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SOMMARIO 
 

Il sistema CRISPR/Cas9 è un potente strumento di manipolazione del genoma. 

Dal 2012, la tecnica CRISPR/Cas9 è stata utilizzata per diverse applicazioni, 

dall’ingegnerizzazione delle piante, allo sviluppo di nuovi modelli in vitro e in vivo 

per lo studio di specifiche patologie. 

Brevemente, la tecnica CRISPR/Cas9 basa la sua attività sulla presenza di una 

piccola guida a RNA in grado di dirigere l’endonucleasi Cas9 sulla sequenza 

genomica bersaglio dove introduce un taglio al doppio filamento di DNA. Il danno 

al DNA è poi riparato dai sistemi cellulari di ricombinazione non omologa e   

ricombinazione omologa. Il primo meccanismo congiunge le estremità interrotte 

del DNA con conseguenti inserzioni e/o delezioni casuali e viene principalmente 

utilizzato per ottenere knock out genici. La ricombinazione omologa, diversamente, 

permette il riparo del danno al DNA impiegando uno stampo, introducendo così 

specifiche e volute mutazioni nella sequenza genomica bersaglio.  

 

Nel presente lavoro, abbiamo impiegato la tecnica CRISPR/Cas9 per analizzarne 

pro e contro sviluppando nuovi modelli in vitro utilizzati per studiare il 

coninvolgimento di specifici fattori in diverse patologie umane. In particolare 

infezioni virali, tumori e malattie neurodegenerative costituisco un importante 

problema per la sanità pubblica. La tecnologia CRISPR/Cas9 ci ha permesso di 

generare nuovi modelli cellulari utili per indagare interazioni cellula-retrovirus, il 

coinvolgimento di specifiche proteine nella tumorigenesi e nella progressione 

tumorale, ma anche l’importanza di particolari proteine nell’insorgenza di malattie 

neurodegenerative.  

 

Interazioni retrovirus-ospite 

 

I due maggiori retrovirus umani, HIV-1 e HTLV-1, sono responsabili di importanti 

patologie nell’uomo, ma ancora oggi i meccanismi pato-molecolari sono 

sconosciuti. Per investigare come specifiche proteine cellulari modulano 

l’infezione da HIV-1, la tecnica CRISPR/Cas9 è stata impiegata per sviluppare 



 
 

nuove cellule di packaging virale difettive per le proteine ACOT8, HDAC6 e HLA-

C.  

Per indagare il meccanismo molecolare esercitato dalla proteina virale di HTLV-1 

Tax1, e il coinvolgimento del fattore cellulare TRAF3, nella deregolazione della 

trasduzione del segnale di NF-kB, la tecnica CRISPR/Cas9 è stata applicata per lo 

sviluppo di una linea cellulare KO per TRAF3. 

 

Malattie tumorali 

 

Il melanoma e l’adenocarcinoma del pancreas sono tra i tumori più frequenti nella 

popolazione. 

Per analizzare il potenziale oncogenico della proteina RUNX2 e il suo 

coinvolgimento nello sviluppo e nella progressione del melanoma, la tecnologia 

CRISPR/Cas9 è stata impiegata per lo sviluppo di una linea cellulare RUNX2 KO. 

Per chiarire il ruolo della proteina GNA15 nel meccanismo molecolare responsabile 

dell’insorgenza dell’adenocarcinoma del pancreas, è stato generato un modello 

cellulare di adenocarcinoma pancreatico GNA15 KO.  

 

Malattie neurodegenerative 

 

I disordini neurodegenerativi stanno diventando sempre più frequenti, specialmente 

a causa dell’aumentata età media della popolazione. Al giorno d’oggi non sono 

disponibili terapie risolutive.  

Per investigare il meccanismo molecolare con cui la proteina GPR3 induce la 

deposizione di placche β amiloidi, la tecnica CRISPR/Cas9 è stata impiegare per 

produrre una linea cellulare di neuroglioma GPR3 KO, caratterizzata dalla 

mutazione Swe, tipica dell’Alzheimer familiare.  

Per comprendere pienamente il coinvolgimento di PPT1 nella lipofuscinosi ceroide 

neuronale, il sistema CRISPR/Cas9 è stato impiegato per lo sviluppo di una linea 

cellulare di neuroblastoma PPT1 KO.   

