+ and in EME- cells (Figure 4A,B). The gene expression analysis showed
a significant enhancement of Cdk8 and Cdkn2d expression in EME+ cells compared to EME-
(Figure 3). These data indicate that the Prame binding to Cdk8 and Cdkn2d genes increases
their expression.
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3.4. Prame Enhances Cdk8 and Cdkn2d Expression in ESGm12794cp2Lox Transgenic Cells

To understand whether Prame overexpression influences Cdk8 and Cdkn2d gene ex-
pression in ES cells, an ESPramep2Lox cell line in which Prame expression is induced by
doxycycline was employed [13]. The ESCs stably transfected with the inducible PRAME
expressing construct were treated with doxycycline for 3 days (Figure 5A) and then with
RA for 4 days. To validate Prame induction by doxycycline and then by RA treatment,
both Prame and Zscan4 gene expression were analyzed by qPCR (Figure 5B). The ES cell
line p2Lox empty vector was used as a negative control for the Dox treatment. Our data
shows a 5-fold higher Prame gene expression after the Dox treatment (Figure 5B), with cells
maintaining a classic ESC pluripotent morphology as previously described [13]. Zscan4
gene expression was observed after RA treatment, confirming the Zscan4 metastate induced
by RA. Finally, we observed that Cdk8 and Cdkn2d expressions were directly increased in
ESCs overexpressing Prame without RA (Figure 5C). This data shows for the first time that
Prame directly influences the expression of their target genes, also without RA treatment.

3.5. Prame Controls Cdk8 Expression

To shed light on the role of Prame in Cdk8 and Cdkn2d gene regulation, transient
inactivation of Prame was performed in E14 ES. The shPrame vector and a sh-scrambled
(sh-scr as a negative control) were transfected in ESCs for 24 h. Prame specific-shRNA
mapped to the Exon2-coding region (Figure 6A). Total RNA was extracted from ES cells
transfected with shPrame and sh-scr. The qPCR analysis showed a significant reduction in
Cdk8 expression in ESCs upon Prame silencing compared to sh-scr cell control (Figure 6B),
while Cdkn2d expression remains unaffected by Prame silencing (Figure 6B).



Genes 2022, 13, 1745 9 of 13
Genes 2022, 13, 1745 10 of 14 
 

 

 
Figure 5. Prame overexpression influences Cdk8 gene expression in ES cells. (A) Schematic repre-
sentation of the minimal Dox-inducible promoter driving the expression of Prame in the 
ESGm12794cp2Lox cell line. (B) A qPCR analysis showing relative Prame and Zscan4 mRNA levels in 
ESGm12794cp2Lox cells treated or not treated with Dox (1.5 μg/mL) for 72 h and then with RA (1.5 μM) 
for 4 days. (C) Cdk8 gene expression, but not Cdkn2d, was induced directly by Prame overexpression 
in ESGm12794cp2Lox cells. (RM is the regular medium without RA). Data are shown as mean ± SD from 
three independent experiments, normalized with Gapdh, and reported to the control (Dox-). *, p < 
0.05; **, p < 0.01 ***, and p < 0.001. 

3.5. Prame Controls Cdk8 Expression 
To shed light on the role of Prame in Cdk8 and Cdkn2d gene regulation, transient in-

activation of Prame was performed in E14 ES. The shPrame vector and a sh-scrambled (sh-
scr as a negative control) were transfected in ESCs for 24 h. Prame specific-shRNA mapped 
to the Exon2-coding region (Figure 6A). Total RNA was extracted from ES cells transfected 
with shPrame and sh-scr. The qPCR analysis showed a significant reduction in Cdk8 ex-
pression in ESCs upon Prame silencing compared to sh-scr cell control (Figure 6B), while 
Cdkn2d expression remains unaffected by Prame silencing (Figure 6B). 

