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1. Abstract (English) 

The Nuclear Factor Y (NF-Y) is a Transcription Factor (TF) composed by three different 

subunits, NF-YA, NF-YB and NF-YC, all necessary to recognize and bind the CCAAT box, a DNA-

regulatory region highly enriched in active enhancers in human and mouse Embryonic Stem 

cells (ESCs). 

NF-YB and NF-YC subunits have a histone-like domain (related to core histones H2B and H2A 

respectively) that associate forming a dimer required to interact with the NF-YA subunit. In 

particular, NF-YA has an evolutionary conserved domain in the C-terminal part responsible for 

NF-YB/NF-YC interaction and DNA binding, while the N-terminal domain is characterized by a 

glutamine rich (Q- rich) trans-activation domain. NF-YA comes in two isoforms, the long (NF-

YAl) and the short (NF-YAs), differing for 28 amino acids coded by exon 3. Mouse ESCs 

preferentially express the short isoform, but after differentiation by Embryoid bodies (EBs) 

formation, a complete switch from the short to the long isoform is observed. Moreover, the 

progenitor muscle C2C12 cells express the long isoform, but after complete differentiation 

into muscle tissue, NF-YA protein is not detected. 

The first project of my PhD thesis aims to shed light on the function of NF-YAs and NF-YAl in 

controlling cell differentiation by generating mES and C2C12 cell lines with a genomic deletion 

of exon 3 through the CRISPR/Cas9 Nickase system. Two isolated homozygous clones for each 

cell line were obtained and they expressed only the NF-YA short isoform (NF-YAl-KO), as 

expected. 

Both cell lines, after exon 3 deletion, maintained the same morphology of wild type cells, but 

after differentiation stimuli, NF-YAl-KO clones and wild type cells showed different responses. 

In mESCs, NF-YAl-KO clones maintained the typical stem cell morphology with high levels of 

stemness genes and low levels of differentiation markers, compared to the wild type cells. In 

C2C12, after differentiation induction, wild type cells originated the classical myotubes, while 

the NF-YAl-KO clones maintained the myoblast identity. These results were supported by a 

low expression levels of muscle-associated genes in NF-YAl-KO clones, compared to wild type 

cells. These data confirm a different role of the two NF-YA isoforms in stemness maintenance 

and in particular suggest that the long one has a pivotal role during the differentiation process. 

The second project has been inspired by the study of NF-YA protein 3D structure that 

highlighted the presence of two features typical of CPPs in the evolutionary conserved 
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domain. Previous studies have shown that the GST-TAT-NF-YA short fusion protein stimulated 

Hematopoietic Stem cells (HSCs) growth enhancing cell proliferation. Moreover, mESCs 

transfected with the GST-TAT-NF-YA short fusion protein maintained their pluripotency 

identity even after Leukemia Inhibitory Factor (LIF) withdrawal, which is necessary for mESCs 

to maintain stemness identity in culture media. The work presented in this thesis 

demonstrated the NF-YA capability to enter cells and to translocate into nuclei in a TAT-

independent manner. Moreover, the differentiation induction of myoblast C2C12 cells after 

NF-YA short recombinant protein transfection inhibited myotubes formation demonstrating 

the functionality of the transduced recombinant protein. 

 

1.1 Abstract (Italian) 

Il Fattore Nucleare Y (NF-Y) è un Fattore Trascrizionale (TF) composto da tre diverse subunità, 

NF-YA, NF-YB e NF-YC, tutte necessarie per riconoscere e legare il CCAAT box, regione 

regolatrice del DNA altamente arricchita in Enhancer attivi di cellule staminali embrionali (ESC) 

sia di uomo che di topo. 

Le subunità NF-YB e NF-YC hanno un dominio simile agli istoni H2B e H2A rispettivamente, e 

si associano formando un dimero necessario per interagire con la subunità NF-YA. In 

particolare, NF-YA ha un dominio evolutivamente conservato nella parte C-terminale 

responsabile dell'interazione con il dimero NF-YB/NF-YC e del legame al DNA, mentre il 

dominio N-terminale è caratterizzato da un dominio di trans-attivazione ricco in glutammine 

(Q-rich). La proteina di NF-YA è presente in due isoforme, la lunga (NF-YAl) e la corta (NF-YAs), 

che differiscono per 28 amminoacidi codificati dall’Esone 3. Le cellule staminali embrionali di 

topo esprimono preferenzialmente l'isoforma corta della proteina, ma dopo differenziamento 

mediante la formazione degli Embryoid Bodies (EBs), si osserva un completo cambio di 

espressione dall'isoforma corta a quella lunga. Inoltre, le cellule muscolari progenitrici C2C12 

esprimono l’isoforma lunga della proteina, ma dopo un completo differenziamento in tessuto 

muscolare, la proteina di NF-YA non viene più espressa. 

Il primo progetto della mia tesi di dottorato mira a far luce sulla funzione di NF-YAs e NF-YAl 

nel controllo del differenziamento cellulare. Per fare ciò, ho generato delle linee cellulari 

murine di ES e C2C12 con una delezione a livello genomico dell’Esone 3 attraverso il sistema 
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CRISPR/Cas9 Nickase. Ho isolato due cloni omozigoti per ciascuna linea cellulare che, come 

previsto, esprimono esclusivamente l’isoforma corta di NF-YA (NF-YAl-KO). 

Entrambe le linee cellulari, dopo la delezione dell’Esone 3, mantengono la stessa morfologia 

delle cellule wild type (wt), ma dopo l’induzione del differenziamento, i cloni NF-YAl-KO 

mostrano risposte diverse rispetto alle cellule wt. Nel caso delle ESC, i cloni NF-YAl-KO 

mantengono la tipica morfologia delle cellule staminali con alti livelli di espressione di geni di 

staminalità e bassi livelli di marcatori di differenziamento, confrontate alle cellule wt. Nelle 

C2C12, dopo l'induzione del differenziamento, le cellule wt danno origine ai classici miotubi 

mentre i cloni NF-YAl-KO mantengono l’identità di mioblasti. Tali risultati sono confermati dal 

un basso livello di espressione dei geni associati al differenziamento muscolare nei cloni NF-

YAl-KO rispetto alle cellule wt. Questi dati confermano un diverso ruolo delle due isoforme di 

NF-YA nel mantenimento della staminalità ed in particolare suggeriscono che l’isoforma lunga 

sembra avere un ruolo fondamentale durante il processo di differenziamento. 

Il secondo progetto è stato ispirato dallo studio della struttura 3D della proteina di NF-YA che 

ha evidenziato la presenza di due caratteristiche tipiche dei Cell Penetrating Peptides (CPPs) 

nel dominio evolutivamente conservato. Studi precedenti hanno dimostrato che la proteina 

di fusione GST-TAT-NF-YAs stimola la crescita delle cellule staminali ematopoietiche (HSC) 

aumentando la proliferazione cellulare. Inoltre, le cellule staminali embrionali di topo (mESC) 

trasfettate con la proteina di fusione GST-TAT-NF-YAs possono mantenere la loro pluripotenza 

anche in assenza del Leukemia Inhibitory Factor (LIF), necessario nel terreno di coltura 

affinché le mESC mantengano la loro identità staminale. Il lavoro presentato in questa tesi ha 

dimostrato la capacità di NF-YA di entrare nelle cellule e traslocare nei nuclei in modo 

indipendente dalla proteina di fusione TAT. Inoltre, la trasfezione dei mioblasti C2C12 con la 

proteina ricombinante NF-YAs, in terreno che ne stimola il differenziamento, inibisce la 

formazione di miotubi dimostrando la funzionalità della proteina ricombinante una volta 

trasdotta. 
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2. Aims of the Thesis 
The Nuclear Factor Y (NF-Y) is a pioneer transcription factor that specifically bind the CCAAT 

box regulating different genes networks such as those involved in cell cycle progression and 

proliferation, cell signaling, DNA repair, metabolism and stem pluripotency pathways. 

The two projects presented in this PhD thesis contributed to shed light on new biological 

properties of NF-Y. In particular, it showed its intrinsic capacity to penetrate the cell 

membrane and the different roles played by the two NF-YA isoforms in stemness maintenance 

and during the differentiation process. 

Cell-Penetrating Peptides (CPPs) are positively charged short peptides of about 5–30 amino 

acids long with the exclusive capability to penetrate into biological membrane and deliver a 

wide variety of cargos into cells. CPPs can be used for many diagnostic and therapeutic 

applications, such as the delivery of fluorescent or radioactive compounds for imaging, the 

carriage of peptides and proteins for therapeutic application, or the delivery of molecules into 

induced pluripotent stem cells for lineage specific differentiation [1]. Studies on NF-Y protein 

tridimensional structure have highlighted the presence of two features typical of CPPs: the 

presence of two α-helices (A1 and A2) and the abundance of Arginine [2]. These observations 

have laid the basis to verify if NF-YA can be catalogized into CPPs family, identifying the specific 

amino acids that confer CPP features and analyzing the functionality of the recombinant 

protein after cells transfections. 

The second project have the objective to highlight the specific functions of the two NF-YA 

isoforms in the regulation of stemness and differentiation using two different cell lines: the 

mouse Embryonic Stem cells (ESCs), which are self-renewing Inner Cell Mass (ICM) derived 

cells with the capability to generate cells of all three germ layers, and the myoblast C2C12 

cells, which are muscle cells capable to differentiate into myotubes. 

To maintain the pluripotent state, mESCs are grown in vitro in the presence of Leukemia 

Inhibitory Factor (LIF), an external cytokine that activates the STAT3 signal, necessary to 

support the undifferentiated state. The involvement of NF-Y in early tissue development was 

initially demonstrated in Drosophila where the homologous of NF-Y controls the dorsal-

ventral patterning. Subsequent studies showed that the deletion of the maternally deposited 

NF-YA protein in 2-cell mouse embryos drastically decreased DNase I-hypersensitive sites 

(DHSs), with the majority of embryos arresting to the morula stage [3]. In Hematopoietic Stem 
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Cells (HSCs), the overexpression of the short protein of NF-YA increased substantially their 

capacity to repopulate the bone marrow of immunocompromised animals [4]. The analysis of 

promoters directly bound by NF-Y revealed that it regulates different stem cell genes and 

more important it works as pioneer transcription factor promoting chromatin accessibility and 

the binding of specific TFs like SOX2 and OCT4, regulating the expression of key stemness 

genes like NANOG [5]. Analysis on NF-YA protein levels in mESCs revealed the preferential 

expression of the short isoform, but after differentiation into Embryoid Bodies, the NF-YA 

short levels decreased until undetectable levels while the long isoform increased becoming 

the only expressed isoform [6].  

In C2C12 cells, the exclusive expressed isoform of NF-YA is the long one. Previous studies have 

shown that, after differentiation induction, the overexpression of the short NF-YA protein in 

C2C12 cells maintained high expression levels of proliferation markers with the inhibition of 

differentiation [7]. 

All these data suggest a crucial role of the two NF-YA isoforms in the regulation of stemness 

and differentiation. In order to determine if the short NF-YA isoform could maintain the 

stemness identity, mESCs and C2C12 cells were used to generate cell lines with the genomic 

deletion of the exon 3 by using the CRISPR-Cas9 system in order to check the differentiation 

capability of this cell lines which express only the short isoform of NF-YA. 
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3. Introduction 

3.1 Transcription and Regulation 

Transcription is the first step of gene expression in which a specific DNA sequence is replaced 

into a complementary RNA molecule. The transcription regulation is the basis of cellular life, 

controlling the development, proliferation, differentiation, aging and apoptosis of the cells. 

Although the control of gene expression is more complex in eukaryotes than in bacteria, they 

have the same basic principles. As in bacteria, transcription in eukaryotic cells is controlled by 

proteins that recognize specific regulatory sequences and modulate the activity of the RNA 

polymerase. 

The genomic information of eukaryotic cells is encoded by the DNA that is confined into the 

nucleus and packaged into chromatin, a complex of macromolecules formed by 146 bps (base-

pairs) of duplex DNA (linker DNA) wrapped around the histone octamer composed by H2A, 

H2B, H3 and H4. This structure represents the basic unit of the chromatin named nucleosome. 

Nucleosomes are arranged as a linear array along the DNA polymer, which makes them appear 

as “beads on a string” by electron microscopy, with the string being formed by stretches of 

linker DNA in between consecutive nucleosomes, representing the primary packing level of 

the DNA [8]. 

A fifth histone protein, the H1, binds the linker DNA region between the histone proteins to 

stabilize the zig-zagged 30-nanometre chromatin fibre, the more compact second packing 

level. 

Although its packaged conformation, chromatin accessibility is necessary to start different 

cellular process, like transcription and replication. Remodelling of nucleosomes increases the 

accessibility of DNA sequence elements to regulatory proteins that scan the genome for target 

sites. This process is controlled by different enzymes which can be divided into nucleosome 

remodelers and histone modifying enzymes. 

Chromatin remodelling is an ATP-dependent process in which the nucleosome structure is 

disrupted making the DNA accessible to transcription factors or other protein complexes 

involved in DNA metabolism. The chromatin-remodelling complexes include two main classes 

of enzymes, the SWI/SNF- and the ISWI- containing complexes [9]. 
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It has been reported that in mammalian cells the chromatin-remodelling complexes can play 

a crucial role in cancer development: mutations in the human SNF5/INI1 gene, which encodes 

for the SWI2/SNF2 complexes, contribute to oncogenesis [10]. 

Chromatin accessibility is also controlled by different covalent modifications of amino acids of 

the histones: acetylation, phosphorylation, methylation, ubiquitylation, sumoylation and ADP-

ribosylation. All these modifications contribute to establish a condensed or decondensed 

chromatin state leading to transcriptional activation or repression [11]. 

For transcription initiation, eukaryotic cells require the assembly of RNA polymerase II (RNA 

pol II) and at least six General Transcription Factors (GTFs): TFIID, TFIIA, TFIIB, TFIIE, TFIIF and 

TFIIH. The GTFs assemble on the promoter in an ordered fashion to form a Pre-initiation 

Complex (PIC) [12]. In particular, TFIID, a multi-subunit complex composed by  TATA-box 

binding proteins (TBPs) and at least 8–12 tightly bound subunits, the TBP-associated Factors 

(TAF), dictates the first step of PIC assembly, which is critical for the rate and efficiency of this 

process [13]. 

Transcriptional activity is greatly stimulated by the second class of factors: biochemical and 

genetic analysis of various model organisms has identified an astounding number of protein 

factors, known as Transcription Factors (TFs), which control the transcription by binding 

regulatory-DNA sequences positioned in proximity to the genes (promoters) or elements 

positioned at distance sites (enhancers) [14]. Transcription factors are composed by two 

characteristic domains: a DNA-binding domain which specifically recognize gene-regulatory 

elements, and a trans-activation domain, responsible for the recruitment of coactivators and 

the transcription machinery to initiate gene-specific transcription [15], [16], [17], [18]. 

In eukaryotic cells, Ali H. Brivanlou et al. [19] classified these key regulatory proteins into two 

groups on a functional basis: the “Constitutively Active Nuclear Factors”, which likely play a 

crucial role in the transcription of genes that seem to be always transcribed, and the 

“Regulatory Transcription Factors”, which indeed regulates the expression of specific genes 

like cell-type specific genes. In particular, the Constitutively Active Nuclear Factors group 

includes factors that bind the CCAAT box [20], one of the most widespread regulatory-

sequence in the eukaryotic genomes [21]. 
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3.2 The CCAAT-box 

The regulation of gene expression is a fine mechanism that orchestrate the cellular life by the 

combined actions of multiple Transcription Factors, and by the packaging of DNA into 

chromatin and its modification by methylation. Several DNA sequences are important 

transcriptional regulators, positioned in proximity or at distance sites from genes promoters, 

and one of the first cis-acting DNA elements identified is the CCAAT box [14], [22]. It was 

identified in human, yeast and plant promoters playing an important role in transcriptional 

regulation. 

Bucher P. performing a statistical analysis on over 500 unrelated promotes found that the 

pentanucleotide CCAAT sequence is present in ∼30% of them, confirming its pivotal role in 

gene expression regulation [23]. It is usually present between -60 and -100 bps from the 

Transcription Start Site (TSS) in the forward or reverse orientation [24] and it is extremely 

conserved, in terms of position and orientation, in different species, as well as the nucleotides 

flanking the central CCAAT pentanucleotide. 

The CCAAT sequence can be found in both TAT-containing and in TATA-less promoters, but 

despite the canonical promoter representation, which contain both these two DNA regulatory 

elements, the vast majority of human promoter configurations demonstrate a negative 

correlation between CCAAT and TATA boxes: the number of double positive promoters is 

significantly lower than the number of single positive promoters. Moreover, CCAAT box 

correlates with CpG island promoters, well known areas of genomic regulation [25]. 

In higher eukaryotes, the pivotal role of this regulatory sequence is confirmed by its presence 

in developmentally controlled and tissue specific genes, housekeeping and inducible genes. In 

particular, gene involved in cell cycle progression and regulation, as CCNA, CCNB1, CCB2, 

CDC2, CDC25A, PLK1, are notably enriched in CCAAT boxes [26], [27]. Surprisingly, these genes 

usually include multiple CCAAT box in their promoters, lacking the presence of any TATA-box, 

as in the CCNB2 gene that contains three CCAAT boxes in its proximal promoter region [28]. 
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Figure 1. Sequence Logo of NF-Y consensus optimized with ChIP on chip data (g-CCAAT). 

 

 

Many DNA-binding proteins have been identified as possible CCAAT-interacting polypeptides, 

as c/EBP (CCAAT/enhancer binding protein) whose binding sites are composed of palindromic 

repeats that occasionally contain a CCAAT pentanucleotide in the intervening sequence [29], 

or CTF/NF-1 (CCAAT transcription factor) that recognize a TGG(N)6GCCAA sequence, but a T 

after the CCAA is not strictly present [30], and none of them shows a strict dependence on 

this DNA element (Fig. 1). 

The only Transcription Factor known to specifically recognize the CCAAT sequence and the 

flanking nucleotides, both at the 5' and 3' ends, which help in the identification of the CCAAT 

regulator, is the Nuclear Factor Y (NF-Y) [24]. 

 

 

3.3 The Nuclear Factor Y 

The Nuclear Factor Y (NF-Y) was first identified as a factor associated to the conserved Y-box 

promoter of the major histocompatibility complex class II (MHCII) genes [31]. Subsequently, 

many other eukaryotic promoters were discovered to be activated by this Transcription 

Factor. 

NF-Y, also known as CBF (CCAAT-binding protein) is a trimeric transcription factor composed 

by three different subunits, NF-YA, NF-YB and NF-YC, all necessary to specifically bind the 

CCAAT box. An evolutionary conserved domain, called HAP for the homology with the yeast 

proteins, is required for CCAAT binding and subunit interaction. NF-YA contains the HAP 

8/5/2019 ccaat.svg

file:///Users/Debora/Desktop/ccaat.svg 1/1
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domain (HAP2) in the C-terminal portion of the protein, NF-YB in its central region (HAP3) and 

NF-YC in the N-terminal domain (HAP5) [24] (Fig. 2). 

 

 
 

Figure 2. Schematic representation of the NF-Y genes. The yeast homology domains are indicated by brackets.  

      In NF-YB and NF-YC are indicated the positions of the four a-helices of the histone fold domains (white 

boxes) [24]. 

 

 

NF-YA and NF-YC proteins are composed by a glutamine-rich (Q-rich) domain, at the C-

terminus and N-terminus respectively, which is important for the transactivation activity, as 

assessed by in vitro transcription studies with recombinant proteins and in transfection of 

mammalian cells with LexA and GAL4 fusions [32], [33]. 

NF-YB and NF-YC subunits contain conserved histone-fold domains (HFD), related to core 

histones H2B and H2A respectively, composed by three a-helices separated by short strand 

regions that associate forming “histone-like” structural heterodimers. The NF-YB/YC tight 

association is a prerequisite to interact with the NF-YA subunit, which is the responsible for 

CCAAT recognition with high specificity and affinity [24].  
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Figure 3. (A): Schematic representation of the single NF-YB and NF-YC subunits compared with the homologous 

region of the histones H2B and H2A (left panel) and the comparison of the two dimers [2]. (B): Representation 

of the NF-Y trimer bound to the CCAAT box resulting in a total DNA bending of 80° [34]. 

 

 

The NF-Y DNA-binding results in a global DNA bending of 80° that is peculiar of this 

transcription factor (Fig. 3). This spatial organization can reflect functional consequences on 

its target promoters. But the role of NF-Y in the regulation of transcription is not only due to 

NF-Y CCAAT binding: previous studies, both in vivo and in vitro, highlighted several functional 

and physical interactions with other transcription factors [35].  

Maity and Crombrugghe [36] showed that subunits dimerization and its interaction with the 

NF-YA subunit (which dictates the DNA-binding) depends to the integrity of the histone-fold 

domain of NF-YB and NF-YC. Moreover, thanks to the conserved histone fold motif of NF-YB 

A 

B 
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and NF-YC, the NF-Y trimer can interact with other histone like proteins, as different TAFIIs 

subunits of TFIID. In particular, while TAF11, TAF12 and TAF13-TAF11 can interact with the 

histone fold domain of the NF-YB/YC dimer, TAF6 and TAF9-TAF6 interact with NF-Y trimer 

[37]. 

The general histone fold domain (HFD) structure is characterized by three alpha helices linked 

by two loops. NF-YB and NF-YC core regions contain an HFD carrying and additional a-helix (α-

C) at the C-terminal region that is the responsible for the interaction with other TFs. Indeed, 

Izumi et al. [38] have shown that the α-C of NF-YC is crucial to establish physical interaction 

between NF-YC and other TFs like c-MYC and p53. 

Unlike NF-YB and NF-YC, NF-YA subunit seems to have no homologous proteins. It presents 

only a homologous domain to the yeast protein HAP2 that is composed by two a-helices, the 

A1 and A2, linked by a linker loop. The A1 helix is mostly positively charged and contacts 

extensively the HFD dimer in its negatively charged center, while the A1/A2 linker optimizes 

electrostatic interactions between NF-YA and the NF-YB/YC dimer allowing the A2 helix to 

“search” for a CCAAT box, thanks to its flexible conformation. 

 

 

3.4 NF-Y Alternative splicing 

Alternative splicing is a process that allows the human genome to direct the synthesis of many 

more proteins than would be expected from its 20,000 protein-coding genes. During this 

process, a particular exon of a gene may be included within or excluded from the final 

processed messenger RNA (mRNA), producing translated proteins which contains differences 

in their amino acid sequence, influencing their biological functions. 

NF-Y genes, like most of the mammalian genes, undergoes alternative splicing originating 

different isoforms of the same subunit, except for NF-YB gene that originates a single protein 

product of 32 kDa. Otherwise, NF-YC gene can originate many protein isoforms not only by 

alternative splicing but also by the activity of alternative promoters, the other system used by 

eukaryotic cells to produce different proteins starting from the same DNA sequence. 

The NF-YC gene has two alternative promoters, P1 and P2. The P1 promoter represents the 

principal promoter of NF-YC with housekeep activity, while the P2 promoter is activated 

following DNA damage in a p53 dependent pathway.  



 15 

 

 
 
 

Figure 4. Structure of NF-YB and NF-YC subunits. Functional domains and differential splicing are reported [39]. 
 

 

The exon 8 and exon 9 of NF-YC codified a region of the Q-rich transactivation domain and 

they are involved by an alternative splicing that originate three different protein products of 

37, 48 and 50 kDa. Ceribelli et al. [40] highlighted that different cell lines transcribed the same 

mRNA levels of the three NF-YC isoforms, but analyzing the protein expression level this 

doesn’t correlate with the mRNA level: the relative abundance of each protein isoforms is cell-

dependent and, in particular, the 37 and 50 kDa isoforms are mutually exclusive. These data 

indicate that a strong post-transcriptional mechanism regulate the mRNA stability and the 

consequent protein translation. 