 



 
 

Nel presente lavoro, sono discussi pro e contro della tecnica CRISPR/Cas9, con 

particolare riguardo ai suoi potenziali limiti, quali effetti off-target, la 

manipolazione in vitro del genoma, i sistemi di veicolo del sistema CRISPR/Cas9 

e le tecniche di screening.  

 

Come ogni rivoluzione tecnologica, il sistema CRISPR/Cas9 è attualmente al 

centro di un acceso dibattito che coinvolge scienziati e ricercatori nel tentativo di 

stabilire un codice etico e dettare delle linee guida per il suo impiego nella terapia 

genica, nella manipolazione della linea germinale e di embrioni umani.   

 

 

 

 

 

 

 

 



 
 

ABSTRACT 
 

The CRISPR/Cas9 system is a powerful genome-editing tool and its great potential 

is thoroughly recognized. CRISPR/Cas9 has been applied in several fields, such as 

plant engineering, development of new cell lines, and animal models. 

CRISPR/Cas9 exploits a small single guide RNA to direct the Cas9 endonuclease 

activity against a specific genome sequence, where it introduces a double strand 

break. The DNA damage is then repaired by the non-homologous and joining or the 

homology direct repair processes. While the first one allows a gene knock out, the 

homology direct repair bases its activity on a repair template, thus allowing the 

introduction of specific modification within a gene target.  

 

In the present work, we aimed to analyze the pros and cons of the CRISPR/Cas9 

system by developing new edited cell models, that will be useful to study the 

involvement of specific factors in different human diseases. Particularly, viral 

infections, cancer diseases, and neurodegenerative disorders represent a major issue 

for public health.  

The CRISPR/Cas9 system was fundamental to develop new cell lines useful to 

study host-retrovirus interaction, the involvement of specific proteins in 

tumorigenesis and cancer progression, and the importance of particular proteins in 

the onset of neurodegenerative disorders.  

 

Retroviral infection: host-virus interaction 

 

HIV-1 and HTLV-1 represent the two major human retroviruses. To assess how 

specific host proteins modulate HIV-1 infection, different 293T packaging cell lines 

were developed. Specifically, CRISPR/Cas9 was used to produce 293T ACOT8, 

HDAC6 ΔBUZ, and HLA-C KO cell lines.  

To investigate the involvement of TRAF3 in the deregulation of the NF-kB pathway 

mediated by the HTLV protein Tax1, a TRAF3 KO cell model was developed.   

 



 
 

Cancer diseases 

 

Malignant melanoma and pancreatic cancer are two of the most frequent 

morbidities. 

To analyze the oncogenic potential of RUNX2 in the development and progression 

of malignant melanoma, the Mel-HO RUNX2 KO melanoma cell line was 

developed through CRISPR/Cas9.  

To clarify the role of GNA15 in the molecular mechanisms leading to pancreatic 

adenocarcinoma, CRISPR/Cas9 was employed to generate PT45 GNA15 KO 

adenocarcinoma cells.  

 

Neurodegenerative diseases 

 

Neurodegenerative disorders are becoming even more frequent especially due to 

the increase in the average age of the population. Nowadays no effective cures are 

available.  

To understand the molecular mechanism by which GPR3 induces amyloid β 

deposition in Alzheimer’s disease, CRISPR/Cas9 was used to develop H4 Swe 

GPR3 KO neuroglioma cells.  

To fully investigate the involvement of the palmitoyl-protein thioesterase 1 PPT1, 

in the neuronal ceroid lipofuscinoses neurological disorder, SH-SY5Y PPT1 KO 

neuroblastoma cell line was developed. 

 

The CRISPR/Cas9 pros and cons are analyzed for a full technique understanding, 

with particular regard to its potential limits, such as off-targets, in vitro genome 

manipulation, delivery systems, and editing screening. 

 

As any technology revolution, CRISPR/Cas9 represents the linchpin of fierce 

debates involving many scientists and researchers to regulate its employment for 

gene therapy, germline, and human embryos manipulation.  
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1. INTRODUCTION 

 

1.1 Genome manipulation 

 

The major challenge in biomedicine is the development of an optimal and safe 

system for gene manipulation, to study specific gene mutations responsible for 

human pathologies, and to correct gene alterations causing disease. 