Figure 5. Prame overexpression influences Cdk8 gene expression in ES cells. (A) Schematic
representation of the minimal Dox-inducible promoter driving the expression of Prame in the
ESGm12794cp2Lox cell line. (B) A qPCR analysis showing relative Prame and Zscan4 mRNA levels in
ESGm12794cp2Lox cells treated or not treated with Dox (1.5 µg/mL) for 72 h and then with RA (1.5 µM)
for 4 days. (C) Cdk8 gene expression, but not Cdkn2d, was induced directly by Prame overexpression
in ESGm12794cp2Lox cells. (RM is the regular medium without RA). Data are shown as mean ± SD
from three independent experiments, normalized with Gapdh, and reported to the control (Dox-).
*, p < 0.05; **, p < 0.01 ***, and p < 0.001.
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Figure 6. The Prame knock-down specifically affects Cdk8 gene expression in ESCs. (A) Schematic
representation of shPrame (sequence in red) localized in the second exon of Prame coding region at a
distance indicated from TSS. (B) The ESC cells were transfected in transient for 24 h with shPrame
and scr (scrambled), the negative control. Data are shown as mean ± SD from three independent
experiments, normalized with Gapdh, and reported with respect to the control. **, p < 0.01.

4. Discussion

The role of PRAME in human cancers is well established. PRAME is recruited in
human cells to epigenetically and transcriptionally activate promoter regions bound by
the nuclear transcription factor Y (NFY). This transcription factor is essential for early
embryonic development [26] and has been implicated in the maintenance of the high
proliferative capacity of ES cells [27] as well as in the inhibition of differentiation [28,29].
In addition, several studies indicated that Prame-like genes have roles in the early stages
of spermatogenesis [30] and oogenesis [31], as well as in embryonic development and
embryonic stem cells [32,33]. Moreover, Prame overexpression in E14 embryonic stem cells
was reported to maintain a pluripotent state in the absence of the antidifferentiation factor
LIF [13,34] and in ESCs that were RA-resistant [8].

Together, all these data are consistent with the notion that stem cells and neoplastic
tissues share many properties, and several oncogenic pathways can also regulate self-
renewal mechanisms in stem cells [35]. Therefore, the identification of Prame functions and
targets indeed represents a step forward, not only in the cancer diagnostic approach but
also in the therapeutic approach.
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Here, we report, for the first time, two putative novel Prame targets in RA-treated
ESCs. To better understand the regulatory network underpinning the establishment of naïve
pluripotency marked by Zscan4 and Prame genes in ESCs, we used ESpZscan4-EME/Prame-FLAG

transgenic cell lines, allowing us to immunoprecipitate Prame and its chromatin-bound
fragments by using anti-FLAG antibodies. The Prame-bound sequences were characterized
by ChIP-seq analysis. Among the putative Prame targets identified, we focused our
attention on Cdk8, and Cdkn2d.

Cyclin-dependent kinases (CDKs) are key players in cell cycle regulation. Being
involved in the regulation of cell cycle checkpoints, Cdk8, and Cdkn2d are involved
in several cellular pathways, however, very little is known about their involvement in
the establishment of RA-resistant Zscan4 metastate pluripotent cells. CDK8 was shown
to maintain tumor dedifferentiation and embryonic stem cells pluripotency stage [16]
drugs resistance in several cancer disease models [36,37]. Similar evidence was reported
for Cdkn2d overexpression [38]. Concerning Cdkn2d, unlike Cdk8, we could not find
any alteration in its expression upon Prame silencing. A possible explanation for this
phenomenon is that Cdkn2d may be regulated by a higher expression level of Prame
occurring under particular cell conditions.

Our data uncovered an important novel role of Cdk8 and Cdkn2d expression in the
Prame-dependent naïve pluripotent metastate. Remarkably, CDK inhibitors, such as
CDK4/6 inhibitors, are already used in preclinical studies for cancer treatment [39]. In
particular, CDK8 inhibitors have been used in acute myelogenous leukaemia and several
other types of cancers, including breast cancer. Cancer cells treated with CDK8 inhibitors
responded with decreased cell viability and increased apoptosis [40,41]. However, the
function of Cdk8 and Cdkn2d may be cell-context dependent. Therefore, it will be necessary
to deeply investigate the protein expression and the molecular and epigenetic mechanisms
underlying Prame-induced Cdk8 and Cdkn2d activation in ESCs to identify the tumor
specificity of anti-Cdk8 or anti-Cdkn2d pharmacological compounds affecting cancer cells
mimicking the PRAME-marked stage of cell pluripotency.