The NF-YA gene is involved by an alternative splicing of the exon 3 that codified a part of the 

long Q-rich transactivation domain. This exon-skipping event leads to the formation of two 

protein isoforms, the long (NF-YAl) and the short (NF-YAs), which lacks the 28 amino acids 

codified by the exon 3, and different cell lines preferentially express the long or the short 

protein isoform of NF-YA. 

Importantly, it has been demonstrated a strong correlation between NF-YA and NF-YC 

isoforms: cells harboring the short isoform of NF-YA preferentially express the 50 kDa NF-YC 

isoform while the long isoform of NF-YA is enriched in cells expressing the 37 kDa NF-YC [40]. 

These data suggest that different cell contests harbor different NF-Y complexes, but how and 

whether they activate different set of genes is still unclear. 
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3.5 The NF-YA subunit 

The NF-YA subunit represents the regulatory subunit of the trimer dictating the CCAAT-

binding specificity. The N-terminus of the protein is composed by a Q-rich transactivation 

domain while the N-terminus is characterized by an evolutionary conserved domain, which is 

composed by two alpha helices, the A1, responsible for the interaction with NF-YB/YC dimer, 

and the A2, involved in DNA-binding and CCAAT recognition. 

 

 

 

 

 

 

Figure 5. Schematic representation of NF-YA gene and the two isoforms derived from the alternative splicing of  

    the exon 3. The two a-helices responsible for NF-YB/YC interaction and DNA-binding are reported (grey 

boxes) [39]. 

 

 

While NF-YB and NF-YC proteins are ubiquitously expressed and protein levels are relatively 

constant during the cell cycle, NF-YA levels fluctuate: in Murine Erythroleukemia (MEL) cells, 

the NF-YA protein level is maximal during the S phase while decreased in the G2/M phase [28]. 

The amount of NF-YA protein can be modulated by specific stimuli and cell treatments: while 

deprivation of serum decreases the expression level of NF-YA protein level in human IMR-90 

fibroblasts [41], MMS treatment leads to its increase [42]. Finally, although both immortalized 

and not transformed cell lines express all the three NF-Y subunits, it was found that post-

mitotic normal cells, differentiated myotubes and circulating monocytes do not express NF-

YA [43], [44]. These data identified NF-YA as the limiting subunit of the NF-Y trimer. 

Differently from the other NF-Y subunits, NF-YA protein levels are regulated by the 

ubiquitin/proteasome pathway. The estimated half-life of the protein is about two hours in 

proliferating cells, but after proteasome inhibition, the stability of NF-YA protein increases. 

Analysis on protein mutations identified four lysine residues in the C-terminal domain, the 

K283, K289, K292 and K296, as important target of ubiquitination. Moreover, it was observed 

that two of these lysine residues can be acetylated by the p300 histone acetyl-transferase 

NF-YA

Short
Long

C-termN-term BC DNA

Alternative	splicing exon 3

NF-YA BC DNA 
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[45], highlighting that the competition between acetylation and ubiquitylation on the same 

lysine residues is a mechanism to regulate NF-YA protein stability. 

The two NF-YA protein isoforms are differently expressed in different cell lines: we can 

observe cell lines that express the two isoforms at same levels, as the PC3 cells, and cells that 

preferentially express the long isoform, as the U2OS cells, or the short one, like the mouse 

Embryonic Stem cells (ESCs) [40], [39]. Moreover, Grskovic et al. [6] have shown that, during 

ESCs differentiation, the expression of NF-YAl and NF-YAs changed in opposite directions: the 

levels of NF-YAl increased with ESCs differentiation by Retinoic Acid (RA) treatment or 

Embryoid Bodies (EBs) formation, while NF-YAs levels were significantly downregulated with 

differentiation, suggesting a different role of the NF-YA protein isoforms. 

 

 

3.6 The Pioneer Transcription Factor NF-Y 

Transcription Factors are proteins that detect and bind regulatory sequence in the DNA and 

target the assembly of protein complexes to control gene expression. Genome-wide location 

analysis have shown that Transcription Factors occupy a few numbers of their potential DNA-

binding sites in the genome [46], [47], indicating that chromatin structure beyond the DNA 

sequence dictates the binding of Transcription Factors to their target sites. 

For many kinds of Factors, cooperative interactions with other Factors can allow nucleosome 

binding [48], but when the binding of a series of Factors is sequential in time and thus not 

initially cooperative, it is necessary that a special “Pioneer Transcription Factor” first bind the 

target site. 

Pioneer Transcription Factors are proteins with nucleosome-binding properties that 

distinguish them from other DNA-binding factors. These Factors can actively help to initiate 

the assembly of other regulatory factors on the DNA by different strategy; they can open the 

chromatin locally, position the nucleosomes, enable intrinsic cooperative binding effects 

among other DNA-binding factors, or they directly recruit other chromatin modifiers and co-

regulators. Pioneer factors can have also the passive role to be engaged at a regulatory 

sequence to require fewer subsequent factors to bind for regulatory activity. 

The NF-Y crystal structure reveal that, while the NF-YA subunit dictates the DNA-sequence 

specificity, the NF-YB/YC dimer interact extensively with the DNA phosphates, in a way that is 
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extremely similar to H2A/H2B-DNA assembly in the nucleosome [34]. These data suggest a 

Pioneer role of NF-Y in enhancing chromatin accessibility. Indeed, NF-Y has been found to 

work as Pioneer Transcription Factor increasing chromatin accessibility and subsequent 

promoters’ activation [49], [50], [5], [3]. In particular, Falong Lu et al. [3] depleted from a 2-

cell stage mouse embryo the maternal NF-YA protein to analyse the genome activation: they 

discovered that it is required for the activation of ∼15% of 2-cell activated genes, suggesting 

that NF-YA is one of the Transcription Factors responsible for Zygotic Genome Activation (ZGA) 

and introducing the crucial role of NF-Y in stem cells development. 

 

 

3.7 Mouse Embryonic Stem Cells 

Mouse Embryonic Stem Cells (mESCs) are cells derived from the Inner Cell Mass (ICM) of the 

developing blastocyst. They have the capacity to generate all cell lineages of the developing 

and adult organism, known as pluripotency, and self-renewing, which means that they can 

proliferate in the same state. 

 

 
 

 

 

 

 

 

 

 

 

Figure 6. Mouse Embryonic Stem cells derived from the Inner Cell Mass forms cells of all three germ layers. 

 

 

These characteristic of mESCs are controlled by external and internal signals that maintain 

cells in the pluripotent state. In vitro, Leukemia Inhibitory Factor (LIF) is an external cytokine 

that supports the undifferentiated state of mESCs by activating STAT3 signal [51], which 
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directly binds Oct4 and Nanog distal enhancers, modulating their expression to maintain 

pluripotency of mESCs [52]. 

Indeed, pluripotency is controlled by TFs that regulate a specific gene expression program by 

gene activation, establishing a poised state for gene activation in response to developmental 

stimuli, or contributing by gene silencing. In mammals, TFs are the largest class of proteins 

representing about 10% of all protein-coding genes, but only a couple of them seems to 

regulate mESCs by working with other TFs, some of which come from the group of terminal 

components of developmental signalling pathway.  

The pluripotent state is largely controlled by the “core promoter” TFs Oct4, Sox2 and Nanog, 

and in particular, Oct4 and Nanog have been discovered to be essential for establishing and 

maintaining a robust pluripotent state being expressed only in stem cells [53], [54]. In mESCs 

Oct4 bind Sox2 forming a heterodimer that place Sox2 among the key regulators [55], [56]. 

Somatic cells can be reprogrammed into induced pluripotent stem (iPS) cells by the 

overexpression of Oct4, Sox2, Klf4 and c-Myc [57]. But if Nanog is not necessary for the 

reprogramming process, it is essential to promote a stable undifferentiated state [58], and 

more important it co-occupies most of the sites bound by Oct4/Sox2 heterodimer throughout 

the ESC genome, many of which are developmentally important homeodomain proteins, 

suggesting a role of these TFs in repressing these gene to maintain a stable pluripotent state 

and to undergo normal differentiation [59], [60]. The “core promoter” interacts with 

coactivators to recruit the RNA polymerase II (RNA-pol II, the responsible for DNA 

transcription into mRNA in mammalian cells) [61], while c-Myc binds the E-box sequences at 

core promoter sites recruiting p-TEFb, which phosphorylate the RNA-pol II and its associated 

pause control factors allowing the release and the fully transcription of the gene [62]. 

 

 

3.7.1 Naïve and primed pluripotent Stem Cell states 

Between embryonic day 4 and 5 (preimplantation embryo) the mouse ICM segregates in two 

compartments: the epiblast and the primitive endoderm in which the epiblast develops to the 

embryo while the primitive endoderm gives rise to extraembryonic yolk sac tissue. Epiblast 

cells derived at this transitory stage are considered naïve epiblast and can be propagated ex 

vivo as cell lines that are called mouse Embryonic Stem Cells. Mouse ESCs derived from the 
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ICM of a preimplantation embryo have an unlimited self-renewal capacity when cultured in 

vitro under appropriate condition and they can differentiate into tissues of all three germ 

layers. Moreover, naïve Stem Cells have the intrinsic capacity to contribute to all somatic 

lineages, including the germline, when injected back into the early embryo, generating a 

chimera (a single organism that is composed of two or more different populations of 

genetically distinct cells), demonstrating their pluripotency also in vivo. 

Mouse Epiblast Stem Cells (mEpiSCs) instead are derived from the epiblast of a post-

implantation embryo and they are considered primed pluripotent Stem Cells. In this category 

are included also the human ESCs and iPSCs, although they are derived from a preimplantation 

embryo. Primed Stem Cells, like the naïve, are capable of unlimited self-renewal and can 

differentiate into all tissues of all three germ layers in vitro, but they are limited in their 

pluripotency in vivo as they cannot give rise to chimeras once injected into an early embryo 

[63]. 

Naïve Stem Cells appears with the classical Stem Cell morphology, they are small, compact 

with a round shape, while the primed are large and grow as a monolayer. Moreover, the naïve 

Stem Cells survive better to passage as single cells and duplicate in a shorter time [64]. 

Mouse ESCs can be maintained in the naïve state by culturing in the presence of serum plus 

LIF, but under serum withdrawal, LIF is not sufficient to prevent the differentiation. This 

limitation is overcome by using the “2i medium”, composed by LIF plus two specific inhibitors: 

a specific inhibitor of the mitogen-activated protein kinase (ERK1/2) and an inhibitor of the 

glycogen synthase kinase (GSK3) [65]. 

The expression profiles of naïve and primed Stem Cells are different: while the pluripotency 

factors Oct4 and Sox2 are equally expressed, factors like Nanog, Sall4, KLF4 or Esrrb are 

preferentially expressed or up-regulated only in naïve Stem Cells. Moreover, the Tfe3 protein 

in naïve Stem Cells is localized into the nucleus, but after the conversion into primed cells, it 

becomes cytoplasmic with the result downregulation of Esrrb expression [66].  

Mouse ESCs can differentiate in vitro into EpiSCs by 2i/LIF withdrawal and the addition of 

activin and Fgf2 [67]. During the differentiation, transitional cells were identified and named 

epiblast-like cells (EpiLCs). These cells are transient and form from naïve Stem Cells after 48 

hours of differentiation induction. EpiLCs do not exhibit naïve pluripotency gene expression 

with a rapid reduction of about 70% only after 4 hours. Transcriptome analysis revealed high 

similarity with the preimplantation epiblast while consistent differences with the post-
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implantation epiblast: EpiLCs express Fgf5, Otx2 and Oct6 along with Oct4 and Sox2 (typical 

of a preimplantation epiblast) but not later lineage markers [68]. 

Interestingly, Oct4 and TFs like Oxt2, induced after differentiation induction, cooperatively 

regulate the expression of new genes during the transition [68], [69]. Indeed, a link between 

Oct4 and Otx2 was observed. In the naïve state, Oct4 interacts with Tcf3, Esrrb and Klf4, but 

after differentiation into EpiLCs, it was found to physically interact with Otx2, Zic2/3 and other 

TFs [68], and this is explained by the protein levels of the interactors: in the naïve state 

stemness markers like Esrrb are upregulated while after differentiation their expression 

decrease with the concomitant expression of early differentiation genes like Otx2, meaning 

that the levels of gene expression dictates cell identity. In addition, the overexpression of 

naïve-associated factors like KLF4 can convert the primed Cells into naïve Cells suggesting their 

importance for the maintenance of the naïve state [67]. 

 

 

3.7.2 Role of NF-YA in pluripotency maintenance 

Analysis on mESCs transcriptome to highlight important pathways for stemness identity has 

identified the CCAAT box as one of the most enriched Transcription Factor Binding Site (TFBS) 

in active enhancers [6], suggesting a pivotal role of NF-Y in pluripotency regulation. 

The involvement of NF-Y in Embryonic development was demonstrated by analysing the NF-

YA heterozygous mice that were fertile and normal, while the NF-YA null mice die prior 8.5 

d.p.c, suggesting that NF-Y plays a crucial role in early mouse Embryonic development [70]. 

The involvement of NF-Y in early tissue development was initially suggested by Stathopoulos 

et al. who demonstrated that the homologous of NF-Y controls the dorsal-ventral patterning 

in Drosophila [71]. In Hematopoietic Stem Cells (HSCs) NF-Y was found as master regulator of 

self-renewal and differentiation: the retroviral infection of HSCs to overexpress the NF-YAs 

protein lead to an increase in expression of several HOX genes like HOXB4, a master gene for 

HSCs, and TFs mediating Notch and Wnt signaling, notoriously crucial in HSCs maintenance. 

The overexpression of NF-YAs in mouse HSCs increased substantially their capacity to 

repopulate the bone marrow of immunocompromised animals [4]. 

Domashenko et al. [72] used an alternative strategy to overexpress the NF-YAs protein: HSCs 

were transfected using the NF-YAs protein fused to a TAT peptide, a Cell Penetrating Peptide 
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(CPP) that allows to the fused protein to enter the cell membrane. By adding the recombinant 

TAT-NF-YAs to the medium, the HSCs were efficiently transfected and it promotes the ex vivo 

proliferation and increases the engraftment of human hematopoietic progenitor cells, 

suggesting an important role of the NF-YA short isoform in pluripotency regulation. 

The analysis of NF-YA mRNA expression levels by Real-Time Reverse Transcriptase PCR (RT-

PCR) in mESCs and differentiated mESCs, either treated with RA or induced to form EBs, 

revealed that the expression of the two isoforms of NF-YA (long and short) changed in 

opposite directions: mESCs preferentially express the short isoform, but after differentiation 

the NF-YAs levels significantly decreased while the NF-YAl levels increased [6]. Moreover, TAT-

NF-YAs protein transfection of mESCs activated stemness genes containing CCAAT boxes 

stimulating cell proliferation and maintaining the cells in a pluripotent state after LIF 

withdrawal [39]. 

Chromatin Immunoprecipitation (Chip) analysis revealed that NF-Y directly binds to the 

promoters of genes upregulated in pluripotent cells, as Sall4 and Zic3 [6], but more important, 

bioinformatic analysis highlighted a strong correlation between NF-Y and NANOG with about 

30% of Nanog peaks overlapping with NF-Y sites, whereas Nanog promoter is not a NF-Y target 

but it is regulated by OCT4 and SOX2, suggesting an indirect correlation between NF-Y and 

NANOG [39]. Indeed, Oldfield et al. [5] demonstrated that NF-Y works as pioneer TF promoting 

chromatin accessibility and OCT4/SOX2 DNA-binding. 

Analysing the DHS (DNase I-hypersensitive site) formation in 2-cell embryos, and by depleting 

the maternally deposited NF-YA protein, about 30% of 2-cell DHS were decreased (enriched 

in promoter regions), with higher reduction in NF-YA motif-containing promoter DHSs, with 

the majority of embryos arresting to the morula stage [3]. 

Taking together, these findings define NF-Y as an essential factor for ESCs pluripotent state 

regulation. 

 

 

3.8 Role of NF-YA in muscle differentiation 

Skeletal myogenesis is a complex regulated mechanism important for regenerative medicine 

and tissue repair. To discover the factors that control cellular growth and differentiation, a 

muscle precursor cell line, the C2C12 cells, is commonly used thanks to its ability to 
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differentiate into myoblast, then myocyte and finally a multinucleated myotube. This feature 

enables to discover the transcriptional program that regulates each steps of the 

differentiation process. 

C2C12 cells can easily differentiate into myotubes by changing the culture media from high 

serum (10%) to low serum (2%), known as serum starvation. These precursor cells undergo 

differentiation expressing muscle-associated genes. The most important regulatory factors 

during skeletal myogenesis are represented by the Myogenic Regulatory Factors (MRFs), 

which are composed by MyoD1, Myf5, Myogenin and Mrf4 [73]. This family of TFs binds the 

E-box, a motif found in promoters of many muscle-specific genes [74], and are differentially 

expressed during the myogenic pathway: Myf5 is the first MRF expressed during mouse 

embryonic development, like MyoD1, while Myogenin and Mrf4 are expressed at later stages 

[75]. Mice devoid of Myf5 show a delay in embryonic myogenesis that instead proceed 

normally after MyoD1 induction [76]. MyoD1 Knock-out (KO) mice compensate with an 

increase in the expression level and stability of Myf5 [77], revealing a redundancy of Myf5 and 

MyoD1 during myogenesis. The analysis of Myogenin KO mice revealed a reduced expression 

of muscle-genes like Myosine Heavy chain (MYH) and Mrf4, while MyoD1 levels were normal 

[78]. These data revel that Myf5 and MyoD1 act genetically upstream of Myogenin and Mrf4 

to specify myoblast for terminal differentiation, while Myogenin and Mrf4 are more involved 

in the differentiation process triggering the expression of myotube-specific genes. 

The MRFs family cooperate with other TFs, in particular with the myocyte enhancer factor-2 

(Mef2), to upregulate specific target genes [79], [80]. The Mef2 family cannot induce 

myogenesis in transfected fibroblasts, but when co-expressed with the myogenic proteins 

MyoD1 or Myogenin they dramatically increase the extent of myogenic conversion [81]. 

Analysing the NF-Y protein levels in different murine adult tissues, Gurtner et al. [44] showed 

that while NF-YB and NF-YC subunits are expressed, the NF-YA subunit is not detectable in 

skeletal muscle and heart with the consequent loss of NF-Y binding to the CCAAT boxes. 

Moreover, NF-YA overexpression in C2C12 cells led to a delay in the induction of Myogenin 

whereas there was no effect on MyoD1 expression, revealing that the down-regulation of NF-

YA expression is strictly required for the correct modulation of muscle-specific gene 

expression during differentiation of muscle cells. Chip analysis revealed that NF-Y is not 

present on Myogenin promoter, while directly binds the promoter of Mef2D gene, known to 

activate MyoD1 and Myogenin [7]. The stable overexpression of NF-YAl and NF-YAs in C2C12 
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clones have different effects on differentiation: while stable NF-YAs-overexpressing cells 

revealed high expression levels of proliferation markers with the inhibition of differentiation, 

NF-YAl-overexpressing cells showed a downregulation of cell cycle genes with the enhanced 

expression of muscle-specific genes like Mef2D, Six1, and Six4 [7]. 

Another study revealed that the forced expression of NF-YAs protein in C2C12 cells after 

differentiation induction maintain high expression levels of cyclin A, cyclin B1 and cdk1 with 

the consequent delay in Myogenin expression [44]. 

These data confirmed different roles of the two NF-YA protein isoforms suggesting the 

importance of NF-YAs function suppression to inhibit several cell cycle genes and to initiate 

the specific differentiation program in myoblast C2C12 cells. 

 

 

3.9 Cell Penetrating Peptides (CPPs) 

The use of recombinant proteins in medical practice starts in the 1980 with the introduction 

of the recombinant human insulin to treat the diabetes mellitus. The use of these molecules 

has several advantages with a high specificity and tolerability, but their hydrophilic nature 

limits their therapeutic value because of their low membrane permeability, preventing their 

access to intracellular targets. 

In 1988, the discovery of the trans-activator of transcription (TAT) protein of HIV-1 as a protein 

capable to penetrate the cell membrane provides the basis for a new strategy that use 

peptides, known as Cell-Penetrating Peptides (CPPs) as carriers for intracellular uptake [82]. 

CPPs are positively charged short peptides with 5-30 amino acids long with the ability to 

penetrate the cell membrane. They have high transfection efficiency and low toxicity, making 

them useful for diagnostic and therapeutic applications. 

The first CPP identified was the TAT peptide, an RNA-binding protein of 14 kDa that stimulates 

the HIV-1 gene expression by enhancing the processivity or RNA pol II [83]. The TAT protein is 

composed by a transcriptional activation domain enriched in cysteine and a hydrophobic 

arginine-rich motif responsible for RNA-binding. By studying deleted mutants in the N- and C-

terminus, Park et al. [84] defined the minimal domain required for cell translocation, from the 

amino acid 49 to 57, which is rich in basic amino acids like lysine and arginine residues. 
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The attachment of cargo molecules to CPPs enables to transport into cells a wide range of 

conjugated cargoes like peptides, DNA, short interfering RNA (siRNA) and small drugs [85]. 

Cargoes can be conjugated by using two different strategies: covalent or non-covalent binding. 

The covalent conjugation binds the two molecules in a time-consuming process, while in the 

non-covalent conjugation the two molecules interact by electrostatic interactions [86]. 

CPPs can be classified based on their origin or their physiochemical properties. Based on the 

origin, CPPs are divided into chimeric (composed of two or more motifs derived from different 

peptides), protein-derived or synthetic [85]. Based on their physiochemical properties, CPPs 

are categorised into Cationic, amphipathic and hydrophobic (less used compared to cationic 

and amphipathic CPPs) [87]. 

 

 

3.9.1 Internalisation mechanisms of CPPs 

Although CPPs are commonly used to transport molecules into cells, the exact mechanism 

used to penetrate cellular membrane is still obscure. Three main pathways are proposed for 

the CPP internalisation: the first is based on direct penetration, the second is the endocytosis, 

and the third that use the formation of a transitory structure. 

The internalisation through direct penetration is an energy-independent pathway in which the 

positively charges of the CPP firstly interact with the negatively charged membrane 

components, leading to a destabilisation of the membrane and the folding of the CPP on the 

lipid membrane [88]. 

The endocytosis is a natural and energy-dependent pathway occurring in all cells. Thanks to 

this mechanism, cells can absorb materials from the outside through the plasma membrane 

that folds inward to carry external elements inside. The endocytosis can be divided in three 

main classes: pinocytosis (large molecules absorption), phagocytosis (solutes absorption) and 

receptor-mediated endocytosis. In the receptor-mediated endocytosis, clathrin and caveolin 

proteins play a key role for the invagination of the membrane and the construction of vesicles: 

clathrin-coated vesicles have a smaller diameter compared to vesicles coated by caveolin and 

are more selective, indeed generally the translocation is made through binding the material 

to specific receptor on cell surface [89]. 
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The formation of a transitory structure is based on the construction of an inverted micelle in 

which at first the CPP is trapped into the hydrophilic environment of the micelle, then the 

micelle interacts with the membrane components destabilising itself and leading to the 

release of the CPPs into the cytoplasm [90], [91]. 

 

 

3.9.2 CPPs applications 

The presence of cell and tissue barriers prevents many therapeutic drugs to reach their 

specific intracellular targets. By conjugating drugs with CPPs ca be enhanced their cellular 

internalization and therapeutic efficacy. 

The CPPs-mediated transport of small and large molecules was achieved both in vivo and in 

vitro to treat several diseases, especially in cancer. Since traditional chemotherapy usually 

lacks specificity and may result in toxicity, CPPs appears to be a best strategy to treat 

oncological pathologies. In particular, the p53 protein induce cell cycle arrest and apoptosis 

and loss of function of p53 results in malignant advancement [92]. To restore the activity of 

p53, Synder et al. [93] produced a transducible and proteolytically stable peptide resulting in 

a significant increase in lifespan and generation of disease-free animals [93]. 