Many efforts have been directed to develop new biological tools to manipulate the 

human genome directly within cells and tissues affected by pathologies. 

Gene therapy exploits delivery vectors for inserting nucleic acid into cells to correct 

genome alterations causing pathological conditions. Based on delivery vectors, the 

exogenous nucleic acid remains in an episomal form or integrates into the host DNA 

(Kay 2011). 

Gene modifications can be obtained through different mechanisms: gene addition, 

gene substitution, and gene ablation. Gene addition is used to supply a specific 

functional gene into the host. Gene substitution allows the replacement of a 

defective gene with a wild type and functional one. Gene ablation avoids or reduced 

protein expression (Kay 2011). 

Gene therapy techniques, such as RNA interference (RNAi), Zinc Finger Nucleases 

(ZFNs),  Transcription Activator-Like Effector Nucleases (TALENs), and the 

promising Clustered Regularly Interspaced Short Palindromic Repeat 

(CRISPR)/CRISPR-associated genes (Cas), represent a great promise in 

biomedicine research, although they have different limitations for their successful 

employment. Particularly, RNA interference is limited to mRNA knockdown, thus 

circumscribing its usage only to pathological conditions that get benefits by gene 

expression reduction (Cox, Platt, and Zhang 2015). Moreover, RNAi may display 

low target specificity, making the treatment unsafe and risky (Jackson and Linsley 

2010). In gene therapy, enzymes able to modify the target genome are widely used. 

To reach this aim, the most employed are ZFNs, TALENs, and the promising 

CRISPR/Cas technique (Chandrasegaran and Carroll 2016).  

From the discovery of the CRISPR/Cas9 system and its engineering for biomedical 

applications, a real revolution has begun.  



Introduction 
 

2 
 

1.2 Artificial restriction enzymes: ZFNs and TALENs  

 

Restriction endonucleases are not suitable for direct manipulation of genomic DNA 

since they recognize a sequence of only 4-8 bp, that frequently occur in most 

genomes. For instance, the human genome, having a length of 3x109 bp, would 

undergo different undesired cleavages, due to the repetition of the short sequence 

recognized by restriction enzymes (Chandrasegaran and Carroll 2016).  

In the past years, artificial restriction enzymes have been developed, to bypass 

repetitive cleavages within the target genome, thus increasing their specificity 

(Bhakta et al. 2013). 

Typically, a restriction enzyme shows a dual function for the presence of a DNA 

binding domain, to recognize the target sequence, and a DNA restriction domain, 

exerting the catalytic function introducing a DBS (Chandrasegaran and Carroll 

2016).  These two functions overlap creating issues for genome manipulation. To 

bypass this problem, artificial restriction enzymes were generated, based on Type 

IIS FokI endonuclease. FokI recognizes the non-palindromic sequences 5’-

GGATG-3’ and 5’-CATCC-3’ and cleaves 12-13 bp downstream the duplex target 

DNA.  

The crystal structure of FokI was published in 1998 by Wah et al., showing that this 

endonuclease can form a catalytically active restriction domain only as homodimer 

and that at the interface between the two monomers is formed the pocket holding 

the target DNA (Wah et al. 1998).  

ZFNs are constituted of ZF moieties, each one composed of 30 aminoacids, where 

the Cys2His2  motif forms a ββα structure stabilized by a zinc cation (Pavletich and 

Pabo 1991). Each ZF binds DNA in the major groove where recognizes selectively 

3-4 bp. Consequently, to ensure high specificity and avoid undesired off-target 

cleavages, ZFNs are built in a modular assembly of 3 or 4 ZF domains, and since 

each one recognizes a sequence of 3-4 bp, each ZF monomer can recognize 12 bp, 

increasing the specificity.   

The crystal structure clarified that for ZFN assembly it is necessary to maintain 

unaltered the backbone, modifying just the aminoacids in the α helix to change the 

ZFN specificity.  Accordingly, Zinc Finger Proteins (ZFPs) design is carried on in 
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a contest-dependent manner to ensure the optimal recognition of the target 

sequence. 