5. Conclusions

In our work, we identified, for the first time, Cdk8 and Cdkn2d as new Prame -target
genes through a ChIP-seq analysis specific to ESCs enriched in Prame expression after
RA treatment.

The identification of new targets for Prame in ESCs represents a milestone in the field
of ESC therapy, specifically for CSC drug delivery. Our data opens a new window on the
study of CSC therapies, RA-resistant. In the future, it will be necessary to use drugs and
combinations of these in cancers marked by Cdk8 and Cdkn2d expression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13101745/s1, Figure S1: The enriched regions after anti-
FLAG antibody immunoprecipitation.
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Abstract: Preeclampsia is a leading cause of perinatal maternal-foetal mortality and morbidity. This
study aims to identify the key microRNAs (miRNA) in preeclampsia and uncover their potential
functions. We downloaded the miRNA expression profile of GSE119799 for plasma and GSE177049
for the placenta. Each dataset consisted of five patients (PE) and five controls (N). From a technical
point of view, we analysed the counts per million (CPM) for both datasets, highlighting 358 miRNAs
in common, 78 unique for plasma and 298 unique for placenta. At the same time, we performed an
expression differential analysis (|logFC| ≥ 1|and FDR ≤ 0.05) to evaluate the biological impact of
the miRNAs. This approach allowed us to highlight 321 miRNAs in common between plasma and
placenta, within which four were upregulated in plasma. Furthermore, the same analysis revealed
five miRNAs expressed exclusively in plasma; these were also upregulated. In conclusion, the
in-depth bioinformatics analysis conducted during our study will allow us, on the one hand, to
verify the targets of each of the nine identified miRNAs; on the other hand, to use them both as new
non-invasive biomarkers and as therapeutic targets for the development of personalised treatments.

Keywords: bioinformatics; preeclampsia; microRNA; biomarkers; epigenetic; therapeutic targets

1. Introduction

It has been reported that, in countries with advanced economies, 10–20% of pregnancy
is affected by some form of hypertension [1]. The exact incidence of preeclampsia (PE) is
not known, but it is believed that it can be around 5–8% [2]. Preeclampsia also represents
the basis of 15–20% of maternal mortality cases [3] and constitutes one of the leading causes
of perinatal mortality and morbidity [4]. It is usually diagnosed based on the de novo onset
of hypertension and proteinuria [5]. The lack of reliable methods for early detection limits
the opportunities for prevention, diagnosis and timely treatment.

MicroRNAs (miRNAs) are small endogenous single-stranded non-coding RNA molecules
found in the transcriptome of plants, animals and some DNA viruses [6–8]. These are
polymers encoded by eukaryotic nuclear DNA about 20–22 nucleotides long and are mainly
active in the regulation of gene expression at the transcriptional and post-transcriptional
levels [6–8]. The miRNAs are incorporated into the RNA-induced silencing complex (RISC)
and induce gene silencing by overlapping with complementary sequences present on
target messenger RNA (mRNA) molecules [6–8]. In addition, it is known that miRNAs
are responsible for the epigenetic regulation of several molecules [9]. This link leads to
translation repression or degradation of the target molecule [6–8].

A lot of evidence regarding the role of miRNAs in preeclampsia has been accumulated
in the last 10 years [10]. Differentially expressed miRNAs are characteristic of both mild
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and severe PE [10]. In many cases, they target signalling pathway-related genes that result
in altered processes directly involved in PE [10].