The human papillomavirus (HPV) E2 protein is a DNA-binding protein and the overexpression 

can induce growth arrest and/or apoptotic cell death in cervical cancer cells. The herpes 

simplex virus VP22 protein was fused to the E2 protein to induce apoptosis in transiently 

transfected HPV-transformed cervical carcinoma cell lines [94]. 

In other cases, CPPs were used to transport enzymes into the cells to make a genomic deletion 

[95] or to vehicle inhibitors of NF-kB across cell membrane [96]. 

TAT peptide was also used to transduce NF-YA protein into the human hematopoietic cells to 

induce the activation of HOXB4 and the consequent proliferation of primitive hematopoietic 

progenitor cells [72], showing that TAT-peptide therapies can be used as an alternative 

approach to retroviral Stem Cell therapies and suggesting that the NF-YA protein can be 

evaluated as a tool for primitive hematopoietic progenitor cells ex vivo expansion and therapy. 

The use of CPPs were applicated also to target bacteria and fungi inhibiting their growth. This 

system is of great interest because by binding an antimicrobial agent to a CPPs is possible to 

overcome the growing problem of bacterial antibiotic resistance. 
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Another application of CPPs is to transport nucleic acids, which are unable to over-cross the 

cellular membrane because of them hydrophilic nature. The use of CPPs improves the 

transfection of nucleic acids exceeding problems derived from classical transfection 

techniques like viral infection which have high toxicity and low efficiency transfection. 

Although CPPs have the advantage to bypass physical cell barriers, the main limitation is the 

low cell specificity. This limitation can be overpass by binding to the CPP a specific molecule 

with high affinity for a specific target. Fang et al. [97] conjugated the TAT protein with a short 

A1 peptide, 6 amino acids long, which specifically recognise the vascular endothelial growth 

factor receptor-1 (VEGFR1). The TAT-A1 selectively penetrates into tumor cells that over-

expressed VEGFR1. Moreover, the system successfully transports into cells the siRNA used for 

the anti-tumor therapy [97]. 

All these works confirm CPPs as a useful strategy that can be used for many applications by 

reducing toxicity and enhancing transfection efficiency. 
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4. Results and Discussion 
The transcription factor NF-Y is a trimeric factor composed by the NF-YA, NF-YB and NF-YC 

subunits which are all necessary to specifically bind the CCAAT box and regulate the 

transcription of target genes. The NF-YA gene is involved by an alternative splicing that 

originates two protein isoforms, the long (NF-YAl) and the short (NF-YAs) which lacks the 28 

amino acids codified by the exon 3. 

Previous studies have shown the pivotal role of NF-YA, and in particular the short isoform, in 

stem cell marker regulation already at 2-cell stage of mouse development [5], [3]. More 

interesting, after differentiation into Embryoid Bodies formation, the expression of NF-YAs 

decreases until a complete switch to the long NF-YA protein [39], suggesting different roles of 

the two NF-YA protein isoforms in stemness maintenance and during the differentiation 

process. Moreover, mouse myoblast cells (C2C12 cells), which express only the long NF-YA 

protein isoform, after protein transfection of NF-YAs completely lost the capability to 

differentiate into myotubes [98]. 

To shed light on the specific functions of NF-YAs and NF-YAl proteins in the regulation of self-

renewal and differentiation, mouse Embryonic Stem and C2C12 cell lines with the genomic 

deletion of the exon 3 were generated by using the CRISPR/Cas9 system. 

The deletion generates cell lines with the exclusive expression of the short NF-YA protein, 

which is the presumed stemness isoform of NF-YA. Assuming that the long NF-YA isoform is 

crucial during the differentiation process while the short protein maintains cells into a 

stemness state, under external stimuli cells knock-out for NF-YAl (NF-YAl-KO) will show a delay 

in the differentiation process. 

 

 

4.1 CRISPR/Cas9 strategy 

To generate mouse cell lines with the genomic deletion of exon 3, responsible for the NF-YA 

long isoform transcription, the CRISPR/Cas9 system was used. 

The CRISPR system is an adaptable immune mechanism used by many bacteria to protect 

themselves from foreign nucleic acids, as viruses or plasmids. The type II CRISPR system 

from S. pyogenes has been adapted to induce sequence-specific double strand breaks (DSBs) 

and targeted genome editing. 
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Two components are necessary to perform genome editing using this engineered system: the 

Cas9, which is the enzyme that perform the cleavage of double-stranded DNA, and a guide 

RNA (gRNA) with 20 nt at the 5’ end targeting the specific DNA-sequence, using standard RNA-

DNA complementarity base-pairing rules. The enzyme cut the targeted-sequence that is 

immediately downstream to the -NGG PAM sequence.  

 

 
 

Figure 7. Schematic representation of the gRNA interacting with the Cas9 and targeted DNA sequence [99]. 

 

 

To increase target specificity, the mutant D10A nickase (Cas9n) can be used. This nickase cut 

only the DNA strand that is complementary to and recognized by the gRNA, making necessary 

the use of two gRNAs to have a DSB. 

The on-line tool https://www.atum.bio/eCommerce/cas9/input, which allows to set different 

conditions, was used to design gRNAs for the genomic deletion of exon 3. The enzyme set was 

the Cas9 nickase, which requires the -NGG PAM sequence and two gRNAs to generate a 

double-strand break minimizing off-target effects. The targeted loci for gRNAs pairs were set 

with a gap of 8-20 bp for an optimal indels generation [99]. 

To excide the exon 3, the targeted regions were designed into the two flanking introns. FASTA 

sequence of 300 bp upstream (for guides A and B) and downstream (for guides C and D) the 

exon 3 were set into the program. gRNAs less likely to exhibit off target activity (higher score) 

and closer to the exon 3 were chosen, with a total targeted sequence of about 300 bp (Fig. 8 

and Suppl. Fig.1). 
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Figure 8. Gene editing strategy for NF-YA exon 3 deletion using the Cas9 nickase and four guide RNAs. The 

targeted sequence by each guide RNA and the deletion sites are shown. 

 

 

Another tool was used to assess possible off-target sites for each single guide RNA 

(https://crispr.cos.uni-heidelberg.de). In general, possible off-targets identified have up to 3 

mismatches (MM) in non-coding sequences, except for the gRNA_A which presents a possible 

off target in a coding sequence with 4 MM, but no common off-target sites were found in 

paired gRNAs (Suppl. Fig.2). 

Two plasmids were generated following the Sakuma et al. [100] published method: both 

pX330A_d10A plasmids codified the Cas9 nickase while gRNAs were inserted unpaired 

(plasmid_1 carried the guides A and C while the plasmid_2 carried the guides B and D) in order 

to have enzyme activity only after simultaneous DNA recognition by all four gRNAs. 

Plasmids were screened by performing the Polymerase Chain Reaction (PCR) using a forward 

primer that anneals to the plasmid, and the reverse primer which anneals to the specific 

inserted gRNA. Finally, plasmids were sequenced and used for cells transfection. 

 

 

4.1.1 NF-YAl-Knock-out cell lines generation 

Two methods were tested to reach high transfection efficiency: Lipofectamine 3000 and 

Electroporation. By transfecting a GFP plasmid, the efficiency of both methods was valuated 

and Electroporation showed higher transfection efficiency (~80%) compared to Lipofectamine 

3000 (~50%). 

Exon 3
gRNA a

nCas9

Target B

gRNA b

gRNA c

gRNA d

…CCTGTGAGCACTGCATGAACGCT-19 nts-TGTTTGGATCTCAAATTGAATGG…
…GGACACTCGTGACGTACTTGCGA-19 nst-ACAAACCTAGAGTTTAACTTACC…

Target A

Target D

Target C

…CCCGTGTAGGGTGAGGTGCTTTA-19 nts- CTCGGAGTGATCTGCTGTCTTGG…
…GGGCACATCCCACTCCACGAAAT-19 nts-GAGCCTCACTAGACGACAGAACC…
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For both cell lines, mESCs and C2C12 cells, 1x106 cells were transfected by Electroporation 

with the two pX330A_d10A plasmids (palsmid_1 and plasmid_2) and then seeded at low 

density to have single plated cells, leaving them to grow. After 5 days, single colonies were 

picked and expanded to check for positive NF-YAl-KO clones.  For clones screening, three pairs 

of primers (designed by using the on-line tool http://primer3.ut.ee/) were used for PCR: 

“primers A” were designed into the two exon 3-flanking Introns (846 pb amplification 

product), which produces a shorter amplification product in positive NF-YAl-KO clones; 

“primers B” (482 bp) and “primers C“ (163 bp, it can be used in Real-Time PCR) have the 

forward primer designed into the Intron 4 and the reverse primer into the exon 3, giving an 

amplification product only in samples negative for the deletion (Fig. 9 and 10). 

 

 
 

Figure 9. The three primers used to check for positive NF-YAl-KO clones are shown with the specific 

amplification products highlighted by the dashed lines. 

 

 

 
Figure 10. Example of PCR products run into a 1,2% agarose gel. The bands corresponding to wild type cells and 

positive deleted clones are marked (red: NF-YAl-KO clones; yellow: wild type cells). 
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Two isolated homozygous clones for each cell line (clones #63 and #149 for mESCs and clones 

#83 and #117 for C2C12 cells) were obtained. By sequencing the amplification product derived 

from primers A, the precise genome deletion of about 300 pb was confirmed (Fig. 11). 

 

 

 

 

 

 

 

 

 

Figure 11. Sequencing of the amplification products derived from primers A. For each NF-YAl-KO clone, the 

dashed line shows the deleted sequence that includes the exon 3 of NF-YA. 

 

 

4.2 Mouse Embryonic Stem cells 

Mouse ESCs are pluripotent cells with the capability to differentiate into cells of three germ 

layers. The short NF-YA protein represents the preferential expressed isoform, but after 

differentiation by Embryoid Bodies formation, the short NF-YA protein levels decrease while 

the long increase, suggesting different roles of the two NF-YA isoforms in the regulation of 

stemness and differentiation pathways. 

The generation of a mESC line with the genomic deletion of the exon3 can help to understand 

the specific pathways controlled by the two NF-YA isoforms. 

The effective exclusive presence of the short isoform in NF-YAl-KO clones was analyzed by 

Western Blot which showed the unique expression of the short NF-YA protein in NF-YAl-KO 

clones while the expression of both protein isoforms in wt cells (Fig. 11A). These data were 

confirmed by qRT-PCR which showed low levels of the NF-YA long mRNA only in wild type cells 

while the absence in the two clones (Fig. 12B). 
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mESC #63 GAATATAGGAGTCCACACCTTTGAAAGTTCCCGTGTAGGGTGAGGTGCTT…………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………….………………………………………………………………………………………………………………………………………………………GCATGCCT

mESC #149 GAATATAGGAGTCCACAC………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………..……………………………….………………………………………………………………………………………………………………………………………………………T

C2C12 #83 GAATATAGGAGTCCACACCTTTGAAAGTTCCCGTGTAGGGTGAGGT ..……………………………….……………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………TTGTGTTTGGATCTCAAATTGAATGGCAAAATCGCATGCCT
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Figure 12. (A): Western blot analysis of NF-YA protein isoforms in wt mESCs and the two NF-YAl-KO clones (#63 

and #149). (B): Gene expression analysis of NF-YA short and long levels in wt and NF-YAl-KO clones. Error bars 

represent the SD of three independent experiments. P-values were calculated using the one-way ANOVA test 

followed by Dunnet’s post-test using wt cells as control column. 

 

 

4.2.1 NF-YAl-KO mESC clones maintain stemness identity 

The NF-YA short isoform is considered the “stemness isoform” of the NF-Y complex, with 

higher expression level in mouse ESCs, while after differentiation the NF-YA long levels 

increase becoming the predominant isoform. 

Based on these data, the generation of a mouse ESC line which express only the short isoform 

of NF-YA could results in mESCs that, under external stimuli, would be unable to differentiate 

or would show a different pattern. 

Once obtained NF-YAl-KO mESCs clones, the first step was to compare wt cells and the two 

deleted clones (clone #63 and #149) checking for stemness maintenance. 

Phase-contrast analysis of NF-YAl-KO mESC clones 

Undifferentiated mouse ES cells, when observed under light microscopy, grew in typically 

spherical and smooth colonies of variable size. Individual cells are difficult to distinguish within 

the ES cell colonies, except for the nuclei comprising normally one or more nucleoli. 
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Morphological analysis highlighted no differences between wild type (wt) cells and the two 

NF-YAl-KO clones, which maintain the classical stem cell morphology with round shape, large 

nucleoli and a scan cytoplasm. A more specific assay was performed to highlight the 

maintained stemness identity of NF-YAl-KO clones. The colorimetric Alkaline phosphatase 

(ALP) assay is a colorimetric assay that can highlight differences in the expression of this 

stemness marker by a very fast protocol. The results confirmed that the two NF-YAl-KO clones 

(#63 and #149) maintained high expression levels of ALP, comparable to the wt cells, 

determining their stemness identity. 

To further confirm these data, immunostaining for the stemness transcription factor NANOG 

was performed. In normal stem cell conditions (+LIF), wt cells and the NF-YAl-KO clones 

showed the same expression level of NANOG, corroborating the results obtained by 

morphological analysis and ALP assay (Fig. 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Phase contrast analysis of mESCs wt and the two NF-YAl-KO clones (#63 and #149). Morphological 

analysis (A), ALP staining (B) and Immunostaining for Nanog (C) are shown. 
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Gene expression analysis of stemness markers 

The Stem cells transcriptome is peculiar of these cells, with genes specifically expressed only 

in Embryonic Stem cells. Nanog is one of the key regulators of stemness maintenance and its 

expression rapidly decreases after differentiation stimuli. To further characterize the obtained 

clones, gene expression analysis was performed on key stemness regulators like Nanog, Sox2, 

Klf4, Oct4, Napsa and ALP. Compared to wild type cells, NF-YAl-KO clones showed similar 

expression levels for each analyzed gene (Fig. 14 A). Western Blot analysis confirmed these 

data showing comparable expression levels of NANOG protein. Moreover, the NF-YB protein 

levels were valuated as further internal control (Fig. 14 B).  

These results indicated that the exon 3 deletion, and the consequent lost expression of NF-YA 

long protein isoform, didn’t affect stemness identity, which is instead maintained by the 

exclusive expression of the NF-YA short protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. (A): Western blot analysis of protein expression levels in mESCs wt and the NF-YAl-KO clones. b-

Tubulin is taken as internal control. (B): Gene expression analysis of key stemness genes in wt and NF-YAl-KO 

cells. Error bars represent the SD of three independent experiments. P-values were calculated using the one-

way ANOVA test followed by Dunnet’s post-test using wt cells as control column. 
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4.2.2 NF-YAl-KO mESC clones maintain stemness identity under 

differentiation stimuli 

Mouse ESCs preferentially express the short NF-YA isoform, but after differentiation by 

Retinoic Acid treatment and/or Embryoid Bodies formation the expression of NF-YA protein 

completely switches to the long isoform, suggesting that NF-YA long is important for the 

differentiation while the short isoform could be the “stemness isoform” necessary for 

pluripotency maintenance. 

In order to check the differentiation potential of NF-YAl-KO clones, Stem cells were grown in 

several differentiation conditions. At first, it was tested the capability of clones to maintain 

stemness identity under LIF withdrawal (necessary for stemness maintenance). 48 hours after 

withdrawal of LIF, classical stemness colonies disappeared in wt cells becoming less dense and 

more flattened with an increasing number of individual separately growing cells, while both 

NF-YAl-KO clones continued growing in compact and dense colonies, like Embryonic Stem 

cells. Similar results were obtained by using the Retinoic Acid (RA), a vitamin A metabolite 

essential for early Embryonic development which promotes Stem cell neural lineage 

specification. In addition to LIF withdrawal, the RA into the Stem cell medium gave similar 

results to those obtained by simple LIF withdrawal: the two clones maintained a stemness 

morphology, differently from wt cells which instead started to differentiate (Fig. 15 A). 

NANOG protein is one of the key stemness regulators and its gene expression levels rapidly 

decrease after differentiation induction. To further validate our data, an immunostaining for 

NANOG were performed 48 hours after LIF withdrawal. In wt cells a low signal was detected 

by the anti-NANOG antibody confirming low expression levels after differentiation. On the 

contrary, in NF-YAl-KO clones a strong fluorescent signal from NANOG protein was detected, 

confirming the maintenance of high levels of this key stemness regulator and the consequent 

maintained stemness identity (Fig. 15 A). 

Analyses on NF-YA protein levels revealed that 48 hours after LIF withdrawal and Retinoic Acid 

treatment the NF-YA short and long protein levels are the same that in LIF growing condition. 

These data suggest that the long isoform of NF-YA, although expressed at low level, is 

important for cells transition to a differentiated state while the exclusive presence of the short 

isoform arrests cells to the stemness state (Fig. 15 B). 
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To test if the absence of the long isoform of NF-YA affects the first stages of embryonal 

development, the Epiblast like cells (EpiLCs) differentiation protocol was tested. EpliLCs are 

transient cells that form from naïve Stem Cells after 48 hours of differentiation induction into 

Epiblast Stem Cells (EpiSCs), showing a transcriptome similar to the pre-implantation Embryo. 

In order to obtain more homogeneous Stem colonies, Stem cells were grown in 2i medium 

[65]. Alkaline Phosphatase assay after EpiLCs differentiation revealed a low expression levels 

of this stemness marker in wt cells, as expected, while high levels in both NF-YAl-KO clones 

(Fig. 15 C). The analysis of gene expression levels of differentiation markers like Fgf15, Fgf5 

and Otx2 revealed a lower induction in the two NF-YAl-KO clones compared to wt cells (Fig. 

15 D). These data confirm that in Stem cells which express only the short isoform of NF-YA the 

differentiation process seems to be inhibited despite external stimuli. 

Western Blot analysis revealed the absence of NF-YA protein switch from the short to the long 

isoform even after EpiLCs differentiation (Fig. 15 C), confirming that also during the first steps 

of development the presence of the long protein isoform of NF-YA, although at low levels, is 

crucial to overcome the stemness stage while the exclusive presence of the short protein 

inhibit the differentiation process. 

Figure 15. (A): Morphological analysis and Immunostaining for Nanog of wt cells and NF-YAl-KO clones in the 

mESCs differentiation by LIF withdrawal, RA treatment or EpiLCs formation.
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presence of Leukemia Inhibitory Factor (LIF) and 48 hours after LIF withdrawal and Retinoic Acid (RA) 

treatment. (B): Western Blot analysis of NF-YA isoform proteins 48 hours after LIF withdrawal and RA 

treatment. (C): Alkaline Phosphatase staining (upper panel) and Western Blot analysis of NF-YA isoform 

proteins (lower panel) on wt cells and NF-YAl-KO clones 48 hours after differentiation into EpiLCs. (D): qRT-PCR 

analysis of mRNA levels of differentiation markers in wt cells and NF-YAl-KO clones before and after 48 hours of 

differentiation into EpiLCs. 
 

 

 

4.2.3 NF-YA protein switch is necessary for cardiomyocytic 

differentiation 

The most robust method for generating differentiated cell types is through the formation of 

Embryoid bodies (EBs) in which ES cells spontaneously develop into 3-dimensional aggregates 

similar to Embryos at the egg-cylinder stage, consisting of three tissues: the epiblast, the 

extraembryonic ectoderm, and the visceral endoderm. These aggregates mimic the early steps 

of pre-implantation development, including the formation of an outer layer of Primitive 

Endoderm and an inner Epiblast that will cavitate and form a columnar epithelium [101]. 

In order to investigate the differentiation potential of mES NF-YAl-KO clones, wt and NF-YAl-KO 

clones were used to form floating EBs. The morphological analysis revealed that, starting from 

4 days after EBs formation, the EBs wt started to cavitate while the EBs NF-YAl-KO maintain a 

round shape and a compact conformation until the 6th day (Fig. 16 A). More interesting, wt 

and NF-YAl-KO cells were dissociated from 6-days-old EBs and re-cultured in “2i medium” to 

induce Stem cell colonies re-formation and then stained for ALP activity. 4 days after plating, 

the ALP assay highlighted the presence of a great number of Stem cell colonies only in the NF-

YAl-KO clones (Fig. 16 A). Counting the total amount of pluripotent colonies, the wt cells 

formed 23 colonies, the NF-YAl-KO clones (#63 and #149) formed 238 and 223 colonies 

respectively with an average of ten times more stemness colonies in the NF-YAl-KO clones 

(Fig. 16 B), suggesting that a huge number of NF-YAl-KO cells maintain the stemness identity 

even after differentiation stimulus. 
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Figure 16. (A): Phase-contrast analysis of floating EBs morphology starting from mESCs wt and the two NF-YAl- 

KO clones, at different time-points. ALP assay performed 4 days after plating of cells dissociated from 6-days-

old EBs and re-cultured in “2i medium”. (B): Quantification of stem cell colonies number in wt and NF-YAl-KO 

clones after EBs plating in “2i medium”. 

 

 

In order to confirm that the absence of the long protein isoform affects the differentiation 

process and the short isoform maintain cells in the stemness state, wt cells and the two KO-

NF-YAl clones were differentiated into cardiomyocytes. In standard condition, EBs 

spontaneously differentiate into cardiomyocytes, comparable to fetal cardiomyocytes, after 

plating [102]. 7 days after plating, adherent cardiomyocytes were collected for protein and 

RNA analysis. Analyzing the NF-YA protein level, wt cells shown a complete switch from the 

short isoform to the long one (as previously showed by Dolfini D. et al. [39]), while the two 

KO-NF-YAl clones expressed only the short protein isoform, as expected. NF-YB protein 
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clones. Checking for stemness maintenance, NANOG expression levels were analyzed: in 

mESCs protein levels were comparable, but after differentiation wt cells completely lost the 

expression of the key stemness regulator while the two KO-NF-YAl clones maintained the 

expression of NANOG, although at lower level compared to mESCs. Moreover, the analysis of 

NESTIN protein levels as differentiation marker revelated that it was expressed only in wt cells 

after differentiation into cardiomyocytes (Fig. 17). 

 

 

 

 

 

 

 

 

 

 

Figure 17. Western Blot analysis of specific protein levels in wt cells and the two NF-YAl-KO clones (#63 and 

#148) before and 7 days after differentiation into cardiomyocytes. 

 

 

In order to confirm these data and to find the specific pathways up and down-regulated in NF-
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were used to perform the RNA-seq experiments. 

The Principal component analysis (PCA) is a dimension-reduction tool used to reduce a large 

set of variables to a small set that still contains most of the information in the large set, making 

data easy to explore and visualize. Using the data from the RNA-seq, PCA analysis revealed a 

high similarity between wt and NF-YAl-KO clone in the stemness state, while after 

differentiation, wt cells are completely different from mESCs, as expected. Analyzing the NF-

YAl-KO EBs, the two clones shown high similarity to each other but a great difference from wt 

EBs (Fig. 18 A). 
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18 B). qRT-PCR was performed to validate the gene expression of stemness and differentiation 

markers found to be different between wt and NF-YAl-KO EBs (Fig. 18 C). 

Finally, Gene Ontology (GO) analysis confirmed the main up-regulated pathways of cell-cycle 

and Embryo development while the main down-regulated genes were related to vesicle-

mediated transport and regulation of cell migration. 

Although the data derived from the RNA-seq experiments are preliminary analysis, taken 

together these results highlight the importance of NF-YA protein switch from the short to the 

long isoform during the differentiation process, confirming the pivotal role of the short NF-YA 

protein in stemness regulation maintaining high expression levels of key stemness regulators 

even under differentiation stimuli, and moreover, the absence of the long isoform of NF-YA 

delay the expression of differentiation markers.
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Figure 18. (A): Schematic representation of Principal component analysis (PCA) made on expression profiling 

data in indicated samples. (B): Heatmap representing expression levels of stemness and differentiation related 

genes in indicated samples. (C): Validation of RNA-seq analysis by qRT-PCR of stemness and differentiation 

markers in wt cells and the two NF-YAl-KO clones before and after 7 days of differentiation by EBs formation. 
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4.3 Myoblast C2C12 cells 

4.3.1 KO-NF-YAl C2C12 clones maintain myoblast morphology 

C2C12 cells are mouse myoblast cells with the intrinsic capability to differentiate into 

myotubes 72 hours after serum starvation. The Myogenic Regulatory Factors (MRFs), which 

are composed by MyoD1, Myf5, Myogenin and Mrf4, are the E-box binding Transcription 

Factors that interact with the myocyte enhancer factor-2 (Mef2) activating the expression of 

muscle-specific genes [73], [79], [80]. 