To generate new ZFNs two strategies can be applied: the sequential and the bipartite 

techniques. 

The sequential selection needs ZFP libraries, identifying each ZF in a context-

dependent manner for a modular assembly (Greisman and Pabo 1997). The bipartite 

approach is based on two ZFP libraries, selecting the N-terminal part of the ZFP 

using one library, instead, the C-terminal is selected with the other one (Moore, 

Klug, and Choo 2001). Both the selection methods are based on a phage display, so 

the ZFP detection requires several rounds of analyses. An alternative strategy of 

ZFNs construction occurs in an in vivo strategy based on bacterial or yeast one- or 

two-hybrid system (Chandrasegaran and Carroll 2016; Joung, Ramm, and Pabo 

2000).   

Once ZFPs are assembled, they are fused to the FokI cleavage domain, obtaining a 

catalytic functional ZFN.  

As shown in Figure 1.1, to obtain a DSB, two ZFNs are fused, to ensure the right 

orientation of the restriction site within the target genome (Smith et al. 2000).  

 

 

 

 

 
  

Figure 1.1: ZFN is assembled by fusing both the FokI nucleases to one ZFN, referred to ZFN_L and ZFN_R, 
each one constituted of 4 ZFPs. Each ZFP is able to recognize 3 nucleotide into the target genome 
(Ramalingam et al 2013). 
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Moscou MJ and Boch in 2009 discovered the transcription activator-like effector  

(TALE) from Xanthomonas bacteria. Based on the TALE DNA binding module, 

transcription activator-like effector endonucleases (TALEN) have been engineered 

fusing each DNA binding portion to the FokI endonuclease (Figure 1.2), resulting 

in a DNA artificial endonuclease.  

Each TALE motif is formed by 33-34 aminoacids and each one recognizes a single 

nucleotide (Figure 1.2). As ZFNs, TALENs are generated in a modular way, but 

while ZFNs recognize the target DNA using the ZF domain, the TALENs DNA 

binding domain is based on the TALE motif. A common feature between these two 

artificial restriction enzymes is the FokI endonuclease activity (Deng et al. 2012).  

Different groups have shown that ZFNs and TALENs cleavage efficiencies are 

comparable, instead, the cytotoxicity typical of ZFNs, due to the off-target effects, 

is reduced with TALENs (Ramalingam et al. 2013, 2014), however, since TALENs 

are three times larger than ZFNs (Chandrasegaran and Carroll 2016), their 

employment may be cytotoxic.  

ZFNs and TALENs are assembled in a modular way, making their production not 

only extremely difficult but also time-consuming. Instead, the most recent 

CRISPR/Cas9 system results easier and more effective, and for its employment 

only the Cas9 endonuclease and a short single strand RNA are required.  

 

 

 
 
  

Figure 1.2: The TALEN modular assembly is obtained by fusing both the FokI endonucleases to two TALE 
motifs, i.e. TALEN_L and TALEN_R. Each TALE motif is constituted of 33-34 aminoacids, represented by 
squares, each one able to recognize a specific nucleotide within the target genome (Ramalingam et al 2013). 
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1.3 Brief history: discovery of the CRISPR/Cas9 system, a case of serendipity, 

from the dairy industry to biotechnology 

 

The history of clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated genes (Cas) began at the end of the ’80s when, 

independently, different research groups found in bacteria and archea unknown 

repeated sequences. In 1987, in Japan, while Ishino et al. were studying iap (alkaline 

phosphatase isozyme) isozyme conversion activity of alkaline phosphatase, they 

found a particular sequence-structure flanking the 3’ end of the iap gene in 

Escherichia coli K12. Specifically, five homologous repeated sequences of 29 

nucleotides were found interspaced by variable sequences (Ishino et al. 1987).  

In 1989, in Santa Pola, Spain, Mojica et al. were analyzing the salt tolerance of the 

archaeal microbe Haloferax mediterranei. It was known that in the presence of high 

salt concentration in the growth medium, H. mediterranei genome underwent 

restriction. The analyses of those fragments revealed a particular structure: they 

were constituted by multiple palindromic copies of 30 nucleotides, divided by 

variable sequences of 36 nucleotides (Mojica, Juez, and Rodriguez‐Valera 1993). 