High-throughput platforms such as Next Generation Sequencing technology (NGS) are
increasingly popular for miRNA and gene expression analysis in PE. For example, Mavreli
and collaborators use an NGS approach, highlighting that miR-23b-5p and miR-99b-5p are
downregulated in plasma of PE compared to controls [11]. In the same work, the authors
highlighted that the targets of these microRNAs were associated with glycometabolism
and the immune response involved in the pathogenesis of PE [11].

On the other hand, Vashukova and co-authors, using Ion Tor-rent next-generation
sequencing technology, identified a total of 22 miRNAs that included 16 miRNAs previ-
ously known to be associated with PE and six novel miRNAs [12]. Among the six new
miRNAs, four were upregulated (miR-518a, miR-527, miR-518e and miR-4532) and two
were downregulated (miR-98 and miR-135b) in PE placentas compared to controls [12].

The results currently reported in the literature suggest that PE is associated with
specific alterations in the expression pattern of placental miRNAs.

We decided to compare miRNAs expressed between plasma and placenta for the
following reasons. First of all, the placenta is a deciduous, and therefore temporary, organ
that forms in the uterus during pregnancy. The placenta is responsible for nourishing,
protecting and supporting fetal growth. The placenta is common to the pregnant woman
and the fetus; a part of it has maternal origins (constituted by the modified or deciduous
uterine endometrium), while the remainder has fetal origins (formed by the chorionic villi).
Therefore, the placenta represents the fetus’s roots in the mother’s soil. Secondarily, plasma
is the liquid component of the blood, in which the corpuscular elements (red blood cells,
white blood cells and platelets) are suspended. Finally, the mother’s immune system during
pregnancy must be tolerant of the fetus during gestosis; to do this at the plasma level,
chemokines, miRNAs, and cytokines that do not allow premature abortions are released.

Consequently, the identification of common biomarkers can be of help in PE monitoring.
In light of this, our work aimed to compare, through a bioinformatics approach, the

gene expression profile of miRNAs coming from two databases. The databases used were
GSE119799 for plasma [11] and GSE177049 for the placenta to discover the miRNAs and key
genes that contribute to the pathology of PE and thus provide new insights into potential
biomarkers for prognosis and therapeutic strategies of PE.

2. Materials and Methods
2.1. Data Collection and Processing

The following miRNA datasets were downloaded from the Gene Expression Omnibus:
GSE177049 containing miRNA data from ten placental samples (n = 5 control (N); n = 5
patient with preeclampsia (PE)) and GSE119799 [11] containing miRNA data from ten
plasma samples (n = 5 control (N); n = 5 patients with preeclampsia (PE)).

For placental samples, only processed expression data (CPM) for 794 miRNAs were
available and obtained as described in https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE177049 (accessed on 27 July 2022). Briefly, miRDeep2 is a software package for
identification of novel and known miRNAs in deep sequencing data; therefore, it was used
to quantify the expression level of known mature miRNAs curated in the human miRBase
database. The miRNA-seq was analysed by R/Bioconductor package Edge R [13], which
employs a negative binomial generalised linear model with likelihood ratio test (glmLRT)
to compare the miRNAs expression level between two conditions. Only those miRNAs
(n = 656) expressed at counts per million (CPM) above 0.5 in at least 90% of the samples.

For plasma samples, raw counts were available for 4483 miRNAs, out of them 1753
were novel miRNAs and 2730 known miRNAs. Out of them, to best compare plasma and
placental samples, we filtered out the novel miRNAs, and we retained only those known
miRNAs (n = 436) expressed at counts per million (CPM) above 0.5 in at least 90% of the
samples After a TMM normalisation, differential expression was assessed with glmLRT
method implemented in R/Bioconductor package Edge R [13].

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE177049
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE177049
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For both datasets, only miRNAs genes with |logFC| ≥ 1 and an adjusted p-value
(FDR) ≤ 0.05 were defined as differentially expressed.

Venn diagram to show overlapping and specific miRNAs was performed by R package
VennDiagram.