Analyzing the NF-YA protein expression levels, C2C12 cells express only the long isoform and 

Chip analysis revealed that NF-Y directly binds the promoter of Mef2D gene [103], meaning 

that NF-Y is important to activate the differentiation process. After differentiation the NF-YAl 

protein levels decreased until undetectable levels in skeletal muscle and heart with the 

consequent loss of NF-Y binding to the CCAAT boxes [44]. Moreover, stable over-expressing 

NF-YAs C2C12 cells revealed high expression levels of proliferation markers with the inhibition 

of differentiation, suggesting different roles of the two NF-YA protein isoforms [103]. 

In order to highlight the function of NF-YA short and long protein in muscle cells pathways, a 

C2C12 cell line with the genomic deletion of the exon 3 was generated by using the 

CRISPR/Cas9n system to obtain C2C12 cells expressing only the short NF-YA protein. 

Based on previous published data obtained in C2C12 cells [103] and data described in this 

thesis obtained in NF-YAl-KO mESCs and in C2C12 cells transfected with the two NF-YA protein 

isoforms [98], myoblasts with the exclusive expression of NF-YA short isoform would show a 

delay in the expression of muscle-specific markers and the consequent delay in the 

differentiation into myotubes. 

 

NF-YAl-KO C2C12 clones maintain muscle identity 

Muscle C2C12 cells express only the long NF-YA isoform. Previous studies have shown that the 

stable overexpression of NF-YAl enhances the differentiation into myotubes, while the short 

protein isoform inhibits the differentiation maintaining high expression levels of cell-cycle 

genes [103], suggesting that the long NF-YA isoform represents the muscle-isoform by 

activating lineage-specific genes. 

In order to check if the exclusive presence of the short NF-YA isoform interfere with the 

muscle-identity of C2C12 cells, the morphology of NF-YAl-KO C2C12 obtained clones was 
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analyzed in growth medium (GM) condition. Phase-contrast analysis revealed similar 

morphology of the two obtained clones compared to wt cells, suggesting that the absence of 

the long NF-YA isoform didn’t affect cells morphology (Fig. 19 A). The analysis of NF-YA protein 

levels confirmed the exclusive presence of the long NF-YA protein in wt cells and the NF-YA 

short protein expression in NF-YAl-KO clones, while the NF-YB protein was express at similar 

levels in both wt and NF-YAl-KO clones. Western Blot analysis showed the same protein levels 

of cyclin B1 (Fig. 19 B) and proliferation assay showed that growth curves are similar to the wt 

(Fig. 19 D), confirming high similarity of these cell lines in growing condition. Analyzing the 

expression level of NF-YA long and short isoforms, qRT-PCR confirmed the presence of the 

long NF-YA mRNA only in wt cells and the expression of the short NF-YA only in NF-YAl-KO 

clones (Fig. 19 C). Moreover, Cyclin B1/2 and Pcna showed similar expression levels in wt and 

NF-YAl-KO clones (Fig. 19 E). 

 

 
 
Figure 19. (A): Morphological analysis of myoblast wt and the two NF-YAl-KO clones by phase-contrast imaging. 

(B): Western Blot performed on total protein extracts of wt cells and the two NF-YAl-KO clones. The specific 
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used antibodies are indicated. (C): Gene expression analysis of NF-YA short and long levels in ctr and C2-YAl-KO 

clones (#83 and #117) in GM condition. Error bars represent the SD of three different experiments. P-values 

were calculated using the one-sample t-test. (D): Proliferation assay performed in GM condition counting every 

24 hours until 72 hours using the Trypan Blue dye exclusion test. Error bars represent the SD of three different 

experiments. P-values were calculated using the one-way ANOVA test. (E): Gene expression analysis of key cell-

cycle regulators in ctr and C2-YAl-KO clones (#83 and #117) in GM condition. Error bars represent the SD of 

three different q-PCR replicates. P-values were calculated using the one-sample t-test. 

 

 

These results showed that clones exclusively expressing NF-YAs have an apparently normal 

morphology and growing curves. 

 

4.3.2 NF-YAl is crucial for myotubes formation 

Myoblast C2C12 cells are widely used cells with the intrinsic capability to recapitulate the 

process of adult myogenesis. After differentiation induction by serum starvation 

(differentiation medium, DM), C2C12 cells start to differentiate into myotubes showing a drop 

in the expression levels of Myf5 and an increase of MyoD1, followed by Myogenin and Myosin 

[103]. 

In order to check if the long NF-YA isoform, which is the exclusive expressed isoform in C2C12 

cells, is crucial for muscle differentiation, wt and NF-YAl-KO clones were grown in DM. 

Morphological analysis was performed until 72 hours after differentiation induction. Starting 

from 48 hours of differentiation, wt cells shown the classical myotubes formation with a low 

number of non-differentiated cells, while the two NF-YAl-KO clones completely lost the 

capability to fuse and differentiate into myotubes showing the exclusive presence of single 

myoblast cells, like in GM condition (Fig. 20). 
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Figure 20. Phase contrast analysis of myoblasts (wt and the NF-YAl-KO clones) before and after differentiation 

induction. Myoblast formed starting from 24 hours after differentiation induction are indicated (arrow). 

 

 

In order to validate the morphological data, a time course of the expression levels of key 

muscle-specific markers were evaluated. The Six5 and HtrA1 genes, known to be important 

for muscle development [104], [105], showed similar expression pattern in wt cells and the 

two NF-YAl-KO clones in GM condition and after differentiation induction, while specific 

muscle-differentiation markers, like Myogenin and Mef2C, shown a delay in the expression 

levels in the NF-YAl-KO clones (Fig. 21 A). Moreover, 72 hours after differentiation induction 

NF-YA protein levels decreased in both wt and NF-YAl-KO clone while only wt cells expressed 

high levels of Myosin Heavy Chains (MyHCs) proteins confirming the differentiation into 

myotubes of wt cells but not NF-YAl-KO clones (Fig. 21 B). Consistent with these data, cyclin 

B1 and B2 revealed higher expression levels in NF-YAl-KO clones while wt cells substantially 

lost the expression of these cell cycle genes (Fig. 21 A). 

Interestingly, Wisp2, Bmp4, Kitl and Figf genes showed significant increase in the expression 

levels in NF-YAl-KO clones compared to wt cells (Fig. 21 C). In Basile V. et al. [103] the stable 

overexpression of the short isoform of NF-YA in C2C12 cells gave similar results: after 72 hours 

of differentiation induction they observed high expression levels of these genes in C2C12 cells 

that stable overexpress the short isoform of NF-YA but not in NF-YA long overexpressing cells. 
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Figure 21. (A) Gene expression analysis of key muscle differentiation (left panel), muscle development and cell-

cycle related genes (right panel), before and after differentiation at different time points, of wt cells and the 

two NF-YAl-KO clones. (B) Western Blot analysis of NF-YA isoforms and MyHCs protein levels in wt and the NF-

YAl-KO clones, before and after 72 hours of differentiation induction. (C) Gene expression analysis of known 

up-regulated genes in C2C12 cells overexpressing the NF-YA short protein isoform (Basile V et al., 2016), 

performed in wt cells and the NF-YAl-KO clones before and after differentiation induction. 
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DNA-binding domain is localized at the C-terminus giving the same CCAAT-binding affinity to 

the trimers composed by NF-YAs or NF-YAl. This means that the two isoforms cooperate with 

specific interactors to activate different genes: while the short isoform could regulate cell-

cycle genes like Cyclin B1 and B2, the long isoform could activate the transcription of muscle 

differentiation markers. 

This idea is confirmed by the similarity of NF-YAl-KO clones to wt cells in GM condition and 

the concomitant loss of the capability to differentiate into myotubes showing a delay in the 

expression levels of specific muscle-differentiation markers, sustaining high levels of cell-cycle 

genes. 

 

4.3.3 Expression of MRFs, Myomaker and Myomixer are impaired in 
NF-YAl-KO clones 
 
NF-YAl-KO clones completely lost the capability to fuse and to originate myotubes. There are 

two genes, Myomaker (Mymk) and Myomixer (Mymx) that are transcriptionally induced 

during muscle differentiation and codified for myoblast-specific proteins essential for 

myoblast fusion. These two proteins works independently mediating distinct steps in the 

fusion pathway: Mymk controls the membrane hemifusion while Mymx is required for fusion 

pore formation [106], [107], [108]. 

Analyzing the expression levels of Mymk and Mymx, we observed a strong lower expression 

in NF-YAl-KO clones compared to the wt cells already in GM condition (Fig. 22 A). Moreover, 

Myogenin mRNA levels are strongly reduced in NF-YAl-KO clones in GM condition as 24 hours 

after differentiation induction, data confirmed by the protein levels (Fig. 22 B).  MyoD1 and 

Mef2C mRNA levels are substantially normal in GM, but induction is reduced upon 

differentiation, compared to control cells (Fig. 22 A). Interestingly MyoD1 protein levels are 

substantially reduced NF-YAl-KO clones both in GM and DM conditions, compared to wt cells 

(Fig. 22 B), differently from the mRNA results (especially in GM conditions), which calls for 

post-transcriptional regulation of this gene. 

Myf5 expression is basally similar in the edited clones, and higher after differentiation while 

Mef2D expression is not affected in the two NF-YAl-KO clones compare to wt cells (Fig. 22 A). 

All these data confirm that the two NF-YAl-KO clones completely lost the capability to 

differentiate. 
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Figure 22. (A): Gene expression analysis of key muscle differentiation markers in wt cells and NF-YAl-KO clones 

before in GM and 24 hours after differentiation induction (24h DM). Error bars represent the SD of three 

different experiments. P-values were calculated using the one-sample t-test. (B): Western blot analysis of 

Myogenin, MyoD1, NF-YA and NF-YB protein levels in wt cells and NF-YAl-KO clones before in GM and 24 DM. 

Vinculin was used as loading control. 
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YAm23-33 protein, which is mutated in the two domains responsible for NF-YB/NF-YC 

interaction and DNA-binding. Protein transfection efficiency was checked by Western Blot 

analysis collecting samples 30 minutes after protein transfections, confirming the exclusively 

entry of the wild type NF-YAl protein into cells (Fig. 23 B). 72 hours after differentiation 

induction, recombinant NF-YAl protein levels were still high (Fig. 23 C), as expected, and 

morphological analysis revealed that C2C12 wt cells normally differentiated into myotubes 

like in not transfected (NT) cells, while the NF-YAl-KO clones remained single cell myoblasts 

with the absence of fused myotubes (Fig. 23 A). Gene expression analysis performed on 

Myogenin, MyHCs and Mef2C genes confirmed the lower expression levels of these muscle-

differentiation markers in NF-YAl-KO clones compared to wt cells even in cells transfected with 

the long protein of NF-YA (Fig. 23 D). These data suggest that the transfection of the long 

isoform in C2C12 cells expressing the short NF-YA protein is not sufficient to rescue the 

phenotype in differentiation conditions. Further experiments to rescue the differentiation 

capability can be done by silencing NF-YA in NF-YAl-KO clones and transfecting the long 

protein isoform. In case of rescued phenotype, this experiment could answer to the question 

of the specific role of NF-YA long in enhancing muscle differentiation. 
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Figure 23. (A): Phase-contrast analysis of C2C12 wt and NF-YAl-KO clones 72 hours after differentiation 

induction and the concomitant transfection of NF-YA long wt and mutant proteins. (B): Western Blot analysis of 

recombinant NF-YA protein levels after C2C12 cells transfection. (C): Gene expression analysis of key muscle 

differentiation regulators in C2C12 wt and the two NF-YAl-KO clones, in GM, 72h DM and 72h DM plus 

recombinant NF-YA long (wt and mutant) protein transfections. 
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4.4 NF-YA enters cells through cell penetrating peptides 

Cell penetrating peptides (CPPs) were large studied in the last years in order to avoid problems 

of drugs delivery through cell membrane, which represent an obstacle in the treatment of 

many diseases. 

As mentioned in previous paragraphs, CPPs are short peptides with the ability to overpass cell 

membranes and transport fused molecules into cells. The main characteristics of this class of 

proteins is the presence of amino acid sequences rich in basic residues and the organization 

of their secondary structure in α-helices. One of the most used and characterized CPP is the 

HIV TAT peptide which was demonstrated to be able to efficiently transduce exogenous 

proteins into mammalian cells [84]. In particular, Domashenko et al. [72] demonstrated that 

the GST-TAT-NF-YA fusion protein can transduce into primary hematopoietic stem cells (HSCs) 

enhancing cell proliferation, suggesting a possible use of this fused protein as a tool for 

HSC/progenitors ex vivo expansion and therapy. 

The NF-YA subunit represent the regulatory elements of the NF-Y trimer, composed by NF-YA, 

NF-YB and NF-YC, all necessary to bind the DNA. In particular, the NF-YA protein is found in 

two different isoforms, the long (NF-YAl) and the short (NF-YAs), derived by the alternative 

splicing of the exon 3. 

Studies on the evolutionary conserved part of NF-YA structure have highlighted the presence 

of two features typical of Cell-Penetrating Peptides (CPPs): the presence of two α-helices (A1 

and A2) and the abundance of Arginine [2]. Based on this evidence, this study [98] had the 

objective to test whether recombinant NF-YA would enter cells in the absence of any fused 

CPP. 

The recombinant proteins NF-YAs and NF-YAl were produced in E. Coli, renatured from 

Inclusion Bodies and controlled by Coomassie staining. The effective capability of NF-YA to 

transduce cells without any fused CPPs was checked by adding recombinant proteins in serum-

free condition for two 30ʹ intervals into the medium. Human colon carcinoma HCT116 cells, 

which express only the short isoform of NF-YA, were used to transfect NF-YA recombinant 

proteins in order to readily check the effective presence of the recombinant proteins into 

nuclei. Western blot analysis on nuclear extracts after 2 hours of protein transfection revealed 

that NF-YA enters cells at nanomolar concentrations, as it was previously shown for GST-TAT-

NF-YA [72], following a dose-response addition. 
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Different cell lines were used to perform a time course of NF-YA long transfected protein: 

maximum protein levels were observed 30’ after transfection and still high at 2 hours, while 

after 6 hours the protein amounts were considerably decreased and not detected after 24 

hours. 

Interestingly, the transfection of HCT116 and HeLa cells with an His-tagged NF-YAl 

recombinant protein fused to Thioredoxin (TRX-NF-YAl), produced and purified from the 

bacterial soluble fraction through NTA affinity chromatography, revealed an efficient entry of 

the TRX-NF-YAl protein comparable to the one shown for NF-YAl, validating that NF-YA has an 

intrinsic capacity to transduce into nuclei, regardless of method of production and 

purification, and of the presence of additional tags. 

The localization of NF-YA into cells is exclusively in the nucleus but after mutation of both the 

K276-R277-R278 sequence in the A1 helix and the R310-K311-R312 residues in helix A2, the 

nuclear localization of NF-YA, in human cells in vivo and Xenopus cells in vitro, is completely 

lost [109]. Based on previous studies showing the possible overlap between NLSs and CPPs 

and based on the biochemical studies on NF-YA structure, the two helices A1 and A2 were 

tested for CPP properties. 

In order to identify the specific amino acid sequence necessary for NF-YA transduction, NF-YAl 

proteins with mutations in the two helices responsible for the Nuclear Localization Signal 

(NLS), which were thought to be also important for cell membrane transduction, were 

produced. 

To verify their functionality, all mutants were tested for DNA-binding capability in 

Electrophoretic Mobility Shift Assays (EMSAs) on the high affinity CCAAT box of the HSP70 

promoter, while to test whether these mutants maintain the capability to penetrate cell 

membrane and to localize into the nuclei, HCT116 cells transfections were performed. The 

results highlighted the presence of at least two separate CPPs in NF-YA, one in the A1 helix, 

centered on the K276-R277-R278 sequence, and a second in the DNA-binding subdomain of 

the A2 helix, encompassing the basic R310-K311-R312 stretch. These data arouse grate 

interest because there are previous studies demonstrating the overlap between NLSs and 

CPPs. It is the case of IL-1α cytokine that has an NLS/CPP peptide comparable in efficiency to 

the TAT peptide [110]. More important, numerous transcriptional regulators, including TFs 

NF-κB, OCT6 and TCF1, were shown to have NLS peptides that could behave as carriers for cell 
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entry while the transcription factor OCT4 have been demonstrated to harbor a CPP in the third 

helix of the homeodomain [111], [112]. 

The capability of TFs to behave as CPPs suggests that they might be the signaling molecules 

used by cells for local paracrine circuits, like in the case of Monocyte cells that undergo 

differentiation to macrophages by activating a set of genes, many of which are CCAAT-

dependent so transcriptionally regulated by NF-Y [113]. 

In order to check if the absence of the NF-YA mutant proteins in nuclear extracts is due to the 

mutation of the NLS with the retention of protein in the cellular cytoplasm, rather than a 

defect in CPP activity, cytoplasmic extracts of HCT116 transfected cells were analyzed. 

Western blot confirmed the small amounts of NF-YAl and mutated proteins in cytoplasmic 

extracts confirming that mutations in the NLS affect the NF-YA CPP activity. 

Previous studies have shown the capability of GST-TAT-NF-YAs protein to promote the ex vivo 

proliferation and to increase the stem cells pools in HSCs preparations, which can be used for 

BMT (Bone Marrow Transplantation). BMT is the specific therapy used for many cancer types 

to filter healthy stem cells and to transfuse back to the same patient of to another people. For 

this reason, the presence of internal CPP(s) in NF-YA is thus potentially relevant, being possible 

to transfect cells and to increase the stem cells pool in HSCs. 

To test the NF-YA maintained capability to interact with NF-YB/NF-YC dimer and to specifically 

bind the CCAAT box after cells transfection and nuclear uptake, nuclear extracts were used to 

perform Electrophoretic Mobility Shift Assays (EMSAs). HeLa cells, which express the short NF-

YA isoform, were transfected with NF-YA short and long proteins. In order to distinguish the 

transfected NF-YA protein isoforms to the endogenous one, the NF-YB/YB minimal domain 

(NF-YB/YCmd) [34] was used. Interestingly, by adding the NF-YB/YCmd, nuclear extracts of 

HeLa cells transfected with the long isoform of NF-YA shown two separate bands: the faster 

band which correspond to the NF-YAs endogenous protein bound to NF-YB/YCmd and DNA, 

and the slower and more intense band which indeed correspond to the recombinant NF-YAl 

transfected protein bound to NF-YB/YCmd and DNA. After the addition of NF-YB/YCmd, 

Nuclear extracts of cells transfected with the short NF-YA isoform shown a single intense band 

corresponding to the sum of NF-YAs endogenous and recombinant proteins bound to NF-

YB/YCmd and DNA. 

To further substantiate these results and to assess for a biological function of NF-YA 

recombinant transfected proteins, C2C12 cells were used to perform protein transfections. 
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Based on published data, the NF-YAl protein expression, which is the major isoform present 

in proliferating C2C12, is switched off upon terminal differentiation and absent in myotubes. 

Moreover, the NF-YAs protein overexpression inhibits muscle differentiation [103]. 

C2C12 cells were transfected with both NF-YA recombinant protein every 24 hours and 

transfection efficiency was checked by western blot analysis, collecting cells 2 hours after 

treatment. Interestingly, 72 hours after differentiation induction cells transfected with NF-

YAs, and to a slightly lesser extent NF-YAl, impaired formation of organized myotubes. 

Western blot analysis confirmed a reduction of the expression of the myotubes marker MyHCs 

in NF-YA recombinant protein transfected cells, while similar expression levels of Myogenin, 

which is indeed expressed in proliferating cells and throughout the process. Analysis on the 

growth rates of C2C12 transfected cells shown no significantly differences upon NF-YAs or NF-

YAl uptake. 

Taken together, these data indicate that recombinant NF-YA protein efficiently transduce cells 

penetrating into the nucleus and maintaining the specific capability to interact with NF-YB/YC 

dimer and bind the CCAAT boxes to regulate specific pathways like the process of C2C12 

myocytes differentiation. 

These findings highlighted the possible use of NF-YA recombinant proteins to direct transfect 

cells like Hematopoietic Stem Cells to increase the stem cells pool, using them in many cancer 

types therapies. However, the quick degradation of NF-YA protein requires further studies to 

prolong proteins stability. Interestingly, Isabella M. et al. [45] shown that the levels of NF-YA 

proteins are regulated post-translationally by ubiquitylation and acetylation: the mutation of 

four Lysines in the conserved domain into Arginines increased the NF-YA half-life in DNA 

transfections. Since these Lysines are not involved in the two identified CPP motifs, it’s 

possible that the mutation of the four Lysines involved in poly-ubiquitination and degradation 

can prolong the NF-YA half-life, while not affecting CPP activity, nuclear retention and 

functionality of transfected NF-YA recombinant proteins. 
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5. Conclusions 
The work performed during my PhD showed new important properties of the Nuclear Factor 

Y. The protein structure analysis highlighted the possibility of NF-YA to behave as CPP. Thanks 

to the work described in this thesis, NF-YA can now be catalogued into the CPPs family. Indeed, 

specific basic amino acids residues, located in the evolutionary conserved domain of NF-YA, 

were demonstrated to be necessary to confer to the protein the capability to penetrate the 

cell membrane and to translocate into the nucleus. The evidence of NF-YA to carry protein 

transduction domain and more important the maintained functionality after translocation 

into the nucleus are the basis to think about possible therapeutic applications. In bone marrow 

transplantation, the GST-TAT-NF-YA fusion protein transduction is used to stimulate HSCs 

growth enhancing cell proliferation. Thanks to the NF-YA properties, the fused protein can be 

replaced by the use of the recombinant NF-YA, avoiding tags or epitopes. Moreover, we 

demonstrated that NF-YA can transduce additional fused tags maintaining its intrinsic capacity 

to enter mammalian cells, suggesting a possible use in clinical trials to transduce specific tags 

into cells. It will be a possible future perspective to validate whether the identified CPPs of NF-

YA can be used alone to transduce other molecules. However, the instability of the NF-YA 

transduced protein prevents the possibility to achieve a prolonged effect. Previous studies 

have shown that the mutations of Lysine residues of the conserved domain, which are 

involved in poly-ubiquitination and degradation, into Arginine residues increased the half-life 

of NF-YA in DNA transfections [45]. By using these mutations, it can be possible to increase 

the half-life of transfected protein without affecting transfection efficiency and protein 

functionality. 

The other aspect of NF-YA studied in this thesis concerns the specific role of the short and long 

isoforms in the regulation of stemness and differentiation. The analysis of the NF-YA null mice 

revealed an early embryonic lethality, with no embryo found older than 8.5 days, suggesting 

a pivotal role of NF-YA in early mouse Embryonic development [70]. Interestingly, mESCs 

preferentially express the short NF-YA isoform but after differentiation by RA treatment 

and/or EBs formation, a complete switch from the short to the long isoform was observed [6]. 