The same repeated structure was also found in other archea and bacteria.  

In 2000 Horvath, during its Ph.D. studies in Dange´-Saint-Romain, France, was 

studying lactic acid bacteria, such as Streptococcus thermophilus, used in the dairy 

industry for cheese and yogurt production. Its efforts were especially focused to 

develop DNA-based methods to bypass phage infection compromising dairy 

derivates production. Soon it was clear the existing correlation between the variable 

sequence found in many archea and bacteria and the resistance against phage 

infection. By performing structural and functional analyses of CRISPR associated 

(Cas) genes, their crucial role in the resistance against phages become clear, 

suggesting that CRISPR/Cas system originally evolved in archea, and then it was 

horizontally transmitted to bacteria (Makarova et al. 2006).  

Its molecular mechanism was unclear until 2007. To finally prove that CRISPR is 

a bacterial acquired immune system against bacteriophages, two different S. 

thermophilus strains were infected by two different phages. Bacteria able to 

counteract phage infection were isolated and through sequencing of CRISPR loci, 
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it has become clear that the variable sequences found in many archea and bacteria 

derived from phage genomes. Researchers started to think that these phage-derived 

sequences were probably responsible for prokaryotic resistance against phage 

infection. The demonstration of CRISPR locus and phage resistance correlation was 

finally obtained by removing these integrated viral sequences from CRISPR locus, 

and observing that bacteria lost their ability to counteract phage infection. In 

prokaryotes, CRISPR/Cas is defined as an adaptive immune systems, due to their 

function in fighting viral infection (Barrangou et al. 2007). 

From discovery and understanding the CRISPR system, its great potential became 

immediately clear for biomedical applications.  

 

1.4 Classification of CRISPR/Cas system 
 

Over the year, different efforts have been directed to discovery different kinds of 

CRISPR/Cas systems (Figure 1.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 1.3: Based on the sequence analyses and Cas genes organization, two major classes of CRISPR/Cas 
can be identified, depending on the effector complex. Class 1 includes CRISPR/Cas Type I, III, and IV; class 
2 includes CRISPR/Cas types IV and V. each type of CRISPR/Cas presets different Cas protein for the 
interference process and the adaptation (Ishino et al., 2018). 
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Nowadays, 6 types of CRISPR/Cas systems are known. Based on the encoded Cas 

protein effectors, these systems are grouped into two main classes (Burstein et al. 

2017). 

Each class includes 3 types of CRISPR/Cas systems: types I, III and IV are grouped 

in class 1, instead type II, V and VI are grouped in class 2. CRISPR/Cas type I, II 

and III present specific signatures: type I is characterized by Cas3 effector, type II 

by Cas9, and type III by Cas10. Type I and III share a common architecture of 

effector complexes referred to as CRISPR-associated complex for antiviral defense 

(Cascade) and the Csm/Cmr complexes, respectively (Makarova et al. 2011). Also, 

each CRISPR/Cas type is distinguished into different subtypes for the presence of 

additional characteristic genes (Koonin, Makarova, and Zhang 2017). 

The simple architecture of the CRISPR/Cas system class 2 has represented a 

starting point for the development of new genome engineering technology. Indeed, 

the most studied and used Cas proteins for genome editing belong to class 2: the 

type II Cas9, both the type V Cas12a (Cpf1) and Cas12b (C2c1), and both the type 

VI Cas13a (C2c2) and Cas13b (C2c3) (Shmakov et al. 2017).  

 

1.5 CRISPR/Cas adaptive immune system in prokaryotes 
 

Typically, a CRISPR locus shows a well-conserved architecture (Figure 1.4).  

 

 
 

 

 

 

  

Figure 1.4: A CRISPR locus is composed of tracrRNA; Cas operon, encoding for Cas proteins involved in 
interference and adaptation processes; CRISPR array, formed by spacers, deriving from phage genome, and 
direct repeats (modified from Cong et al., 2013).  
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Starting from the 5’ end, the CRISPR locus is composed by the noncoding trans-

activating RNA (tracrRNA), necessary for the processing of the CRISPR RNA 

(crRNA) in short RNA sequences (Garneau et al. 2010); the Cas operon, encoding 

the Cas effector proteins; the CRISPR array, formed by repeated sequences, 

referred to as direct repeats, interspaced by short spacers, variable sequences 

derived from phage protospacers, due to the acquisition machinery encoded by Cas 

operon (Cas1, Cas2, Csn2) (Jiang and Doudna 2017).  