Heatmap was performed by R package gplots. The count-per-million (CPM) at
log2 scale, denoted as logCPM, was computed for visualisation of miRNA abundance
in heatmap-clustering analysis.

2.2. Prediction of miRNAs’ Targets

To identify the targets of the collected miRNAs, we used three different tools: (1) miRDB,
an online database for the prediction of the miRNA targets [14,15]; (2) RNA22 version 2.0,
software for miRNA target predictions [16], and TargetScan 8.0, a web server of miRNA
target predictions [17–22].

We first searched for targets in miRDB using 60–100 as a range for the Target Score [14,15].
The targets identified with miRDB were then analysed in RNA22 version 2.0 using the
following filters: base pair min value = 12, folding energy max value (Kcal/mol) = −12 and
p-value < 0.05. Lastly, only the targets identified in RNA22 version 2.0 were validated in
TargetScan 8.0 taking the total context ++ score as the prediction truthfulness values [18].

2.3. Functional Enrichment Analysis

Functional enrichment analysis of target genes was performed by using Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database implemented in miRNet 2.0 [23]. Statistical
significance was evaluated by the hypergeometric test. Only pathways with FDR ≤ 0.05
were considered as significative.

3. Results
3.1. The Plasma and Placental miRNoma Landscape in Preeclampsia

miRNoma landscape in preeclampasia was analysed in two public datasets: GSE119799
for plasma [11] and GSE177049 for the placenta. After appropriate filtering and normal-
isation procedures, we obtained a total 656 miRNAs in placenta and 436 in plasma (see
Section 2 for details). As shown in Venn diagram, 358 miRNAs were in common between
placenta and plasma while the remaining were specific of each tissue (see Figure 1).
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3.2. Comparison of miRNAs Expression Profiles in a Woman with PE

To clarify the role of miRNAs in PE, we have focused on 358 miRNAs in common
between placenta and plasma.
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Focusing on plasma, among these 358 miRNAs, we extracted four differentially ex-
pressed miRNAs (|logFC| ≥ 1 and FDR ≤ 0.05). All of them were upregulated in com-
parison with the control (Figure 2). The same miRNAs resulted in being non-differentially
expressed between control and preeclampsia patients in placenta. A comparison of the
expression levels of these four common miRNAs in plasma and placenta is reported in
Figure 3.
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Figure 3. Heatmap: common miRNAs expression profiles in plasma and placenta. Heatmap shows
the expression levels of each common miRNA in plasma and placenta tissues. The expression level of
each miRNA (rows) was averaged within the pre-classified group (column). Values are expressed
as log2CPM.

Furthermore, we also evaluated the expression levels of plasma-specific miRNAs. We
found five plasma-specific differentially expressed miRNAs, all of them upregulated with
respect to normal samples (Figure 4).
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Figure 4. Differentially Expressed of plasma-specific miRNAs. Barplot shows the upregulated
unique miRNAs in plasma. The expression levels are expressed as log Fold Change (log2FC).

3.3. Annotation of miRNAs Involved in the Pathogenesis of Preeclampsia and Their Targets

To investigate the role of the 4 miRNAs found in common between plasma and
placenta, we carried out a systematic analysis identifying the targets and the role of these
miRNAs in the pathogenesis of preeclampsia (see Table 1).

Table 1. Role and target of miRNAs in common between plasma and placenta in preeclampsia.

miRNA Target References

hsa-mir-1246

• interacts with NRF2 promotes the differentiation of
the syncytiotrophoblast

• modulates Jarid2 in human trophoblast
differentiation

• modulates p53, PI3K/AKT, mTOR in glioblastoma

[24,25]

hsa-mir-203a-3p
• plays an anti-inflammatory role in PE pregnant

women by downregulating the IL24 level
• isolated in plasma exosomes of women with PE

[26–28]

hsa-mir-378c

• upregulated in the first trimester of pregnancy in
women with PE

• may lead to the downregulation of genes involved in
the HIF-1/VEGF signaling pathway, adversely
affecting angiogenesis, implantation and embryo
development, and participates in abortion process.