The transfection of the TAT-NF-YA short protein into mESCs after LIF withdrawal can stimulate 

cell proliferation maintaining cells in the pluripotent state [39]. Moreover, in C2C12 cells, 

which express only the long isoform of NF-YA, the overexpression of the short isoform 
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inhibited the cell capacity to differentiate into myotubes, while NF-YAl-overexpressing cells 

showed a downregulation of cell cycle genes while an enhanced expression of muscle-specific 

genes [7]. Based on these evidences, my work focused on the study of the specific roles played 

by the two NF-YA isoforms in maintaining cells in the stemness state and in enhancing the 

differentiation process. By using the CRISPR-Cas9 system two cell lines, the mESCs and the 

C2C12 cells, were generated with the genomic deletion of the exon 3, which codified for the 

NF-YA long protein. The results presented in this thesis confirmed the pivotal role of the NF-

YA short protein in maintaining high expression levels of key stemness regulators and the 

concomitant inhibition of differentiation markers. Starting from LIF withdrawal to 

cardiomyocytes differentiation by EBs formation, the exclusive presence of the NF-YA short 

protein could maintain high expression levels of key stemness markers like Nanog, Oct4 and 

Sox2. Because the only region that differs between the short and the long isoform is part of 

the Q-rich transactivation domain, while the two alpha helices responsible for NF-YB/YC 

interaction and DNA-binding are the same, it’s easy to think that the reason of a higher 

expression levels of stemness markers in NF-YAl-KO mESCs, after differentiation induction, is 

due to specific interactors of the two NF-YA isoforms, leading to different regulatory pathways 

activation. The role of NF-YA as pioneer transcription factor enhancing chromatin accessibility 

and other TFs DNA-binding was previously described; in particular, it seems to enhance the 

OCT4/SOX2 DNA-binding [5]. Assuming that the short isoform is the responsible of stemness 

gene activation, the OCT4/SOX2 DNA-binding could be enhanced by NF-YA short and not by 

the long one. But if the short isoform is important to express stemness genes, the long one 

seems to be necessary to overcome the stemness state and to express differential markers by 

interacting with specific factors and activating the differentiation pathway. This is supported 

by the data obtained in C2C12 cells in which cells expressing only the short NF-YA protein 

isoform lost the capability to differentiate into myotubes. NF-YAl protein transfection didn’t 

rescue the phenotype, meaning that the addition of the long protein isoform is not sufficient 

to undergo differentiation, which instead could require the downregulation or even the 

absence of the short NF-YA protein. 

To answer to this question, NF-YAl protein transfection with the concomitant silencing of the 

short protein isoform could be performed in NF-YAl-KO cells; under differentiation stimuli, if 

NF-YAl stimulates the differentiation process while the presence of the short isoform arrests 

this pathway, a rescued phenotype will be observed. 
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It would be very interesting to study the specific NF-YA isoforms interactors: by performing a 

Co-Immunoprecipitation experiment in C2C12 wt and NF-YAl-KO cells it can be easy to 

distinguish between proteins which specifically interact with one isoform or the other. 

Moreover, Chip-seq experiment performed in mESCs wt and NF-YAl-KO, before and after 

differentiation into cardiomyocytes, could highlight the specific genes controlled by the two 

isoforms. All these experiments can give new and important knowledge about the roles played 

by NF-YA short and long isoforms during Embryonal development. 
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6. Materials and Methods 

6.1 Cells culture and NF-YA proteins transfection 

Mouse Embryonic Stem cells (mESCs, R1 ATCC) were grown in Glasgow minimal essential 

medium (GMEM) supplemented with 15% fetal bovine serum (FBS), 0.1 mM 2-

mercaptoethanol, MEM Non-Essential Amino Acid (1X), 1,000 U/mL mouse leukemia 

inhibitory factor (LIF), 4 mM L-Glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin, 

in a humidified 5% CO2 atmosphere at 37°C, plated on dishes pre-treated with 0,1 % gelatin. 

Mouse myoblast cells (C2C12, ATCC) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 4 mM L-Glutamine, 100 units/ml 

penicillin and 100 µg/ml streptomycin, in a humidified 5% CO2 atmosphere at 37°C. Mouse 

ESCs differentiation was induced by adding 1 µM Retinoic Acid (RA) into the medium (GMEM 

medium without LIF) or by inducing the EpiLCs differentiation: briefly, cells were plated on 

dishes pre-treated with 5µg/ml Fibronectin in N2B27 based medium supplemented with 

12µg/ml bFGF and 20ng/ml Activin A. C2C12 cells differentiation was induced plating 1×105 

cells in 35 mm petri dishes in DMEM with 2% horse serum, 4 mM L-Glutamine, 100 units/ml 

penicillin and 100 µg/ml streptomycin. NF-YA transfections were performed by adding 20 nM 

of protein into the medium every 24 hours during the differentiation process. 

 

6.2 Plasmids construction and cells transfection 

To delete the exon 3 of NF-YA gene in mES and C2C12 cells, four guide RNAs (gRNAs) were 

designed into the two flanking Introns by using the online tool https://zlab.bio/guide-design-

resources and possible off-target sites were assessed by the online tool https://crispr.cos.uni-

heidelberg.de. gRNAs without common off-target sites were used to construct the two final 

plasmids (pX330A_ac, pX330A_bd) following the Multiplex CRISPR/Cas9 Assembly System Kit 

protocol (Yamamoto lab) [100]. To test transfection efficiency, 3 µg of a GFP plasmid were 

used to transfect cells by electroporation and Lipofectamine 3000. Finally, 1x106 mES and 

C2C12 cells were transfected with 3 µg of the two CRISPR plasmids by electroporation and 

plated at low density in order to have single plated cells. Then single colonies were picked, 

plated into a 12 multi-well dish and screened by PCR. 
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6.3 DNA extraction and clones screening 

For DNA extraction, cells were washed with PBS, collected by scraping and lysed in 100 µl ice-

cold Lysis Buffer (40 mM Tris-HCl, 2mM EDTA, 0.08% SDS, 80 mM NaCl) and incubated 

overnight at 37°C. 100 µl of ice-cold 2-propanol and 0,3 M NaAc were added, sample were 

centrifuged and the supernatant was transferred in a new Eppendorf tube. 150 µl of 70% Et-

OH were added, sample were centrifuged, pellet was let to dry and resuspended with 30 µl 

filtered H2O milliQ. Clones were screened by PCR. 

 

6.4 Embryoid Bodies formation 

For Embryoid Bodies (EBs) formation, mES cells were used to form 500-cells-drop in EB 

Differentiation medium (DMEM supplemented with 20% FBS, 0.1 mM 2-mercaptoethanol, 

MEM Non-Essential Amino Acid (1X), 4 mM L-Glutamine, 100 units/ml penicillin and 100 µg/ml 

streptomycin) to a concentration of 2x104 cells/mL. 2 days after hanging drop formation, EBs 

were collected and placed in a new non-adherent bacterial dish and leave to growth for 5 

days. EBs were plated in an adherent tissue culture dish coated with 0.1% gelatin and collected 

after 7 days for analysis. 

 

6.5 Protein extraction and Western Blot Analysis 

For total Protein extraction cell pellet was resuspended in ice-cold RPA buffer (10 mM Tris HCl 

pH 8.0, 1mM EDTA, 0.5 mM EGTA, 0.1% SDS, 1% Triton X-100, 0.1% Deoxycolic acid, 140 mM 

NaCl, PIC, 1mM PMSF) and incubated for 30 minutes on ice, shaking vigorously occasionally. 

Samples were centrifuged and the supernatant containing total protein extract was 

transferred to a new Eppendorf tube. Cell extracts quantification was performed by using the 

Bradford protein assay. 

Western blots of total Protein extracts of mES and C2C12 cells were performed according to 

standard procedures, with the primary antibodies and a peroxidase-conjugated secondary 

antibody. Primary antibodies used: anti-NF-YA (G2, Santa Cruz), anti-Tubulin (Sigma), anti-

Nanog (Bethyl), anti-NF-YB (GeneSpin), anti-Vinculin (H10, Santa Cruz), anti-Cyclin B1 

(Abcam), anti-MyHCs (DHSB MF20), anti-Myog (DHSB, IF5D) and anti-MyoD1 (C-20, Santa 

Cruz). 
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6.6 Reverse transcriptase PCR and Real-time PCR 

RNA was isolated by the Tri-Reagent (Sigma) protocol according to the manufacturer’s 

instruction. The cDNA was produced starting from 1 µg RNA using the MMLV Reverse 

Transcription Mix (GeneSpin) and used for Real-Time PCR (SYBR® Green Master Mix, Biorad) 

analysis. 

 

6.7 Immunofluorescence and Alkaline-phosphatase colouring assay 

For immunofluorescence analyses, cells were washed three times with PBS and fixed 10 

minutes with 4% paraformaldehyde, washed with PBS and permeabilized 5 minutes with 0,1% 

Triton X-100. Cells were washed with PBS and incubated 30 minutes with the blocking solution 

(1% Bovine Serum Albumine, BSA). After two washes with PBS, cells were incubated overnight 

with the primary antibody at 4°C. Cells were washed three times with PBS and incubated for 

2 hours with secondary antibody at room temperature light protected. The acquisition was 

performed by using the microscope Leicadmi 6000 B. 

To perform Alkaline-phosphatase (AP) colouring assay, cells were fixed with 4% 

paraformaldehyde (PFA) for 1 min at room temperature (RT) and stained for 15 minutes with 

the Fast Violet B (Sigma) according to the manufacturer’s instructions. Cells were then 

examined under phase contrast microscope. 

  



 62 

7. Supplementary Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. gRNAs obtained by using the online tool 

https://www.atum.bio/eCommerce/cas9/input . The paired gRNAs with higher score were chosen (highlighted 

with the grey line) to make the NF-YA-exon3 excision. 
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Supplementary figure 2. List of possible off-targets for each single gRNA. The possible 

exonic/intronic/intergenic region and the number of mismatches is shown. 
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“NF-YA enters cells through cell penetrating peptides” 

Contribution to the published article 

The article “NF-YA enters cells through cell penetrating peptides” published in the BBA - 

Molecular Cell Research Journal and attached above is related to the work performed during 

my PhD thesis. My contribution to this study started from proteins production using NF-YA wt 

and mutated DNA sequences already present in the laboratory. I produced and renatured 

from Inclusion Bodies all proteins used in this work, except for the TRX-NF-YAl protein which 

was produced by dr. Andrea Bernardini. I used the recombinant proteins to transfect cells 

analyzing the half-life of wt and mutated proteins. I checked the capability to transduce 

nuclear membrane of wt and mutated proteins identifying the CPPs responsible for protein 

transduction. Then, I checked for protein functionality after transfection by performing EMSAs 

using nuclear extracts of HeLa cells transfected with NF-YAs, NF-YAl or the mutant control. 

Once analyzed the effective capability of transfected wt proteins to interact with the NF-YB/YC 

dimer and bind the CCAAT-box, I used C2C12 cells to check if the transfected proteins affect 

myotubes differentiation. Based on previous published data that showed the inhibition of 

muscle differentiation in C2C12 overexpressing the short isoform of NF-YA [103], I checked for 

differentiation efficiency in C2C12 cells transfected with NF-YAs, NF-YAl recombinant proteins 

and the mutant control. As expected, C2C12 cells transfected with the short protein of NF-YA 

completely lost the capability to differentiate, confirming the functionality of recombinant 

proteins after cells transfection and nucleus penetration. 

The data produced during my PhD thesis and showed in this article confirmed NF-YA to behave 

as a Cell Penetrating Peptide. 
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A B S T R A C T

Cell Penetrating Peptides -CPPs- are short aminoacidic stretches present in proteins that have the ability to
translocate the plasma membrane and facilitate delivery of various molecules. They are usually rich in basic
residues, and organized as alpha helices. NF-Y is a transcription factor heterotrimer formed by two Histone Fold
Domain –HFD- subunits and the sequence-specific NF-YA. NF-YA possesses two α-helices rich in basic residues.
We show that it efficiently enters cells at nanomolar concentrations in the absence of carrier peptides.
Mutagenesis identified at least two separate CPPs in the A1 and A2, which overlap with previously identified
nuclear localization signals (NLS). The half-life of the transduced protein is short in human cancer cells, longer in
mouse C2C12 myoblasts. The internalized NF-YA is capable of trimerization with the HFD subunits and binding
to the target CCAAT box. Functionality is further suggested by protein transfection in C2C12 cells, leading to
inhibition of differentiation to myotubes. In conclusion, NF-YA contains CPPs, hinting at novel -and unexpected-
properties of this subunit.

1. Introduction

Cell Penetrating Peptides -CPPs- are short aminoacidic stretches
with the capacity to mediate the internalization of proteins, also func-
tioning as carriers of additional molecular cargoes, including nucleic
acids and drugs [1]. Currently, there is a long list of such peptides [2].
They were originally discovered within sequences of transcriptional
activators, the HIV TAT [3,4] and the Drosophila Antennapedia [5–8].
These peptides were extensively characterized by mutagenesis and,
when fused to unrelated proteins, they introduce them into cells. Such
protein transduction system appears to be efficient for a number of
proteins, with a wealth of possible biotechnological and therapeutic
implications being currently explored [9–11]. Two common structural
features of CPPs are the presence of amphipathic α-helices and the
abundance of arginine residues.

The TAT CPP was used with the NF-YA subunit of the heterotrimeric
transcription factor NF-Y, demonstrating that the fusion protein could
be efficiently introduced into the nuclei of hematopoietic cells by pro-
tein transfection; exposure to this fusion protein affected transcription
of NF-Y target genes [12]. Importantly, treatment of hematopoietic
stem cells -HSCs- led to an expansion of the stem precursors pool ex
vivo, with a subsequent increase in the efficiency of bone marrow en-
graftment in irradiated nude mice. The functionality of recombinant
GST-TAT-NF-YA was also documented in mouse ES cells [13] and

human embryonal carcinoma NT2 cells [14].
NF-Y is considered a “pioneer” Transcription Factor (TF), re-

sponsible to set up a favorable chromatin environment for other TFs to
bind DNA and induce mRNA elongation by the RNA Pol II machinery
[15–18]. The DNA sequence bound is the CCAAT box, a conserved and
important element found in promoters and enhancers [15]. The trimer
comprises two Histone Fold Domain -HFD- subunits, NF-YB and NF-YC,
similar to histones H2B and H2A [19], and the NF-YA regulatory sub-
unit, which confers sequence selectivity. Two structures of the evolu-
tionarily conserved domain bound to the CCAAT box illustrate the
modalities of trimerization and DNA recognition [20,21], the last ex-
erted through minor groove contacts by the A2 helix and the RGXGGRF
motif of NF-YA. The HFD-interacting part is located in α-helix A1. This
56 amino acids domain, rich in basic residues, provides two additional
important functions: (i) lysine poly-ubiquitination and degradation,
responsible for its relatively rapid turnover [22]. (ii) Nuclear localiza-
tion, with two identified nuclear localization signals -NLS- in A1 and
A2, respectively, driving import through Importin β [23,24]. Finally,
NF-YA is present in two major isoforms due to alternative splicing,
resulting in a “short” -NF-YAs- and a “long” -NF-YAl- isoform, the latter
containing 28 additional amino acids within the N-term activation
domain, coded by Exon 3 [25]. The two isoforms were shown to have
distinct roles in at least two cellular systems, mESCs and myoblasts
[13,26].
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Inspection of the 3D crystallographic structure of NF-YA suggests
the presence of features typical of CPPs, notably two α-helices -A1 and
A2- rich in arginine residues. For this reason, we wondered whether NF-
YA has the intrinsic potential to penetrate cellular membranes.

2. Materials and methods

2.1. Protein production and purification

The full length long and short NF-YA, as well as NF-YAm29 and m23
cloned in pET3b plasmids were described [27,28]. The mutants YAm31,
32, 33 and 34 of NF-YA long were constructed by PCR, using appro-
priately mismatched oligonucleotides; the fragments were inserted
using KpnI-BamHI sites in the pET3b/NF-YAl backbone. pET3b/NF-
YAm23 and pET3b/NF-YAm29 were used as templates to create mu-
tants m23–33, m23–34, m31–29 and m32–29 with the same strategy.
The thioredoxin (TRX) tagged NF-YA construct was obtained by sub-
cloning the full length NF-YA coding sequence (long isoform) from the
pSG5 construct [32] into the pET32b expression vector (Novagen),
using EcoRI-SacI sites. All resulting plasmids were checked by DNA
sequencing.

NF-YA recombinant proteins were produced using Escherichia coli
BL21(DE3) pLysS: logarithmically growing cells were induced for 3 h
with 0.1 mM IPTG at 37 °C. The cell pellets were lysed in 300mM NaCl,
20 mM Tris-HCl pH 7.5, 0.1mM DTT, 0.05% NP40 and protease in-
hibitors (Sigma), briefly sonicated and centrifuged [27,28]. Inclusion
bodies were solubilized in 8M urea, 150mM NaCl, 20 mM Tris-HCl
pH 7.5, 0.1mM DTT, 1mM PMSF, renatured by step-wise dialysis in
urea-free buffer (150mM NaCl, 20mM Tris-HCl pH 7.5, 0.1mM DTT,
1mM PMSF, 10% glycerol), centrifuged and stored at −80 °C. At least
three batches of each recombinant NF-YA (wt and mutants) were pre-
pared. For the expression of TRX-NF-YAl recombinant fusion protein,
logarithmically growing BL21(DE3) cells were induced for 3 h with
0.5 mM IPTG. Cell pellet was resuspended in buffer A1 (150mM NaCl,
20 mM Tris-HCl pH 8.0, 2 mM MgCl2, 10mM imidazole) and lysed by
sonication. TRX-NF-YAl was purified from the soluble fraction through
nickel-affinity chromatography (His-Select® Nickel Affinity Gel, Sigma-
Aldrich) exploiting the 6xHis-tag present in the fusion construct. The
protein was eluted in buffer A1 containing 100mM imidazole and
dialyzed against buffer B1 (150mM NaCl, 20mM Tris-HCl pH 8.0,
1 mM DTT, 10% glycerol). LPS was removed from protein preparations
using Triton X114, as described in [29], except that one step of pre-
cipitation was performed. Proteins were analyzed by SDS-poly-
acrylamide gel electrophoresis and visualized by staining with Coo-
massie Brilliant Blue R-250 solution (0.25% Coomassie Brilliant Blue R-
250, 50% ethanol, 10% acetic acid) for 40min.

NF-YAl, NF-YAm 23-33 and m23-34 recombinant proteins were
further purified by size-exclusion chromatography (SEC) in urea-free
buffer (150mM NaCl, 20mM Tris-HCl pH 7.5, 0.1mM DTT). 10%
glycerol was added after the chromatography. SEC was performed on a
Superdex 200 Increase 10/300 GL column (GE Healthcare) connected
to an Äkta Pure chromatography system (GE Healthcare).

Recombinant NF-YB and NF-YC (37 kD isoform) were produced
separately as described [27,30], except that the lysis solution was
300mM KCl, 20mM Tris-HCl pH 7.8, 0.1 mM EDTA pH 8, 0.05% NP40,
5mM β-mercaptoethanol, protease inhibitors. Inclusion bodies were
solubilized in 6M GnCl, 100mM KCl, 20mM Tris-HCl pH 7.8, 5 mM β-
mercaptoethanol. NF-YB and NF-YC were mixed in equimolar amounts
and renaturated by dialysis in 500 volumes of 10mM Tris-HCl pH 8,
300mM KCl, 10% glycerol, 1 mM DTT and 3.5M urea for 2 h at room
temperature and then in same buffer without urea and stored at
−80 °C. After renaturation, the NF-YB/NF-YC dimer was purified using
His-select® Nickel Affinity Gel, exploiting the His-Tag of NF-YC. The
dimer was eluted in 250mM imidazole pH 8, 10mM Tris-HCl pH 8,
300mM KCl, 10% glycerol, 1 mM DTT, dialyzed over-night in the same
buffer without imidazole, quick-frozen in liquid nitrogen and stored at

−80 °C. For production and purification of the NF-YB/NF-YCmd used
in the EMSAs of Fig. 4, we followed the protocol used in [31].

2.2. Cell culture and NF-YA protein transfection

Human colorectal carcinoma cells (HCT-116), human cervical ade-
nocarcinoma cells (HeLa), human glioblastoma cells (T98G), human
osteosarcoma cells (U2OS), human immortalized epithelial keratino-
cytes (HaCaT) and mouse myoblast cells (C2C12, ATCC) were cultured
in Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 4 mM L-Glutamine, 100 units/ml peni-
cillin and 100 μg/ml streptomycin, in a humidified 5% CO2 atmosphere
at 37 °C.

NF-YA protein transfections were performed in 6 wells plates
plating 3× 105 cells per well. Exponentially growing cells were washed
with PBS, treated with the indicated amounts of recombinant NF-YA in
serum-free medium for 30′ at 37 °C in 5% CO2. After 30′, cells were
washed with PBS and incubated with recombinant NF-YA for further
30′. Finally, cells were washed with PBS, cultured in complete DMEM,
and collected at the indicated time points.

C2C12 cells differentiation was induced plating 1× 105 cells in
35mm petri dishes in DMEM with 2% horse serum, 4mM L-Glutamine,
100 units/ml penicillin and 100 μg/ml streptomycin. NF-YA transfec-
tions were performed by adding 20 nM of protein into the medium
every 24 h during the differentiation process. Each transfection was
performed in triplicate.

2.3. Cell extracts and Western blot analysis

For cytosolic and nuclear extracts, cells were washed with PBS,
collected by scraping and lysed in ice-cold Buffer A (10mM KCl, 10mM
Hepes, pH 7.8, 0.1mM EDTA, 0.1 mM EGTA, protease inhibitors) by
incubation on ice for 30min. 0.65% NP-40 was added and cells were
briefly vortexed and centrifuged at 2500 rpm for 5min. Supernatant,
corresponding to cytosolic extracts, was transferred in a new Eppendorf
tube. Pelleted nuclei were resuspended in ice-cold Buffer C (0.75M
NaCl, 20mM Hepes pH 7.8, 1 mM EDTA, 1mM EGTA, 1mM dithio-
threitol, protease inhibitors). For total protein extracts, cells were wa-
shed with PBS, collected by scraping, lysed in ice-cold RIPA buffer
(10mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 0.1% SDS, 0.1%
Deoxycholic acid, 140mM NaCl, 1% Triton X-100, 1mM PMSF, pro-
tease inhibitors) and incubated for 30min on ice, shaking vigorously
every 5min. Samples were centrifuged at 13,000 rpm for 10min at 4 °C
and the supernatant containing total protein extract was transferred to
a new Eppendorf tube. Protein concentrations were determined by
Bradford Assay (Bio-Rad Protein Assay). 10 μg of cytosolic, nuclear and
total extracts were loaded on a 7–15% SDS-polyacrylamide gel and
analyzed by Western blot using primary antibodies and a peroxidase-
conjugate secondary antibody (Sigma). Quantifications were performed
by using the Image Lab™ software (Bio-Rad) and the standard devia-
tions of at least three independent replicates calculated. The primary
antibodies used were: anti-NF-YA (Santa Cruz Biotechnology, SC-10779
and Bethyl Laboratories, A302-104A), anti-Vinculin (Santa Cruz
Biotechnology, V284), anti-Lamin B (Santa Cruz Biotechnology, SC-
6217), anti-LPS (Hycult Biotech, WN1 222–5), anti-all sarcomeric
MyHCs (DHSB MF20), anti-Myog (DHSB IF5D), anti-β-Tubulin (Sigma
T5293), anti-H2B (Abcam, ab1790).

2.4. Electrophoretic mobility shift assay (EMSA)

The probe used was a 31 bp double-stranded oligonucleotide con-
taining the Hsp70 promoter CCAAT-Box (5′-CTTCTGAGCCAATCACCG
AGCTCGATGAGGC-3′) 5′-labelled with Cy5. Dose-response experi-
ments were performed with different concentrations of NF-YA, 20 nM of
Hsp70 probe and 60 nM of purified NF-YB/NF-YC dimer. Proteins were
diluted in the dilution buffer (400mM NaCl, 10mM Tris-HCl, pH 8.0,
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10% glycerol, 0.1 mg/ml BSA). For incubation, binding buffer 5×
(250mM KCl, 25mM MgCl2, 60mM Tris-HCl pH 8, 2.5 mM EDTA, 60%
glycerol, 12.5 mM DTT, 0.5mg/ml BSA) was added to samples. For
EMSAs performed with nuclear extracts, 10 nM of Hsp70 probe, 2 μg of
nuclear extracts were used with different concentration of NF-YB/NF-
YC. Incubation was performed diluting NF-Y-binding buffer 5× (25mM
MgCl2, 100mM Tris-HCl pH 7.5, 2.5 mM EDTA, 25% Glycerol, 12.5mM
DTT, 0.5mg/ml BSA) and adding 100 ng of poly-dIdC. Reactions were
incubated at 30 °C for 30min, protected from light, and loaded on the
gel (TBE 0.25X, 4.5% Acrylamide/Bis-acrylamide (19:1 ratio), 2.5%
glycerol, 0.1% APS, 0.01% TEMED), in a dark room at 4 °C; electro-
phoresis was carried out at constant 100 V for 1 h. Detection was per-
formed with the ChemiDoc MP imaging system (Biorad). Each EMSA
experiment was performed in triplicate.

2.5. BrdU incorporation

For BrdU incorporation, 1× 105 C2C12 cells were plated in 35mm
dishes and transfected with 20 nM of NF-YA recombinant proteins. 24 h
after transfection, cells were exposed for 1 h to 50 μM BrdU, then fixed
with ice-cold 95% EtOH-5% acetic acid for 20′ at room temperature,
incubated with PBS-1.5M HCl for 10′ at room temperature, washed
twice with PBS, and permeabilized with 0.25% Triton X-100 in PBS.
Primary antibody (1:100, anti-Bromo-deoxyuridine, Amersham) was
incubated for 1 h at 4 °C. After three washes, secondary FITC anti-
mouse antibody (1:500) plus DAPI (2 μg/ml) were incubated for 40′ at
room temperature in the dark. The cells were washed twice with PBS
before mounting. The acquisition was performed by using the confocal
microscope Leica DMI6000B.

Fig. 1. Transfections of NF-YAl and TRX-NF-YAl recombinant proteins.
(A) Western blot analysis of NF-YA in nuclear extracts of HCT116 cells treated with increasing concentrations (2, 10, 50 nM) of NF-YAs and NF-YAl recombinant
proteins. Cells were collected 2 h after treatments. The endogenous (end.) and transfected recombinant (rec.) proteins are indicated. Lamin B was used as loading
control. (B) Kinetics analysis of NF-YAl protein transfections in HCT116 cells by using anti-NF-YA Santa Cruz Biotechnology (SC-10779) and anti-NF-YA Bethyl
Laboratories (A302-104A). Cells were treated with 10 nM of recombinant NF-YAl and nuclear extracts prepared at the indicated times post-transfection. (C) Kinetics
analyses of recombinant NF-YAl and TRX-NF-YAl −10 nM- in HCT116 and HeLa cells for the indicated times post-transfection.
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2.6. Immunofluorescence

For immunofluorescence analyses, cells were washed three times
with PBS and fixed with ice-cold Acetone-Methanol (1:1) for 10min at
room temperature. After three washes, cells were permeabilized with
0.25% Triton X-100 in PBS for 5min. Primary antibody to sarcomeric
MyHCs was incubated for 1 h at room temperature. Cells were washed
three times, permeabilized with 0.25% Triton X-100 in PBS for 5min,
and incubated with secondary FITC anti-mouse antibody (1:500) plus
DAPI (2 μg/ml) for 40min at room temperature light protected. The
acquisition was performed by using the confocal microscope Leica SP2.

3. Results

3.1. Recombinant NF-YA enters cells efficiently

We noticed that the evolutionarily conserved part of NF-YA contains
two features typical of CPPs, the presence of α-helices -A1 and A2- and
arginines in the 56 amino acids conserved domain [20]. We decided to
test whether recombinant NF-YA could enter cells in the absence of any
exogenous CPP peptide. We produced in E. coli the two recombinant
NF-YA isoforms, “long” and “short” -NF-YAl and NF-YAs- [25]: as ex-
pected, the proteins were found in inclusion bodies, as checked by SDS-
PAGE (Fig. S1A). The recombinant proteins were solubilized in 8M
urea and renatured by slowly removing the denaturing agent. Note the
presence of additional bands, mostly of lower molecular weight. To get
rid of contaminating LPS-like material present in the bacterial pre-
parations, we used the Triton X-114 precipitation protocol [29]: this
procedure largely eliminates LPS from preparations, as checked by
Western blot analysis, with modest loss of recombinant proteins (Fig.
S1B). The purified proteins were quantified and controlled by Western
blot using two antibodies: the rabbit SC-10779 anti-YA polyclonal an-
tibody raised against AA 139–347 of NF-YA and the A302-104A-
polyclonal whose epitope is a peptide at the very C-terminus of the
protein (AA 320–333). Bands of smaller molecular weight were visua-
lized with the former, but not with the latter (Fig. S1C), suggesting that
the bands of lower molecular weight in Coomassie are NF-YA resulting
from degradation involving the C-terminal of the protein. We used the
recombinant proteins in transfections of human colon carcinoma
HCT116 cells. The rationale for using this cell line was that it almost
exclusively expresses NF-YAs [32]: any addition of the “long” NF-YA
would thus be readily discernible by Western blot. We set up a sim-
plified protocol providing the cells twice with NF-YA in serum-free
medium at 30′ intervals. Because NF-YA is localized exclusively in the
nucleus [23,24], we prepared and assayed nuclear extracts in all further
experiments. Fig. 1A shows Western blot analysis of nuclear extracts
prepared 2 h after transfection following a dose-response addition of
NF-YAl: NF-YAl enters cells at nanomolar concentrations, as it was
previously shown for GST-TAT-NF-YA [12]. The levels of endogenous
NF-YAs of HCT116 are largely unchanged, serving as a further internal
control, in addition to the loading control Lamin B. Note that, at 2 h
time points, transfections yielded amounts of nuclear NF-YAl that are
many-folds higher than those of the endogenous NF-YAs. We also
transfected the “short” NF-YA, which showed a similar behavior: in this
case, the signal of the transfected isoform in Western blot is super-
imposed with that of the endogenous protein, hence we notice an in-
crease in the NF-YAs band (Fig. 1A).

We next performed a time course of the transfected proteins: Fig. 1B
shows that NF-YAl is observed at near-maximum levels in cells already
after 30′ post-transfection, and still high at 2 h; by 6 h, the protein
amounts are considerably decreased. Interestingly, the short half-life of
the transduced protein is similar to the one previously calculated in
overexpression experiments based on DNA-mediated gene transfections
[22]. The blots in Fig. 1B (Left Panel), probed with the rabbit SC-10779
anti-NF-YA polyclonal antibody, reveal specific bands of lower mole-
cular weight increasing as the time course progressed, which were often

recorded in our experiments (See also Fig. 4, S2B, S3, S5). The use of
the A302-104A antibody did not visualize these bands, indeed in-
dicating that they are degradation products of NF-YA (Fig. 1B Right
Panel).

We performed two additional types of experiments. The first was
purification of recombinant NF-YAl (and selected mutants, See below)
by Gel Filtration (Fig. S2A): we used these proteins in transfections: wt
NF-YAl, but not mutants (see below) entered HCT116 cells, as shown in
Western blot of nuclear extracts (Fig. S2B). The second important
control was the production of a His-tagged NF-YAl recombinant protein
fused to Thioredoxin -TRX-NF-YAl- purified from the bacterial soluble
fraction through NTA affinity chromatography (Fig. S1A). The re-
combinant protein was>90% pure (Fig. S1). This allows to investigate
two additional issues of protein transfections: (i) whether it would work
with soluble NF-YA, and (ii) whether the addition of an external moiety
would prevent entry into nuclei. Transfections were performed in par-
allel in HCT116 and in HeLa cells and the results of these experiments
are shown in Fig. 1C: in both cell lines, efficient entry of TRX-NF-YAl
was recorded, similar to the one shown for NF-YAl produced and re-
natured from inclusion bodies. The kinetics of elimination was also si-
milar, as well as the presence of degradation products. We conclude
that irrespective of the method of production and purification, and of
the presence of additional tags, NF-YA maintains an intrinsic capacity
to enter mammalian cells. We also show rapid proteolytic degradation
of TRX-NF-YAl, mostly occurring at the C-terminal end, as previously
described for proteins generated by DNA-mediated transfections [22].

3.2. Stability of transfected NF-YA in different cell lines

Transfection experiments of untagged NF-YA were then extended to
other cell lines: HeLa, U2OS, T98G and HaCaT. We employed a 10 nM
dose of recombinant NF-YAl over a 24 h time course (Fig. S3): in all cell
lines, the protein is efficiently internalized, with levels being maximal,
or near maximal, at 30 min/1 h post-transfection. Thereafter, the pro-
tein amounts were reduced already at 2 h, further decreased at 6 h and
no exogenous protein detected at 24 h. Quantification of these results is
shown in Fig. 2. In summary, we conclude that the entry of recombinant
NF-YA is a generalized event observable in cell lines of different origin,
with somewhat comparable kinetics of proteolysis.

3.3. Identification of NF-YA cell penetrating peptide(s)

The approach above was used to identify the amino acids re-
sponsible for internalization of NF-YA. NF-YA is a very basic protein (pI
of 8,89), and positively charged amino acids are primarily located in
the evolutionarily conserved domain (AA 262–321): 7 lysines, 4 histi-
dines and 11 arginines. Endogenous NF-YA is exclusively localized in
the nucleus [23,24]. Two separate signals are required for efficient
nuclear localization, in human cells in vivo, and Xenopus cells in vitro:
one is the KRR (AA 276–278) stretch in the A1 helix, the other involves
RKR (AA 310–312) residues in helix A2 [23]; note that NF-YA muta-
tions in either A1 or A2 NLS retained substantial nuclear localization,
whereas mutations of both signals essentially abolished it. Along a si-
milar line of reasoning, we thought that similar motifs might be also
required for CPP activity. We mutagenized four stretches of three basic
residues into alanines: YAm31 (K276-R277-R278), YAm32 (R294-
R295-K296), YAm33 (R302-H303-R304) and YAm34 (R310-K311-
R312) (Fig. 3A). Furthermore, we previously described a triple alanine
mutant in A1 -YAm23 (L275-K276-R277)- that is partially overlapping
with YAm31 [28]: we used it as a backbone to construct triple alanine
mutations in the RHR (YAm33) and RKR (YAm34) stretches of A2,
obtaining the respective double mutants. A similar strategy was used
with another mutant previously described, YAm29 (R312-G313-E314),
preparing double mutants in the A1 and linker, respectively (Fig. 3A).

All these mutants were constructed in the NF-YAl backbone, and
proteins were prepared from bacterial inclusion bodies, as outlined
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above: Coomassie staining of SDS-PAGE of representative preparations
are shown in Fig. S1A. To verify their functionality, we initially char-
acterized these mutants for DNA-binding in EMSAs on the high affinity
CCAAT box of the HSP70 promoter. Dose-response of wt NF-YAl on a
fixed amount of recombinant NF-YB/NF-YC dimer generated a specific
band, as expected. All mutants showed decreased binding, particularly
YAm33 and YAm34, crippled in A2 and the RGXGGRF motif, and the
double mutants YAm31–29, YAm32–29, YAm23–33 and YAm23–34
(Fig. S4A, S4B, S4C). These results are largely expected based on pre-
vious mutagenesis on the yeast and mammalian subunit [28,33–35] and
with the 3D structures of the fungi and mammalian NF-Y/CCAAT

quaternary complex [20,21].
Thereafter, we assayed these mutants in protein transfection assays:

kinetic analysis at 10 nM concentrations was performed in HCT116 cells
and NF-YA nuclear accumulation monitored by Western blots. Fig. 3B
shows that YAm23, YAm31 and YAm34 entered cells at decreased le-
vels compared to wt NF-YAl. YAm32 and YAm33 were only to some
extent reduced in nuclear extracts with respect to wt NF-YA, but their
overall levels did drop earlier, already at 2 h. YAm29 was internalized
at similar rates and not consistently decreased. Note that in none of
these mutants complete elimination of uptake was observed, suggesting
the presence of more than one CPP. On the other hand, in the double

Fig. 2. Entry of NF-YAl in different cell lines.
Quantification of NF-YAl in nuclear extracts of different cell lines treated with 10 nM of NF-YAl recombinant protein. Cells were collected at different time points
after transfection. In HCT116 cells the 24 h time point was not done.
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mutants, entry into cells was essentially abolished, with the exception
of YAm32–29. Representative Western blots are shown in Fig. S5. Fi-
nally, we also checked the behaviour of the YAm23–33 and YAm23–34
mutants after purification by Gel Filtration (Fig. S2A): no significant
entry into HCT116 cells was scored (Fig. S2B). Taken together, these
results indicate that there are at least two separate CPPs in NF-YA, one

in the A1, centered on the K276-R277-R278 sequence, and a second in
the DNA-binding subdomain, encompassing the basic R310-K311-R312
stretch.

Fig. 3. Identification of NF-YAl cell penetrating peptide(s).
(A) The amino acid sequence of the evolutionarily conserved domain of NF-YA is shown. The sequence of the mutants employed in this study are underlined and
highlighted in red. NF-YA amino acids involved in NF-YB/NF-YC interactions, CCAAT-specific binding, non sequence-specific DNA-binding and the nuclear loca-
lization signals are indicated. (B) Quantification of NF-YAl and mutants entry and stability in HCT116 cells, based on Western blots of nuclear extracts. Cells were
treated with 10 nM of recombinant proteins and collected at different time points after protein transfections.
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3.4. NF-YA CCP mutants are not retained in the cytoplasm

In all the above experiments, we prepared and assayed nuclear ex-
tracts. The overlap between the NLS and CPP signals shown above
raises the question of whether the absence of NF-YA mutants in nuclear
extracts, specifically those in which the NLS is affected, might be due to
retention in the cytoplasm, rather than a defect in CPP activity.

To verify this, we transfected wt NF-YAl and mutants YAm31,
YAm32, YAm33, YAm23–34 and YAm31–29; we prepared, shortly after
transfections, nuclear and cytoplasmic extracts. Fig. 4A and B shows
Western blot analysis of such transfections: small amounts of NF-YAl,
and even smaller of the different mutants, are present in the cytoplasm,
but for the most part, the different NF-YA are found in the nucleus, as
expected. No significant retention of any mutants due to mutation of
the NLS was observed. We used cytoplasmic –Vinculin- and nuclear
–histone H2B- markers to assess the effective separation of the two
compartments in our extracts preparations. We conclude that the mu-
tagenesis shown above indeed affects “bona fide” CPP activity.

3.5. DNA-binding of transfected NF-YA

To verify whether the internalized NF-YA was functional in terms of
HFD-interactions and DNA-binding, we prepared nuclear extracts from
HeLa cells transfected with NF-YAl and NF-YAs one-hour post-trans-
fection, and performed EMSAs. To discriminate the complexes gener-
ated by the endogenous NF-Y trimer, we added a recombinant hetero-
dimer composed of the HFD minimal domains (HFDmd) used for our
crystallographic studies, termed NF-YB/NF-YCmd [31]: assembly into a
DNA-binding trimer with NF-YA will generate a band of faster mobility
in standard EMSAs. The results of adding two doses of HFDmd are
shown in Fig. 5: in extracts of untransfected cells, the endogenous NF-Y
band is shifted to a faster migrating band, as a result of association of
endogenous NF-YA with recombinant HFDmd. In transfections with NF-
YAs, an increase in intensity of the faster band is observed, as expected,
since HCT116 cells express the “short” NF-YA and in extracts of NF-YAl-
transfected cells two bands are indeed obtained, the lower corre-
sponding to the endogenous NF-YAs interacting with the excess re-
combinant HFDmd added in the reaction, the upper corresponding to
the recombinant NF-YAl associated with recombinant HFDmd. This
latter is not seen with extracts of cells transfected with YAm23–33, used
as a negative control. This indicates that the transfected NF-YA proteins

are able to form complexes with the excess of HFDmd dimer and bind
the HSP70 CCAAT box.

3.6. Transfected NF-YA affects C2C12 differentiation

The relatively short half-life of recombinant NF-YA in different cell
lines makes it difficult to use it as a reagent to study function in growing
cells. In the course of our tests with various cell types, we realized that a
substantial amount of recombinant NF-YAl/NF-YAs were still visible at
24 h after transfection of exponentially growing C2C12 (Fig. S6A).
Mouse C2C12 myoblasts are cells in which the levels of NF-YA isoforms
are regulated [36–38]. Specifically, expression of NF-YAl, the major
isoform present in proliferating C2C12, is switched off upon terminal
differentiation and absent in myotubes [36]. This allowed us to test the
phenotypic effect of NF-YA transfections on growth and differentiation:
C2C12 cells were induced to differentiate by serum withdrawal and
transfected at 24 h intervals with the recombinant proteins. Efficient
transduction of NF-YA was checked by Western blot, collecting cells 2 h
after treatment (Fig. 6A). After 72 h, cells were fixed and monitored by
Immunofluorescence, and whole cell extracts were prepared for further
biochemical analyses. Formation of well positioned multinucleated
myotubes was observed, as expected, in mock transduced cells, as well
as in cells transfected with the YAm23–33 mutant. Instead, NF-YAs, and
to a slightly lesser extent NF-YAl, impaired formation of well organized
myotubes (Fig. 6B). Evaluation of MyHC, a myotubes marker, by
Western blot indeed indicate a reduction, whereas the levels of Myo-
genin, which is expressed in proliferating cells and throughout the
process, is similar in the transfected and untransfected cells (Fig. 6C).
We also evaluated the growth rates of C2C12, which did not change
significantly upon NF-YAs or NF-YAl addition (Fig. S6B). Taken to-
gether, these data indicate that the transfected NF-YA is functional in
terms of altering the process of C2C12 myocytes differentiation.

4. Discussion

CPPs were identified in several proteins, drawing considerable
biotechnological and therapeutic interest. We show here that NF-YA
adds to the list of TFs entering cells without exogenous tags via the
presence of internal CPPs located in the evolutionarily conserved re-
gion.

Our work was motivated by (i) previous experiments with the GST-

Fig. 4. NF-YA mutants are not retained in the cytoplasm.
HCT116 cells treated with 10 nM of recombinant NF-YAl, and the indicated mutants, were collected 30min after transfection. Western blots of nuclear extracts (A)
and cytoplasmic extracts (B) with anti-NF-YA antibody (Upper Panels), anti-H2B (Middle Panels, nuclear marker) and anti-Vinculin (Lower Panels, cytoplasmic
marker). The endogenous (end.) and transfected recombinant (rec.) proteins are indicated.
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Fig. 5. CCAAT-binding of NF-YA transfected proteins.
HeLa cells treated with 50 nM of recombinant NF-YA
were collected 30min after transfections. EMSAs were
performed with 2 μg of nuclear extracts and an in-
creasing amount of purified recombinant NF-YB/NF-
YCmd dimer as indicated. CCAAT/NF-Y complexes
are marked. The endogenous (end.) NF-Y is indicated.

Fig. 6. NF-YA recombinant proteins affect C2C12 differentiation.
(A) Western blot of C2C12 total protein extracts treated with 20 nM of the in-
dicated NF-YA recombinant proteins (wt and mutant). Cells were collected 2 h
after treatment. Beta-Tubulin was used as loading control. The endogenous
(end.) and transfected recombinant (rec.) proteins are indicated. (B)
Immunofluorescence analyses of C2C12 cells after 72 h of differentiation, after
treatment with 20 nM of recombinant proteins every 24 h; antibody to all sar-
comeric MyHCs and DAPI were used. (C) Analysis of MyHC and Myogenin by
Western blot in C2C12 cells after 72 h of differentiation; cells were treated with
20 nM of recombinant proteins every 24 h as above. Vinculin was used as
loading control.
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TAT-NF-YA fusion, showing efficient entry of the protein, and profi-
ciency in transcriptional activation, including in primary HSCs: this
established the notion that a transfected recombinant NF-YA would be
functional in vivo. (ii) Inspection of the NF-Y/CCAAT 3D structure
suggesting that CPPs could be present in A1 or in A2. The experiments
confirm that this is the case. The protein concentrations used here are
similar to previous studies, in the nanomolar range: thus, considering
that some proteins are internalized in the low μM range, the efficiency
of NF-YA CPPs is remarkable, yielding nuclear levels of NF-YA that are
many-folds those of the endogenous protein.

Protein entry is matched by a short half-life of the protein, which
could be viewed as indication of a physiological behaviour. In fact, NF-
YA turnover is rapid, and subject to control by degradation. In HCT116
cells, as well as other cell lines, the half-life of the protein-transfected
NF-YA appears to be very similar to the one measured in conventional
DNA-mediated transfections [22], suggesting that the recombinant
proteins behave as those produced by transient over-expression. Only in
growing C2C12 cell line a prolonged presence of the exogenous NF-YA
was observed. Functionally, overexpression of the either isoforms in-
hibited C2C12 differentiation, as expected based on previous transient
expression experiments [37]. In fact, the levels of NF-YAl, the isoform
predominantly expressed in C2C12, drop dramatically upon differ-
entiation and myotubes formation [36]. This also emerged in C2C12
clones stably overexpressing NF-YAs, which showed reduced differ-
entiation, but not with NF-YAl-overexpressing clones, in which differ-
entiation was enhanced: as discussed previously, it is possible that
adaptation to stable overexpression of these clones might account for
the different behaviour [38]. Alternatively, it is possible that the precise
timing and/or levels of NF-YAl is crucial: required at early stages, but
detrimental in later stages.

The A1 and A2 helices mediate key functions of the protein, such as
nuclear localization, HFD interactions and sequence-specific DNA-
binding: the requirement for specificity in these tasks is enough to
justify their remarkable evolutionary conservation in eukaryotes.
Nuclear localization of the NF-Y trimer has been studied in detail. The
HFD subunits enter nuclei as heterodimers, via interactions of the
dimer, but not the single subunits, with the bi-directional receptor
Importin 13 [23]. A very similar situation was also reported for related
H2A/H2B-likes, NC2α/β, Pole3/Pole4 and Pole3/Chrac-17 [39,40]. On
the other hand, NF-YA is imported through the Importin β system [23],
specifically Imp-5 and Imp-8 [41]. Of particular relevance is the fact
that mutagenesis of any stretch of three basic residues within the NF-YA
homology region fails to abolish completely activity in human cells.
Indeed, two NLSs were identified, and both the KRR (AA 276–278) and
RRK (AA 294–296) -in the A1 and A2 respectively- or RKR (AA
310–312) had to be mutated for exclusion of the subunit from nuclei
[23]. Of these stretches, the most important was clearly in the A1
(Fig. 7). Although the mutations introduced in the Kahle et al. study
-K276 N-R277L-R278G, R294L-R295G-K296Q and R310L-K311A-
R312G- were different from the Ala scan described here, the results are
similar, in that the A1 mutation, which overlaps with YAm23 (L275A-
K276A-R277A) and corresponds to YAm31 (K276A-R277A-R278A), has
a larger impact with respect to the linker or A2 mutations. In the Kahle
study, the two double mutants were defective, K276 N-R277L-R278G;
R294L-R295G-K296Q and K276 N-R277L-R278G; R310L-K311A-
R312G [23]: we do not have the equivalent of the former, but our
double mutants YAm31–29 (K276-R277-R278; R312-G313-E314),
YAm23–33 (L275-K276-R277; R302-H303-R304) and YAm23–34
(L275-K276-R277; R310-K311-R312) have only residual CPP activity.
This suggests that the R302-H303-R304 stretch (not tested in the Kahle
study) might help in CPP/NLS activity. Note that YAm32–29 (R294-
R295-K296; R312-G313-E314), which has an intact A1, enters effi-
ciently, further suggesting that this structure is of vital importance.
Kahle et al. also reported that Importin 13 can compete with NF-YA for
binding to the HFD dimer, which binds to A1, suggesting the im-
portance of this helix both for nuclear localization and, as described

here, for cell penetrating activity. In summary, we propose that CPP
and NLS are composite signals relying on similar, if not identical,
structures of NF-YA.