[29,30]

hsa-mir-378e • expressed in the endometrium [31]

The same type of analysis was performed for the 5 miRNAs unique to plasma (see
Table 2).

Table 2. Role and target of upregulated miRNAs in preeclampsia unique for plasma.

miRNA Target References

hsa-miR-708-3p

• Downregulated in breast cancer, Inhibits metastases
through Neuronatin

• may represent a potential therapeutic target via the
ADAM17-GATA/STAT3 axis in idiopathic
pulmonary fibrosis

[32,33]



Genes 2022, 13, 1781 6 of 13

Table 2. Cont.

miRNA Target References

hsa-miR-4508
• upregulated in rheumatoid arthritis; is a therapeutic

target of the same pathology
• upregulated in hepatic cancer cells (HepG2)

[34,35]

hsa-miR-4500

• isolated in plasma exosomes of women with PE
• is epigenetically downregulated in colorectal cancer

and functions as a novel tumor suppressor by
regulating HMGA2

• Inhibits Migration, Invasion, and Angiogenesis of
Breast Cancer Cells via RRM2-Dependent MAPK
Signaling Pathway

[28,36,37]

hsa-miR-4516

• potential biomarker for early diagnosis of
dust-induced pulmonary fibrosis

• plays a role in PUVA-induced apoptosis through the
downregulation of STAT3/CDK6/UBE2N in
keratinocytes

• downregulated in psoriasis inhibits keratinocyte
motility by targeting fibronectin/integrin α9
signalling

• Biomarker of Premature Ovarian Insufficiency
• altered in preterm births

[38–42]

hsa-miR-4497

• tumor suppressor in laryngeal squamous cell
carcinoma via negatively modulation the GBX2

• increases the expression and secretion of TNFα
induced by LPS in mothers with type 1 diabetes
contain

• upregulated in placentas with selective intrauterine
growth restriction

[43–45]

Following this analysis, we have shown that 1 (hsa-mir-378e) of the 4 miRNAs identi-
fied had never been reported as biomarkers for preeclampsia or diseases related to it, but
as a marker of pathologies linked to the endometrium.

On the other hand, for the remaining 3 (hsa-mir-1246, hsa-mir-203a-3p and hsa-mir-
378c), the targets that were activated and/or repressed during the pathophysiology of
preeclampsia were also noted (see Table 1). As reported in Table 1, most of the targets
appear to be involved in the process of placentation and inflammation.

Among these 5 miRNA, 2 (hsa-miR-708-3p and hsa-miR-4508) are not known as
possible miRNA involved in the pathophysiology of preeclampsia, but disorders such as
cancer and autoimmune diseases are found (Table 2). Instead, the other 3 miRNAs (hsa-
miR-4500, hsa-miR-4516 and hsa-miR-4497) have been found in processes that may occur
during preeclampsia such as intrauterine growth retardation or preterm birth (Table 2).

3.4. Analysis of the Predicted miRNA Targets

To shed light on the role of the 3 unidentified miRNAs (hsa-mir-378e, hsa-miR-708-3p
and hsa-miR-4508) using bioinformatics analysis that did not have known targets to the
pathophysiological process of preeclampsia, we predicted through miRDB using 60–100 as
a range for the Target Score [14–22].

Following this analysis, we identified 310 targets for hsa-mir-378e, 457 targets for
hsa-miR-708-3p and 125 targets for hsa-miR-4508 (Figure 5 and Table S1). After that, we
merged the obtained results with RNA22 version 2.0 using the following filters: base pair
min value = 12, folding energy max value (Kcal/mol) = −12 and p-value < 0.05. In this case,
57 common targets for hsa-mir-378e, 2 common targets for hsa-miR-708-3p and 15 common
targets for hsa-miR-4508 were found (Figure 5 and Table S2).
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Figure 5. Predicted targets for preeclampsia miRNAs. The overlapping target genes were predicted
thanks to the online analysis tools: miRDB, RNA22 and TargetScan; in miRDB using 60–100 as a range
for the Target Score; in the RNA22 version 2.0 using the following filters: base pair min value = 12,
folding energy max value (Kcal/mol) = −12 and p-value < 0.05. In TargetScan 8.0, take the total
context ++ score as the prediction truthfulness value.