There are precedents of overlap between NLSs and CPPs. The IL-1α
cytokine has an NLS/CPP peptide comparable in efficiency to the TAT
peptide, which enables fused proteins to be targeted in vivo, that is in
mice spleen, liver and intestine after peritoneal injection [42]. Relevant
to our study, numerous transcriptional regulators, including TFs NF-κB,
OCT6 and TCF1, were shown to have NLS peptides that could behave as
carriers for cell entry [43]. OCT4 harbors a CPP, corresponding to the
third helix of the homeodomain [44]. The fascinating question is
whether the intrinsic cationic properties of some NLS will inevitably
bring a CPP activity, or whether there might be a physiological role of
the cell penetrating capacity. Concerning TFs, an hypothesis is that they
might become signaling molecules in local paracrine circuits: for NF-YA
this might be the case in macrophages. Monocytes undergo differ-
entiation to macrophages by activation of sets of genes, many of which
are CCAAT-dependent [45]. Among them, genes of the antigen pre-
sentation pathway, such as MHC Class I and II, are crucial for an ef-
fective immune response. These genes rely on the combination of NF-Y/
RFX/CREB for activation [46]. Circulating monocytes contain NF-YB/
NF-YC, but are devoid of NF-YA, which is upregulated/stabilized upon
maturation and terminal differentiation [47,48]. An intriguing possi-
bility is that NF-YA, released from the nuclei of cells infected by bac-
teria or viruses, might be taken up by circulating monocytes, form a
complex with the constitutively expressed HFD subunits, contributing
to the early activation of genes of the antigen presentation pathway
and/or maturation of effector macrophages.

Finally, GST-TAT-NF-YAs was employed to increase the stem cells
pools in HSCs preparations, thereafter used for BMT (Bone Marrow
Transplantation) [12]. BMT is the treatment of choice in malignancies
with bone marrow infiltration by cancer cells. The presence of internal
CPP(s) in NF-YA is thus potentially relevant, and our study is en-
couraging to pursue experiments on primary cells in vitro with a TAT-
less NF-YAs. However, there are hurdles, the major of which concerns
the instability of the protein, as shown here, which makes a prolonged
effect impossible to achieve. The lysines involved in poly-ubiquitination
and degradation are all in the conserved domain, the process is regu-
lated by acetylation, and Lys to Arg mutations increase NF-YA half-life
in DNA transfections [22]. It is possible that use of such mutants will
prolong the half-life of the protein, while not affecting CPP activity,
nuclear retention and functionality of transfected NF-YA. A second issue
concerns the role of NF-YA in cancer cells. Currently, there is a growing
body of evidence linking NF-Y activity to cellular transformation, in-
cluding reports of NF-YA being overexpressed in some tumors [49];
thus, it could boost proliferation of residual cancer cells of bone
marrow, in addition to normal HSCs. On the other hand, overexpression
of NF-YA was shown to have also pro-apoptotic functions, and this
might depend upon the status -normal versus transformed- and/or the
specific cell types. The reagents and assays developed here could be
used to answer these questions.
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Abstract: NF-YA, the regulatory subunit of the trimeric transcription factor (TF) NF-Y, is regulated
by alternative splicing (AS) generating two major isoforms, “long” (NF-YAl) and “short” (NF-YAs).
Muscle cells express NF-YAl. We ablated exon 3 in mouse C2C12 cells by a four-guide CRISPR/Cas9n
strategy, obtaining clones expressing exclusively NF-YAs (C2-YAl-KO). C2-YAl-KO cells grow normally,
but are unable to differentiate. Myogenin and—to a lesser extent, MyoD— levels are substantially
lower in C2-YAl-KO, before and after differentiation. Expression of the fusogenic Myomaker and
Myomixer genes, crucial for the early phases of the process, is not induced. Myomaker and Myomixer
promoters are bound by MyoD and Myogenin, and Myogenin overexpression induces their expression
in C2-YAl-KO. NF-Y inactivation reduces MyoD and Myogenin, but not directly: the Myogenin
promoter is CCAAT-less, and the canonical CCAAT of the MyoD promoter is not bound by NF-Y
in vivo. We propose that NF-YAl, but not NF-YAs, maintains muscle commitment by indirectly
regulating Myogenin and MyoD expression in C2C12 cells. These experiments are the first genetic
evidence that the two NF-YA isoforms have functionally distinct roles.

Keywords: splicing isoforms; CRISPR-Cas9; exon deletion; NF-Y; muscle differentiation; C2C12 cells

1. Introduction

Cell specification and differentiation during development of multicellular organisms is a complex
set of events resulting in the formation of organs, whose physiology is maintained by a balance
of cell proliferation and differentiation. A paradigmatic example of these phenomena is formation
of skeletal muscle. In the case of mammals—mouse in particular—the process begins at early
developmental stages, proceeding through embryonic, fetal and adult stages [1,2]. Sequence-specific
transcription factors—TFs—play a central role in specifying the identities of myoblasts, their migration
to different body locations, organization and the capacity to self-renew and differentiate into myotubes.
These properties are key to guarantee maintenance and functionality of the different muscles throughout
the lifespan of the organism, including repair after injury in adult life. A set of four key TFs
—MyoD, Myf5, Myogenin, MRF4, termed myogenic regulatory factors (MRFs)—have been identified
and thoroughly studied by genetic and biochemical means for their capacity to specify myoblasts
identity [3,4]. During development, PAX3/7 are located upstream of MRFs [5]; downstream are many
TFs, such as the MADS box MEF2A/C/D [6,7], the bHLH ID1/3 [8–10] and SNAI1 [11], the HOX
SIX1/4/5 [12–15], STAT3 [16], NFIX [17,18] and the ZNF KLF2/4/5 [19,20]. Unlike MRFs, most of these
TFs are not expressed predominantly in muscle cells and are equally important for development and
differentiation of other tissues and organs [21–25].
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NF-Y is an evolutionarily conserved heterotrimer formed by the sequence-specific NF-YA and the
Histone Fold Domain—HFD—NF-YB/NF-YC [26]. The sequence recognized by NF-Y is the CCAAT
box, which plays an important role in the activation of 25%–30% of mammalian genes. NF-Y has
been classified as ”pioneer” TF, in mammals and plants [27–31]. NF-YA is the regulatory subunit;
it is alternatively spliced, generating two major isoforms “short” (NF-YAs) and “long” (NF-YAl),
differing in 28 amino acids coded by exon 3 [32]. This stretch is located at the N-terminus of the protein,
in the Gln-rich transactivation domain (TAD). NF-YAs and NF-YAl have identical subunits-interactions
and DNA-binding properties in vitro; ChIP-seq from cells harboring predominantly either one of the
two isoforms showed recovery of peaks enriched in CCAAT. The isoforms are expressed at various
levels in different tissues and cell lines [32,33]. Importantly, no cell line has been so far described
lacking NF-YA—nor the HFDs—and NF-YA inactivation was reported to be fatal to cells [28,34].
NF-YAl is the predominant isoform in muscle C2C12 cells: it is abundant in proliferating cells, but it
drops to low levels following terminal differentiation to myotubes, unlike the HFD partners [35–37].
Highly reduced NF-YA protein was found in myotubes of adult mice [38]. This suggested that
genes up-regulated in the terminal phases of muscle differentiation are either CCAAT-less or not
NF-Y-dependent, whereas the trimer activates cell-cycle and growth-promoting genes required during
the proliferative state. However, overexpression of NF-YAl led to improved differentiation of C2C12 [39],
suggesting that NF-YAl does take part in the differentiation process.

For decades, C2C12 myoblast cells have represented an informative tool to identify genes involved
in muscle differentiation [40]. Ablation of the whole NF-YA gene is early embryonic lethal [41], and KO
in stable cell lines could not be generated so far. We investigated the role of NF-YAl by genetically
ablating exon 3, leading to the production of an intact NF-YAs. We successfully generated homozygous
C2C12 lines expressing only NF-YAs and went on to study differentiation properties.

2. Materials and Methods

2.1. Cell Culture and Proliferation Assay

Mouse myoblast cells (C2C12, ATCC) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS, Gibco-Thermo Fisher Scientific),
4 mM l-Glutamine, 100 units/mL penicillin and 100 µg/mL streptomycin (GM, growth medium),
in a humidified 5% CO2 atmosphere at 37 ◦C. C2C12 cells differentiation was induced plating cells
in DMEM with 2% horse serum (Gibco-Thermo Fisher Scientific), 4 mM l-Glutamine, 100 units/mL
penicillin and 100 µg/mL streptomycin (DM, differentiation medium). Proliferation assay was
performed by plating 1.5 × 105 cells into a 12-well plate and counting every 24 h for 3 days, using the
Trypan Blue dye exclusion test. All data were gathered from at least three independent biological
replicates. Multiple comparisons were performed using the One-way ANOVA test.

2.2. Derivation of C2-YAl-KO Clones

To delete the exon 3 of NF-YA gene in C2C12 cells, four guide RNAs (gRNAs) were designed to
simultaneously target the two flanking introns by using the online tool https://zlab.bio/guide-design-
resources. Potential off-target sites were monitored by the online tool https://crispr.cos.uni-heidelberg.
de: Table S1 shows the results of such analysis for the four guides. The selected gRNAs had no common
off-target sites and were cloned in the two plasmids pX330A_D10A-1x2_ac and pX330A_ D10A-1x2_bd,
following the Multiplex CRISPR/Cas9n Assembly System Kit protocol [42]. 1 × 106 C2C12 cells were
transfected with 3 µg of the two gRNAs/CRISPR/Cas9n plasmids by electroporation and plated at low
density. 72 h after transfection, single clones were picked, expanded and screened.

For DNA extraction, cells from the individual clones were washed with PBS, collected by scraping,
lysed in 100 µL ice-cold lysis buffer (40 mM Tris-HCl, 2 mM EDTA, 0.08% SDS, 80 mM NaCl, 0.5 µg/µL
Proteinase K) and incubated overnight at 37 ◦C in agitation. To precipitate DNA, 100 µL of ice-cold
2-propanol and 0.3 M NaAc were added, samples were mixed and centrifuged at 13,000 rpm for 30 min

https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
https://crispr.cos.uni-heidelberg.de
https://crispr.cos.uni-heidelberg.de
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at 4 ◦C. The pellet was washed with 150 µL of 70% ethanol, centrifuged at 13,000 rpm for 30 min at
4 ◦C. Supernatant was discarded, the pellet was dried and resuspended in 30 µL H2O. The resulting
DNAs were then screened for positive exon 3 deletion by PCR.

We screened a total of 335 individual clones and obtained 2 independent homozygously
edited clones.

2.3. Protein Extraction and Western Blot Analysis

For Whole Cell Extracts preparation, cells were pelleted by centrifugation, resuspended in ice-cold
RIPA buffer (10 mM TrisHCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 0.1% SDS, 0.1% sodium deoxycholate,
140 mM NaCl, 1% Triton X-100, 1 mM PMSF, Protease inhibitor cocktail) and incubated for 30 min
on ice, with occasional shaking. Samples were centrifuged at 13,000 rpm for 10 min at 4◦C and the
supernatant recovered and quantified using the Bradford protein assay.

20 µg of extracts were loaded on a 4–10% SDS-polyacrylamide gel and analyzed by Western
blot using primary antibodies and a peroxidase-conjugate secondary antibody (Sigma-Aldrich).
Primary antibodies: anti-NF-YA (G-2, Santa Cruz), anti-NF-YB (GeneSpin), anti-NF-YC (home-made)
anti-Vinculin (H-10, Santa Cruz), anti-MyHCs (MF20, DHSB), anti-Myogenin (IF5D, DHSB), anti-MyoD
(C-20, Santa Cruz), anti-Myf5 (C-20, Santa Cruz), anti-Pax3 (DHSB), anti-Snai1 (C15D3, Cell Signaling).
Western blot experiments were performed on three independent biological replicates.

2.4. Reverse Transcriptase PCR and Real-Time PCR

RNA was isolated by the Tri Reagent (Sigma-Aldrich) protocol according to the manufacturer’s
instruction. The cDNA was produced starting from 1 µg of total RNA using the MMLV
Reverse Transcription Mix (GeneSpin) and used for real-time PCR (SYBR® Green Master Mix,
Bio-rad Laboratories) analysis. Real-time PCRs were performed with oligonucleotides designed to
amplify 100–200 bp fragments (Table S2). The housekeeping gene Rsp15a was used to normalize
expression data. The relative sample enrichment was calculated with the formula 2–(∆∆Ct), where ∆∆Ct
= [(Ct sample – Ct Rps15a)x − (Ct sample – Ct Rps15a)y], x = sample and y = sample control. RT-qPCR
analyses were performed on three independent biological replicates. For ChIP experiments, we figured
out the percentage of input immunoprecipitated by NF-YB and nc (negative control) antibodies.
Results of three independent experiments were represented as Fold change (Fc) between NF-YB sample
and nc sample as: %Input NF-YB/%Input nc.

2.5. Flow Cytometry Analyses

Cells were harvested by trypsinization and washed in PBS, fixed in ice-cold 70% ethanol and
stored at 4 ◦C at least 24 hours. Cells were then washed with 1% BSA in PBS and resuspended in
500 µL of PI-staining solution (20 µg/mL Propidium Iodide, 10 µg/mL RNaseA, 1X PBS) at room
temperature for 30 minutes, light protected. FACS analyses were performed using the BD FACSCantoII,
analyzed with FACSDiva software and quantified with FlowJo. A total of 104 events were acquired for
each sample. Three independent FACS experiments were performed.

2.6. Immunofluorescence

For immunofluorescence analyses, cells were washed three times with PBS and fixed 10 min with
ice-cold acetone-methanol (1:1) at room temperature. After three washes, cells were permeabilized with
0.25% Triton X-100 in PBS for 5 min and incubated 1 h with the primary antibody anti-sarcomeric MyHCs
(MF20, DHSB) at room temperature. Cells were washed three times, permeabilized 5 min with 0.25%
Triton X-100 in PBS and incubated with secondary FITC anti-mouse antibody (1:500, Sigma-Aldrich)
plus DAPI (2 µg/mL) for 40 min at room temperature, light protected. The acquisition was performed by
using the inverted microscope Leica DMI6000 B. Three independent immunofluorescence experiments
were performed.



Cells 2020, 9, 789 4 of 21

2.7. Overexpression and RNA Interference Experiments

Myogenin overexpression was performed by electroporating 1 × 106 C2C12 cells with 3 µg of
plasmid (pEMSV-Empty/pEMSV-Myog) and plating them in DM for 96 h. Cells were then collected
and analyzed. Three independent biological replicates were performed.

For small interfering RNA (siRNA)-mediated knockdown of NF-YB [29], 2 × 106 C2C12 cells
were transfected by electroporation with 100 nM of NF-YB [29] or scrambled control siRNA (Qiagen,
SI01327193) and plated into a 10 cm plate in GM condition. 72 h after transfection, cells were collected by
scraping for total protein preparation and RNA extraction. Gene expression was analyzed performing
real-time PCR. Two independent biological replicates of siRNA interference were performed.

2.8. Chromatin Immunoprecipitation Assay (ChIP)

ChIPs were performed as described previously [43] with the following modifications.
Briefly, 2 × 107 cells were crosslinked using 1% formaldehyde for 7 min, the reaction was quenched with
125 mM glycine and cells were collected by scraping. After lysis, nuclei were resuspended in Sonication
buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, protease Inhibitor
cocktail) and sonicated (Bioruptor, Diagenode) to obtain fragments of approximately 150–300 bp,
verified on agarose gel electrophoresis. Samples were centrifuged at 13,000 rpm for 10 min at 4 ◦C and
supernatants recovered and quantified by Bradford assay. One hundred micrograms of chromatin were
immunoprecipitated with 5 µg of anti-NF-YB (GeneSpin) and anti-FLAG (Sigma-Aldrich) antibodies.
Protein-G beads (KPL) were used for recovery of antibody-bound proteins. Crosslinking was reversed
by incubation at 65 ◦C overnight. Reactions were digested with RNase A and Proteinase K and DNA
purified using the DNA purification kit (PCR clean Up, GeneSpin). The DNA was eluted in TE (10 mM
Tris-HCl pH 8, 1 mM EDTA) and used in real-time PCR. Three independent biological replicates of
ChIP experiments were performed.

3. Results

3.1. Ablation of NF-YA Exon 3 in C2C12 Cells by a Four Guides CRISPR/Cas9n Strategy

Mouse C2C12 cells mostly express NF-YAl [35–38]. To study the role of this isoform in maintenance
and differentiation of C2C12, we set out a strategy to selectively eliminate exon 3, coding for the 28 extra
amino acids present in NF-YAl and absent in NF-YAs. We figured that the use of four guides flanking
precisely the exon 3 regions and of the single strand-cutting Cas9-nickase (Cas9n) would minimize
off-target effects, which potentially affect the outcome of this technology [44]. Figure 1A shows the
design of the four guide oligonucleotides, two couples targeting the 5’ and 3’ intronic DNA flaking
exon 3, respectively. The two couples of oligos were first checked for absence of common genomic
targets (Table S1) and cloned unpaired in the final pX330A_D10A-1x2_ad and pX330A_D10A-1x2_cb
(Figure S1A), also expressing the Cas9n gene. The two plasmids were transfected in growing C2C12 cells
by electroporation. Individual clones were isolated, expanded and analyzed by PCR, employing the
amplicons shown in Figure 1B. As expected, the strategy was less efficient if compared to the standard
use of two guides plus wt Cas9: 335 clones were individually screened and two were positive for
correct ablation in homozygosity, as shown in Figure 1C. The results of PCRs of the two positive
clones, #83 and #117, show the expected bands for the A, B and C amplicons, absent in the DNA of
the parental C2C12 cells. The regions surrounding exon 3 in both clones were then amplified and
sequenced: Figure S1B confirms the deletion of coding sequences of exon 3, with somewhat different
ends in the two clones. In summary, we successfully ablated NF-YA exon 3, deriving two clones termed
C2-YAl-KO. To the best of our knowledge, this is the second system of genome editing describing
a clean deletion of an individual exon [45] and the first one employing the Cas9 nickase system coupled
with four gRNAs.



Cells 2020, 9, 789 5 of 21

Figure 1. Strategy for ablation of NF-YA exon 3 in C2C12 cells using CRISPR/Cas9n and four gRNAs.
(A) Gene editing strategy for NF-YA exon 3 deletion using the Cas9-nickase (Cas9n) and four guide
RNAs. The targeted sequence by each guide RNA and the deletion sites are shown. Note that Cas9n
cuts only the DNA strand that is complementary to and recognized by the gRNA, making necessary
the simultaneous presence of two gRNAs/Cas9n complexes to induce a double-strand break (DSB).
(B) The three primer pairs used to check for positive C2-YAl-KO clones are shown with the specific
amplification products highlighted by the dashed lines. (C) Example of PCR products run into a 1.2%
agarose gel. The expected bands in control cells (ctr) are marked with arrowheads; clones #83 and #117
represent positive C2-YAl-KO clones.

3.2. Characterization of C2-YAl-KO Cells

The two C2-YAl-KO clones were characterized first for expression of NF-YA. We performed
qRT-PCR analysis with oligos specific for the individual isoforms [46]; Figure 2A shows that the NF-YAl
mRNA is absent in the C2-YAl-KO clones. Extracts were prepared and Western blots performed: as
expected, the parental C2C12 cells show expression of NF-YAl (Figure 2B). Instead, the clones express
uniquely the NF-YAs isoform. We exposed the blots for long times to verify that no NF-YAl is visible
in the two KO clones. Note that the levels of the two isoforms in parental cells—NF-YAl—and edited
clones—NF-YAs—are essentially identical, as are the levels of NF-YB and NF-YC: since there is an
important level of autoregulation among NF-Y subunits [47], this result indicates that HFD subunits
are available for trimer formation and DNA-binding in C2C12 and C2-YAl-KO cells. In summary,
genetic ablation of exon 3 in C2C12 was effective, leading to generation of clones that express uniquely
the short isoform of NF-YA at physiological levels.
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Figure 2. C2-YAl-KO clone characterization. (A) Gene expression analysis of NF-YA short and long
levels in ctr and C2-YAl-KO clones (#83 and #117) in growth medium (GM) condition. Error bars
represent the SD of three independent experiments. P-values were calculated using the one-sample
t-test. (B) Western blot analysis of NF-Y protein subunits (NF-YA, NF-YB, NF-YC) in ctr cells and
C2-YAl-KO clones (#83 and #117) in GM condition. For NF-YA isoforms analysis, short and long
exposures are shown. Vinculin was used as loading control. (C) Phase contrast analysis of myoblast
cells (ctr and C2-YAl-KO clones) morphology in GM condition. Scale bar 200 µm. (D) Proliferation
assay performed in GM condition counting every 24 h for 3 days using the Trypan Blue dye exclusion
test. Error bars represent the SD of three independent experiments. P-values were calculated using the
one-way ANOVA test. (E) Gene expression analysis of key cell-cycle regulators in ctr and C2-YAl-KO
clones (#83 and #117) in GM condition. Error bars represent the SD of three independent experiments.
P-values were calculated using the one-sample t-test.

Next, we started to analyze the phenotype of the KO clones: they are stable upon repeated
cycles of freezing and thawing and their morphology looks apparently similar to the parental C2C12
cells (Figure 2C). In mouse embryonic stem cells, expression of NF-YAs is associated with growth,
and NF-YAl to differentiation [43]: in theory, NF-YAs-expressing C2C12 clones could be enhanced
in proliferation. Cells were compared for growth under standard conditions: Figure 2D shows that
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growth curves are similar, with the two edited clones being marginally slower. In FACS analysis, we did
notice some differences: a higher number of S-phase and G2/M cells in the two clones (Figure S2, 21%
and 28%, with respect to 18% in C2C12). We checked the mRNA levels of PCNA, Cyclin B1/B2: a slight
increase of Cyclin B1 and PCNA in the KO clones is observed (Figure 2E); although not statistically
significant, this is consistent with the FACS data. The most noticeable difference, however, was the
lower number of sub-G1 cells: 6%–7% in the two clones compared to 12% in the parental C2C12 cells
(Figure S2): such non cycling cells are possibly undergoing cell death, suggesting that the switch to
NF-YAs is not provoking negative effects on cellular vitality, and, if anything, the opposite. In summary,
C2-YAl-KO clones expressing NF-YAs have an apparently normal morphology, grow well, but not
faster, with the expected partitioning in cell cycle phases, bar slightly elevated G2/M and decreased
sub-G1 populations.

3.3. C2-YAl-KO Cells Fail to Differentiate and Fuse into Myotubes

The levels of NF-YAl drop following terminal differentiation of C2C12 cells and myotubes of
mouse muscles show low-to-nil levels of NF-YAl [35–39]. To ascertain whether NF-YAs-expressing
cells could form myotubes, we switched the parental C2C12 and the two C2-YAl-KO clones at
70%–80% confluence to a differentiation medium. Before and after 72 h, we monitored cell morphology,
performed Immunofluorescence experiments and derived whole cell extracts. Figure 3A shows
that parental C2C12 form well organized, multinucleated myotubes, as expected (Upper Panels).
The average number of nuclei per fiber is 15, in keeping with an efficient process (Figure 3B). On the
other hand, the two edited clones showed a dramatic lack of myotubes formation: cells did not fuse;
they were disorganized (Figure 3A, lower panels). We reasoned that the process could be simply slower
in these cells and prolonged differentiation up to 5 days: this did not lead to formation of myotubes,
nor cell fusion in the C2-YAl-KO clones (not shown). Immunofluorescence and Western blot data are
consistent: the MyHCs marker is clearly visible in IFs (Figure 3A, right panels) and WB (Figure 3C) in
C2C12 cells after differentiation, but not in the two edited clones. Interestingly, the levels of Myogenin
and MyoD were substantially lower both in growing cells and at these late stages of differentiation
in C2-YAl-KO clones. As previously reported, NF-YAl, in C2C12, and NF-YAs, in the edited clones,
are down-regulated after 72 h of differentiation; NF-YB remained unchanged (Figure 3C). In summary,
we conclude that terminal differentiation is completely blocked in C2C12 cells expressing NF-YAs
instead of NF-YAl.
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Figure 3. C2-YAl-KO clones fail to differentiate into myotubes. (A) Phase contrast analysis of myoblast
cells (ctr and C2-YAl-KO clones) before and after 72 h of differentiation (differentiation medium
(DM) condition) and immunofluorescence analyses after 72 h of differentiation. Antibody against all
sarcomeric MyHCs and DAPI were used. (B) Fusion index was calculated as the number of nuclei
in each myotube (with three or more nuclei). (C) Western blot analysis of key muscle differentiation
regulators (MyHCs, MyoD), NF-YA isoforms (NF-YAl, NF-YAs) and NF-YB proteins, before (GM) and
after 72 h of differentiation (72 h DM). Vinculin was used as loading control. The experiment was
performed three times.

3.4. Expression of TFs in C2-YAl-KO

We analyzed expression of MRFs and TFs with a proven role in differentiation, in the parental and
in the C2-YAl-KO cells under growing conditions and 24 h after differentiation. Profiling experiments
established this as an early time point to detect significant changes in gene expression [48]. Note that
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most of the TFs analyzed have CCAAT in promoters and some formally shown to be under NF-Y
control. First, we verified expression levels of MRFs in parental C2C12 (Figure S3): Myogenin is
robustly induced; MyoD is modestly increased; Myf5 is modestly decreased after differentiation;
Mef2C, but not Mef2D, is robustly increased. These changes are in agreement with expectations [49].
At the same time, we analyzed other TFs shown to be important for muscle differentiation: Six1/4/5,
Snai1, Stat3 and Klf5 are all increased upon C2C12 differentiation, Id1/3 are modestly decreased, Pax3 is
unchanged (Figure S3). These results are also in agreement with published data. Having established
that our differentiation program runs normally in C2C12 cells, we monitored expression of these genes
in the C2-YAl-KO clones. The results are shown in Figure 4A for growing conditions and Figure 4B
for differentiation. MRFs show the most conspicuous differences: Myogenin is almost undetectable
in growing C2-YAl-KO clones and marginally increased upon differentiation. MyoD basal levels are
normal, but induction is reduced upon differentiation, compared to parental C2C12. Myf5 expression
is basally similar in the edited clones and higher after differentiation (Figure 4A,B). Mef2C levels are
similar in growing conditions, but lower after differentiation: note that the levels are very low basally
and differences with parental C2C12 cells are not statistically significant. Mef2D expression is identical
in C2C12 and edited clones. As for the other TFs, Six1/4/5, Klf5 and Pax3 show similar expression
patterns (Figure 4A,B). Minor changes are observed in growing conditions for Snai1, Stat3 and Id1 (one
clone only) and for Id1 (same clone) after differentiation. Finally, Id3 shows somewhat higher levels
before and after differentiation, but again, these changes are variable in the three experiments and thus
not statistically significant.
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Figure 4. MRFs are downregulated in C2-YAl-KO clones. (A) Gene expression analysis of key muscle
differentiation regulators (left panel) and other TFs shown to be important for muscle differentiation
(right panel) in GM condition. Error bars represent the SD of three independent experiments. P-values
were calculated using the one-sample t-test. (B) Gene expression analysis of key muscle differentiation
regulators (left panel) and other TFs shown to be important for muscle differentiation (right panel) 24 h
after differentiation (24 h DM). Error bars represent the SD of three independent experiments. P-values
were calculated using the one-sample t-test. (C) Western blot analysis of key muscle differentiation
regulators (Myogenin, MyoD, Myf5), NF-YA isoforms (NF-YAl, NF-YAs) and NF-YB proteins and other
TFs shown to be important for muscle differentiation (Pax3, Snai1), in GM and 24 h DM. Vinculin was
used as loading control.
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To substantiate these results, protein expression of selected TFs was monitored by Western Blot
analysis. Figure 4C shows that Myogenin levels are consistent with the mRNA data, being much
lower in C2-YAl-KO clones than in parental cells, both in growing cells and after 24 h of differentiation.
MyoD is substantially reduced in growing and differentiating clones, compared to parental C2C12.
Note that protein levels were far lower than expected based on the mRNA levels, especially under
growing conditions: this calls for post-transcriptional control in edited clones. Myf5 protein is
downregulated in C2C12 after differentiation, as expected; in edited clones, it shows lower levels in
growing cells, but higher after induction. NF-YA and NF-YB show the expected patterns; Pax3 is very
modestly increased in C2-YAl-KO clones and Snai1 is unchanged. In summary, C2-YAl-KO cells have
substantial differences in MRFs levels with respect to C2C12 cells, both before and after differentiation,
whereas the other TFs showed rather minor changes.

3.5. Expression of Myomaker and Myomixer Is Activated by Myogenin and It Is Impaired in C2-YAl-KO

We were intrigued by the lack of cell fusion of the C2-YAl-KO clones after
induction of differentiation. Myomaker—Mymk—and Myomixer—Mymx—are genes induced
transcriptionally during muscle terminal differentiation, including in the C2C12 system [50,51].
Specifically, their expression is essential for the process of myocytes fusion [52]. We checked expression
by qRT-PCR in parental C2C12 and in the two edited clones 24 h after differentiation. Figure 5A shows
a strong induction—20-fold—of both Myomaker and Myomixer in C2C12 cells. C2-YAl-KO have much
lower levels in growing cells (Figure 5B) and even more after differentiation (Figure 5C).

The obvious hypothesis was that these genes are under direct NF-Y control. We surveyed
their promoter sequences and verified that no bona fide CCAAT box is present, notably within the
evolutionary conserved areas: given the specificity of NF-Y CCAAT recognition, we considered unlikely
that it acts directly on their expression. Genetic experiments in zebrafish have recently shown that
Myomaker and Myomixer are directly activated by Myogenin [53]. We analyzed ENCODE datasets of
C2C12 cells and found that Myogenin and MyoD target both promoters. Myomixer has apparently
one promoter, Myomaker has two promoters, some 4 kb distant from each other: Figure 5D shows the
overlapping peaks of Myogenin and MyoD. Myogenin binds exclusively after 24 h of differentiation,
in accordance with its induced expression. One MyoD peak is visible already under growing conditions
on Myomaker, and two additional peaks are found at 24 h. Importantly, the regions bound by MyoD
and Myogenin in these two promoters are conserved across vertebrates, as shown by PhastCons data
in Figure S4A: this corroborates the functional relevance proven in zebrafish [53]. To verify whether
Myogenin activates Myomaker and Myomixer, we overexpressed it in parental C2C12 and in one
of the C2-YAl-KO clones (#83) and induced to differentiate: Western blot of Figure 5E shows the
increased levels of Myogenin compared to cells transfected with an Empty vector control; q-RT-PCR of
Figure 5F shows that Myogenin overexpression has negligible effects on expression of the endogenous
Myomaker and Myomixer in parental C2C12, but it increases expression of both genes in the C2-YAl-KO
cells. Finally, morphological observation of the edited cells shows —incomplete—improvement in
differentiation (Figure S4B).

In essence, we find that the marginal levels of Myogenin in C2-YAl-KO cells could result in
lack of induction of the Myomaker and Myomixer targeted genes, entailing lack of cell fusion in
NF-YAs-expressing clones.
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Figure 5. Myogenin directly regulates Myomaker and Myomixer expression. (A) Relative expression
levels of Myomaker (Mymk) and Myomixer (Mymx) in C2C12 cells before and after 24 h of differentiation
(24 h DM). Error bars represent the SD of three independent experiments. P-values were calculated
using the one-sample t-test. (B,C) Relative expression levels of Myomaker (Mymk) and Myomixer
(Mymx) in C2C12 cells before (B) and after 24 h of differentiation (C) in ctr and the two C2-YAl-KO
clones. Error bars represent the SD of three independent experiments. P-values were calculated
using the one-sample t-test. (D) ChIP-seq peaks of MyoD and Myogenin on Mymk and Mymx
promoters in GM and after 24 h of differentiation (24 h DM) (UCSC-genome browser available tracks).
Vertical viewing range Mymk: min 0, max 5.5. Vertical viewing range Mymx: min 0, max 8. (E) Western
blot analysis of Myogenin protein levels in C2C12 cells transfected with a control plasmid (pEmpty) and
the Myogenin-overexpressing plasmid (pMyog) 96 h after differentiation induction. Vinculin was used
as loading control. (F) Relative expression levels of Mymk and Mymx in C2C12 Myog-overexpressing
cells after 96 h of differentiation. Error bars represent the SD of three independent experiments. p-values
were calculated using the one-sample t-test.
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3.6. Myogenin and MyoD Are—Indirectly—Regulated by NF-Y

The results shown above beg the question as to whether NF-Y directly regulates MRFs.
Myogenin and Myf5 promoters do not contain CCAAT boxes, MyoD does [54]. To verify the
NF-Y dependence of these genes, we transitorily inactivated NF-Y activity. In our hands, NF-YA
inactivations by shRNA or siRNA were rather inefficient in C2C12 cells (not shown). We thus
turned to NF-YB by treating C2C12 cells with an siRNA previously shown to be active and very
specific, including in profiling experiments [29]. NF-YB is a necessary component of the DNA-binding
trimer: this allows us to inhibit CCAAT-binding activity, upon siRNA treatment. Most importantly,
unlike NF-YA, NF-YB inactivation does not trigger apoptosis [29,34], making this a suitable choice for
long differentiation processes. Figure 6 shows the results of experiment 1, Figure S5 those of experiment
2: in both, RT-qPCR (Figure 6A and Figure S5A) and Western blots (Figure 6B and Figure S5B) show
far lower expression of NF-YB in C2C12 cells treated with NF-YB siRNA, with respect to the control
siRNA. In mRNA analysis, Myogenin, MyoD and Mef2C, but not Myf5 nor Mef2D, are substantially
downregulated upon NF-Y inactivation; Myomaker and Myomixer are also reduced. Six1/4/5 are
reduced: for Six4, this in keeping with an NF-Y dependence predicted from previous data on NF-Y
binding to a canonical promoter CCAAT [39]. As for Id1 and Id3, they are somewhat reduced, but the
results are borderline significant: Id1 in experiment 2 and Id3 in experiment 1. We conclude that NF-Y
removal entails a reduction of MRFs, which, in turn, could explain the observed drop of Myomaker
and Myomixer. We also show that members of the Six family are NF-Y targets. Analysis of proteins
levels in extracts of siRNA-inactivated cells by Western blots confirmed these results: the levels of
NF-YB were lower (although not to the extent of the mRNA) and paralleled by somewhat lower
levels of NF-YA. Myogenin is substantially decreased and MyoD is also affected, to a lesser extent
(Figure 6B and Figure S5B). We conclude that NF-Y regulates the expression of MyoD and Myogenin
in C2C12 cells.

The Myogenin promoter is CCAAT-less and was not bound by NF-Y in C2C12 cells [39] and,
despite the presence of a canonical CCAAT, the MyoD promoter was also not bound [39]. To understand
whether the positive effect of NF-Y on MyoD is direct, we checked the parental C2C12 cells for the
presence of NF-Y in ChIP experiments. Three independent experiments are shown in Figure 6C and
Figure S5C. The absence of enrichment of NF-Y on MyoD is indeed confirmed, whereas the Stard4
positive control promoter is clearly bound. Equally positive was the promoter of Id1, but not that of
Id3. Note that there is variability in the fold-enrichments in the three experiments: as this is high (from
60 to 800-folds), we consider quantitative changes difficult to interpret, especially when compared to
completely negative promoters such as MyoD and Id3. Therefore, we conclude that NF-Y does not
regulate MyoD directly—and despite promoter binding—NF-Y has modest effects on Id1 transcription
in C2C12 cells.



Cells 2020, 9, 789 14 of 21

Figure 6. Analysis of NF-Y involvement in muscle specific genes expression. (A) Gene expression
analysis of NF-YB and key muscle differentiation regulators in C2C12 cells 72 h after NF-YB silencing
(siNF-YB) and scrambled siRNA control. Error bars represent the SD of two different RT-qPCR
replicates. P-values were calculated using the one-sample t-test. (B) Western blot analysis of NF-YB,
NF-YA and key muscle differentiation regulators (Myogenin, MyoD) protein levels 72 h after NF-YB
silencing (siNF-YB) and the scrambled siRNA control. Vinculin was used as loading control. (C)
ChIP experiment performed on C2C12 ctr cells in GM condition using NF-YB and negative control
(nc) antibodies. The unrelated region (ur) and Stard4 were used as negative and positive control,
respectively. Results are represented as the input percentage of each sample normalized to the input
percentage of the nc antibody.

4. Discussion

By genome editing, we derived clones of C2C12 cells that express NF-YAs instead of NF-YAl.
We verified that NF-YAs—and companion HFDs—are expressed at comparable levels and that it
decreases after differentiation. The edited C2C12 clones are stable, grow normally, yet they are
completely deficient in differentiation. We report defects of basal and induced expression of Myomaker
and Myomixer, early response-genes likely responsible for lack of cell fusion. Their promoters are



Cells 2020, 9, 789 15 of 21

targeted by MyoD and Myogenin. In turn, we find low—basal and induced—levels of MyoD and
Myogenin in the NF-YAs-expressing clones. Finally, expression of both MRFs are indirectly controlled
by NF-Y.

4.1. Role of NF-YA Alternative Splicing in Muscle Cells

Specific isoforms of TFs have long been known to impact heavily on transcriptional regulation.
Paradigmatic examples are the members of the p53/p63/p73 families, whose isoforms, produced by
multiple promoters and alternative splicing, have different targets and often opposing transcriptional
effects [55]. The muscle system is no exception [56,57]. Mef2C and Mef2D undergo alternative splicing
during muscle differentiation [57,58]: a muscle-specific isoform of Mef2D contains exon α2 rather than
α1, both expressed in muscle cells. Growing and early differentiating cells harbors MEF2Dα1; the
switch to MEF2Dα2 occurs in terminal stages of C2C12 differentiation, leading to activation of late genes.
MEF2Dα1 is phosphorylated at two serines by PKA [59], which mediate association with HDACs,
resulting in repression. MEF2Dα2 lacks these residues, functioning as a transcriptional activator.
Parallel molecular mechanisms appear to be operating for the related MEF2Cα1/α2 alternative splicing
isoforms [58]. The key issue in Mef2 splicing regulation is involvement in late stages of differentiation.
Alternative splicing was reported for the master TFs of muscle commitment PAX3 and PAX7, but the
functional roles of the single isoforms are less well characterized [60–64].

We show here that a switch from NF-YAl to NF-YAs causes a major difference in the differentiation
properties of C2C12 cells. The major NF-YA isoforms, originally reported decades ago [32], are only
recently attracting the attention they deserve. In part, this was due to the elusive logic of their expression
patterns: in some systems, cells have NF-YAs before—and NF-YAl after—differentiation; in others,
such as in muscle cells, NF-YAl is mostly found. In part, it was because of the rather unimpressive
nature of the exon 3 amino acids incorporated into NF-YAl: a short stretch rich in glutamines and
hydrophobic residues amid the larger transactivation domain. Overexpression experiments suggested
differences in gene activation [39,65], but these experiments are to be taken with a grain of salt,
because of the large amount of proteins produced, targeting the large number of potential NF-Y
sites in the genome. NF-YA AS is likely more complex than what is shown here. First, NF-YAx is
another alternatively spliced isoform, recently reported in glioblastomas, devoid of exons 3 and 5: this
greatly reduces the activation domain, with important functional consequences [66]. Expression of
NF-YAx will have to be monitored in normal cells, to verify whether it is specific for glioblastomas.
Second, there are micro differences—6 amino acids—produced in many cell types within the acceptor
site of exon 5. Third, some cells show the inclusion of an additional Gln residue at the acceptor splicing
site of exon 3, producing a 29 amino acids insertion [32]. Note that a similar situation was reported for
PAX3, in which an extra Gln causes differences in DNA-binding affinity [59]. Precise editing techniques,
as we have started to use here in C2C12 cells, could sort out the functionality of the various isoforms.

4.2. NF-Y Does Not Target Directly Genes Involved in C2C12 Differentiation

Sequence-specific TFs target specific genomic sites, driven by the discriminatory power of their
DNA-binding Domains. However, they are also known to be binding indirectly, being tethered
by other TFs or complexes: analysis of genomic locations by ENCODE has shown that this latter
mechanism is far from marginal [67]. In addition to ENCODE, several independent ChIP-seq of
TFs—and cofactors—identified binding to CCAAT locations [68]. One such example regards the
orphan receptor Rev-Erb, important for muscle regeneration, targeting NF-Y sites in C2C12 cells [69].
The reverse, namely NF-Y being tethered to CCAAT-less locations by other TFs, has yet to be described.
The issue could theoretically be relevant, since the genes down-regulated after NF-Y removal, or by
switching from NF-YAl to NF-YAs, have generally no CCCAT in promoters. The effects appear to be
largely indirect, but we do not favor the promoter tethering hypothesis. Rather, we report binding
of Myogenin and MyoD to the promoters of Myomaker and Myomixer and show that Myogenin
overexpression leads to recovery of their expression in C2-YAl-KO cells. This extends to mouse cells
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genetic experiments made in zebrafish [53]. It also indicates that NF-Y does not regulate other TFs
essential for expression of these two genes. In summary, NF-Y/CCAAT interactions in promoters,
which are structurally identical for NF-YAl and NF-YAs, are likely not crucial for genes induced during
myotubes formation: rather, the focus is shifted to the control of MRFs, or other TFs.

We have analyzed expression of TFs involved in myoblast/C2C12 differentiation. The majority
are not dramatically altered in edited clones. Mef2C induction is impaired, but previous studies
indicated that NF-Y is bound to the Mef2D, not to Mef2C promoter [39]. We find that Mef2C, not Mef2D,
is regulated by NF-YB RNAi interference. Note that these TFs are also targeted by MyoD and Myogenin,
as they play a role in the final stages of differentiation [7,59]. This suggests indirect regulation by
NF-Y via MRFs. Id1/Id3 do have bona fide functional CCAAT in promoters [70], bound in cancer
cells as per ENCODE data (M. Ronzio, A.B., D.D., R.M., in preparation) and in NTera2 cells [71]:
Id1, but not Id3, is bound in vivo by NF-Y in C2C12, parental cells and edited clones. The levels are
decreased in C2-YAl-KO upon differentiation, but NF-Y-inactivation brings very marginal decrease in
Id1 expression. PAX3, which acts upstream of MyoD, shows variable, somewhat increased mRNA
levels in the edited clones, but this is not supported by analysis of protein levels. In summary, there is
no clear CCAAT-driven TF that could explain the phenotype: instead, we propose that the decrease
of Myogenin and MyoD expression entails a cascade of transcriptional events leading to failure of
differentiation (Figure 7).

Figure 7. NF-YA isoforms involvement in regulation of expression of muscle genes. Model for NF-YA
isoforms mediated regulation of expression of muscle genes in growth condition (left panel) and
differentiation condition (right panel).

4.3. NF-Y Regulates MRFs Expression Indirectly

Switching from NF-YAl to NF-YAs—and NF-YB inactivation—negatively affects MRFs expression.
Myf5 is moderately down in growing cells, remaining somewhat higher after differentiation.
NF-Y-inactivation leads to a severe drop in Myogenin expression and a decrease of MyoD,
which indicates an impact of NF-Y on their expression. The regulation appears to be transcriptional
for Myogenin, not for MyoD, whose mRNA levels are variable, but overall similar. The Myogenin
promoter is CCAAT-less and an indirect effect of NF-Y must be invoked. As for MyoD, the promoter
harbors a high affinity NF-Y site, extremely conserved in evolution [54] and at the expected position
(at -70 from TSS). Yet, NF-Y is not bound in vivo (Figure 6C). This is the only such example in nearly
200 promoters for which genetic analysis was reported [72]. The combination of an evolutionarily
conserved, canonical CCAAT in a standard promoter position might function through NF-Y somewhen
during the physiological activation of MyoD in development, while it has become expendable in the
C2C12 system. Thus, down-regulation of MyoD in NF-YAs-expressing cells is also an indirect effect.
It was proposed that MyoD serves as “pioneer” TF predisposing chromatin configurations for Myogenin
to act as powerful activator of terminal differentiation genes and repressor of cell-cycle genes [73].
The latter function might be robustly counteracted by NF-YAs, but we have no evidence of that
(Figure 2). It is now clear that the focus is set on transcriptional regulation of the MyoD and Myogenin
units and on which activator TF(s)—or cofactor(s)—is under NF-YAl—but not NF-YAs—direct control.
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For the time being, the “candidate” TFs approach used here failed to offer a plausible explanation on
how NF-YAl regulates MRFs expression, thereby muscle differentiation. We must resolve to more
systematic analysis, such as RNA-seq, to identify potential NF-Y-mediated regulators in C2C12. In light
of the low intrinsic levels of muscle-commitment by MRFs in C2-YAl-KO clones, such analysis could
also shed light on the actual identity of these cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/789/s1,
Figure S1: CRISPR/Cas9n system and ablation of NF-YA exon 3 in C2C12 cells. (A) Schematic representation of
plasmids construction, following the Multiplex CRISPR/Cas9n Assembly System Kit protocol (Yamamoto lab) [40].
(B) Sequencing of the two C2-YAl-KO clones (#83, #117) compared to the control (ctr). Deleted sequence,
targeted sequence and exon 3 sequence are highlighted. Figure S2: Cell-cycle analysis of C2-YAl-KO clones.
Flow cytometry analysis of ctr C2C12 cells and the two C2-YAl-KO clones in GM condition. The analysis of three
independent experiments and the average of percentage of cells in each cell-cycle phase are shown. Figure S3:
Gene expression analysis of TFs in growing and differentiated C2C12 cells. Gene expression analysis by RT-qPCR
of key muscle differentiation regulators (left panel) and other TFs shown to be important for muscle differentiation
(right panel) in GM condition and 24 h after differentiation in C2C12 ctr cells. Error bars represent the SD of three
different experiments. P-values were calculated using the one-sample t-test. Figure S4: Myomaker and Myomixer
expression are regulated by MyoD and Myogenin. (A) UCSC view of Mymk and Mymk loci showing alignment
of ChIP-Seq data and DNA regulatory motifs conserved across Vertebrates by PhastCons. (B) Phase-contrast
analysis of C2C12 cells (ctr and #83) morphology transfected with pEmpty or pMyog, 96 h after differentiation.
Figure S5: Analysis of NF-Y involvement in muscle specific genes expression. (A) Gene expression analysis by
RT-qPCR of NF-YB and key muscle differentiation regulators in C2C12 cells 72 h after NF-YB silencing (siNF-YB)
and the scrambled siRNA control (II◦ experiment). Error bars represent the SD of two different q-PCR replicates.
p-values were calculated using the one-sample t-test. (B) Western blot analysis of NF-YB, NF-YA and key muscle
differentiation regulators (Myogenin, MyoD) protein levels 72 h after NF-YB silencing (siNF-YB) and the scrambled
control. Vinculin was used as loading control. (C) Analysis of II◦ and III◦ ChIP experiments performed on C2C12
ctr cells in GM condition using NF-YB antibody and the negative control (nc). The unrelated region (ur) and Stard4
were used as negative and positive control, respectively. Results are represented as the input percentage of sample
normalized to the nc. Table S1: Off-targets analysis. Analysis of possible off-target sites of each gRNA using the
online tool https://crispr.cos.uni-heidelberg.de. For each gRNA the off-target gene name, gene id, position (intronic,
intergenic, exonic), mismatches (MM) and the PAM sequence are reported. Table S2: Primers used. The specific
sequence of each primer (forward and reverse) used for RT-qPCR and ChIP analysis are reported.
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