Finally, to validate the identified targets, we used TargetScan 8.0, taking the total
context ++ score as the prediction truthfulness values [18] (Table S3). In particular, we
highlighted 41 targets for hsa-mir-378e, 2 targets for hsa-miR-708-3p and 13 targets for
hsa-miR-4508 (see Figure 5 and Table S3).

3.5. Functional Enrichment Analysis

To better investigate functional pathways where target genes are involved, we per-
formed an enrichment analysis by using a KEGG database implemented in miRNet 2.0 [23]
(Figure 6). Interestingly, we found three pathways potentially associated with preeclampsia:
MAPK signalling pathway (FDR = 0.006), TGF-β signalling pathway (FDR = 0.011), Insulin
signalling pathway (FDR = 0.020) and VEGF signalling pathway (FDR = 0.031) (Figure 6).
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4. Discussion

PE is a multisystem disorder specific to pregnancy, and a deficiency in our knowledge
of the exact aetiology and pathogenesis of this human disorder restricts the ability to treat
this disease [46]. Therefore, the identification of molecular targets to build a panel of
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biomarkers involved in the pathophysiology of PE is crucial to develop more effective
diagnostic and therapeutic strategies.

At the same time, it is now known that miRNAs play a fundamental role as next-
generation biomarkers [47–56]. The miRNAs being measurable through biological fluids
and regulating numerous cellular targets represent “the gold standard of biomarkers” in
pathologies in which a rapid prognosis and constant monitoring are required [47–56].

In light of this, our study focused on identifying miRNAs that can be used as biomark-
ers in preeclampsia.

First of all, through deep bioinformatics analysis, we have identified the miRNAs in
common with the placenta and plasma. The search for stable miRNAs in the two tissues
mainly involved in the pathophysiology of preeclampsia aims to employ these miRNAs
as specific and sensitive biomarkers. Indeed, the biomarkers used in diagnosing and
monitoring multifactorial disorders must be peculiar [47–56].

We then focused our attention on up and down miRNAs regulated between the
placenta and plasma. In particular, the placenta and the foetus are connected by the
umbilical cord; the placenta represents the sustenance system of the foetus because it
functions as an exchange point between maternal and foetal blood.

Recently, Chang and co-workers showed that placental miRNA trafficking mainly
to the maternal circulation and that maternal miRNA could transit to the placenta and
even into the foetal compartment. These findings define an extraordinary miRNA-based
non-hormonal means of communication between the placenta and the foetus-maternal
compartments [57]. Consequently, the trafficking between maternal and foetal blood is
of fundamental importance for monitoring both the state of health of the mother and the
foetus [52]; therefore, the identification of stable miRNAs in common between the placenta
and the blood helps monitor PE and the correct development of the foetus.

Furthermore, it is now known that placental cell disorders are closely associated with
adverse pregnancy outcomes and the manifestation of PE. At the same time, numerous
miRNAs have been found in the human placenta and growing evidence is revealing
their role as protagonists in regulating placental cell behaviours. Indeed, recent studies
indicate that placenta-derived miRNAs can be released into the maternal circulation by
encapsulating them in exosomes and potentially targeting various maternal cells [58].

In our case of the 4 miRNAs in common between placenta and plasma that we
highlighted, 3 (hsa-mir-1246, hsa-mir-203a-3p and hsa-mir-378c) were known actors in the
pathophysiology of PE [24–30]; instead, the other 1 (hsa-mir-378e) has never been indicated
as a possible biomarker of PE.

In addition, the targets prediction analysis of hsa-mir-378e allowed us to highlight two
interesting targets that appear to be involved in the pathophysiology of PE: insulin-like
growth factor-1 (IGF-1) and mitogen-activated protein kinase 1 (MAPK-1) [59–63].

Plasma IGF-1 levels are known to correlate with the severity of preeclampsia [59–62].
In fact, in the study conducted by Ingec and collaborators [60], IGF-1 and insulin-like
growth factor binding protein-1 (IGFBP-1) were measured in groups with different degrees
of PE (20 mild pre-eclamptic, 20 severe pre-eclamptic, 20 eclamptic patients and 20 healthy
pregnant women in the third trimester) [60].

The authors pointed out on IGF-1 levels were lower in pre-eclamptic and eclamptic
patients than in controls, while IGFBP-1 had an opposite trend [60].

The deficiency of IGF-1 could cause harm to the foetus; in fact, Halhali and co-
authors [62] have shown that, in women suffering from preeclampsia, there is a decrease in
IGF-1 levels also in the cord blood, influencing the growth of the foetus [62].

On the other hand, it is known that impaired trophoblast invasion partly modulated
by abnormal MAPK1/ERK2 signalling played important roles in the pathological process
of preeclampsia [63].

At the same time, within the 5 miRNAs unique to plasmas, we have brought to light
2 miRNAs (hsa-mir-708-3p and hsa-mir-4508) which do not appear to be noted as actors of
PE [32–35].
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For hsa-mir-708-3p, we have identified 16 targets, but of particular importance is
the fibroblast growth factor receptor 2 (FGFR2). In fact, recent studies have shown that
specific mutations of FGFR2 can be the substrate for the emergence of PE [64]. Furthermore,
it has been shown that the methylation status of FGFR2 influences the phenomenon of
placentation and especially sex-specific preterm births [65].

In addition, for hsa-mir-4508, we have identified 18 targets; among these, of particular
importance is solute carrier family 43, member 3 (SLC43A3) and solute carrier family
12 (potassium/chloride transporter), and member 4 (SLC12A4), both involved in the
regulation of prolactin levels in the amniotic fluid and therefore responsible for foetal
development [66].

Finally, during functional enrichment analysis, on the one hand, we confirmed two
signalling pathways that emerged during the search for specific targets: MAPK and Insulin
signalling pathway [59–63]; on the other hand, we have shed light on two other extremely
interesting signalling pathways for preeclampsia: TGF-β and VEGF [67,68].

Normal human pregnancy depends on the physiological transformation of spiral
arteries by invasive trophoblasts. Preeclampsia is associated with impaired trophoblast
invasion and spiral artery transformation. Recent studies have suggested that TGF-β is
overexpressed in the placenta of PE patients and that this may be responsible for failed
trophoblast invasion [67].

Moreover, there is additional experimental evidence that supports the hypothesis
that interference with VEGF/PlGF signalling could mediate endothelial dysfunction in
preeclampsia. VEGF is important in the stabilisation of endothelial cells in mature blood
vessels. VEGF is particularly important in the health of the fenestrated and sinusoidal
endothelium found in the renal glomerulus, brain, and liver organs severely affected in
preeclampsia. VEGF is highly expressed by glomerular podocytes, and VEGF receptors are
present in glomerular endothelial cells [68].

The meticulous bioinformatic analysis and target prediction of miRNAs not yet known
as protagonists of the pathophysiological process of PE have allowed us to shed light
on new biomarkers that could also represent new therapeutic targets for new therapies.
Having highlighted nine upregulated miRNAs in plasma, four of which are also expressed
in the placenta, can help in the development of rapid and non-invasive tests to monitor
preeclampsia during gestation without having to wait for birth to be able to access tests on
the placenta and/or on the foetus.

5. Conclusions

The data shown here confirm that miRNAs play a fundamental role in the pathophysi-
ology of preeclampsia [69]. In addition, the in-depth bioinformatics analysis carried out on
the validation of new targets allowed us to unearth new biomarkers. In conclusion, our
study allowed us to lay the foundations for the development of a panel of biomarkers that
can be used both as prognostic factors and as monitoring factors for both pathology and
any drug therapies.
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