When a phage infects a bacterium, injects its genome into the host. Archea and 

bacteria counteract viral infections disrupting the phage DNA through restriction 

enzymes, thus producing small fragments of the viral genome. Weather bacteria 

survive to this first infection acquire a sort of immunity against this specific phage. 

In detail, stretches of the viral genome, called protospacers, are inserted into the 

bacterial genome, becoming part of the CRISPR locus, within the CRISPR array, 

as spacers. To acquire phage genome portions, they need to be flanked by a 

protospacer adjacent motif (PAM). The PAM sequence is unique for each type of 

CRISPR system. 

As shown in Figure 1.5, this adaptive immune system can be summarized in three 

steps: 1) immunization against specific phage, 2) expression of CRISPR/non-

coding RNA effectors, and 3) defense itself leading to viral DNA degradation.  

1) First, when a bacterium is infected by a bacteriophage, the viral genome is 

released into the host. Short viral genome sequences, called protospacers, 

flanked by PAM motif, are cleaved and incorporated into the CRISPR locus 

as spacers, providing a memory of phage infection (Amitai and Sorek 2016). 

2) The second step leads to the expression of the CRISPR locus. In this phase, 

the CRISPR-precursor (pre-crRNA), transcribed from spacer sequences is 

processed through different cleavages, generating a mature crRNA able to 

form complex with tracrRNA and Cas protein effector (Brouns et al. 2008). 

3) The third step occurs when the bacterium is newly infected by the same 

phage. tracrRNA/crRNAs/Cas function as surveyor complexes, able to 

recognize the viral genome injected again into the host. Thanks to this 

recognition, carried out by base pairing between spacers, included in the 

tracrRNA/crRNAs/Cas complexes, and viral protospacers, the Cas effector 



Introduction 
 

9 
 

proteins mediate the degradation of the invading genome (Garneau et al. 

2010). 

 

 

 
 
 
  

Figure 1.5: Following the entry  of a phage genome into a bacterium, the CRISPR/Cas immune adaptive 
response is carried out in three steps. Spacer acquisition is the first step, shown at the top, when portions of 
the phage genome (protospacers) are acquired into the CRISPR array as spacers. The second step, in the 
middle, is the crRNA biogenesis and processing, that leads to the CRISPR locus expression producing 
surveyor complexes composed of Cas effector proteins and sgRNA. The third step, at the bottom, is the target 
degradation, indeed wheatear a surveyor complex recognizes an invading viral genome, thanks to sgRNA-
phage genome base pairing, the CRISPR/Cas immune response leads to viral genome degradation (from 
Hsu et al., 2014).  
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1.6 CRISPR/Cas9 system engineering  

 

The most known CRISPR/Cas system is the CRISPR/Cas9 type II, extensively 

studied from Streptococcus pyogenes, characterized by the NGG-trinucleotide 

protospacer adjacent motif (PAM), meaning that S. pyogenes can mediate its 

defense against phage infection by incorporating in its genome protospacers 

adjacent to the NGG PAM. Structurally, spCas9 is composed of a recognition 

(REC) lobe, which is able to recognize the target DNA, and by a nuclease (NUC) 

lobe, containing both HNH and RuvC nuclease domains, and PAM interacting (PI) 

domain (Figure 1.6). The endonuclease spCas9 works in a crRNA-dependent 

manner: indeed thanks to the crRNA it is guided at the target sequence, recognized 

through the REC lobe and the PI domain. Once the target is recognized and the 

PAM sequence is individuated, HNH and RuvC endonuclease domains cleave the 

foreign target genome (Nishimasu et al. 2014).  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
  

Figure 1.6: The Cas9-crRNA-tracrRNA complex binds the DNA target. The Cas9 consists of REC 
(recognition) and the NUC (nuclease) lobes. The REC lobe allows DNA recognition, instead, the NUC lobe 
holds the HNH and RuvC nuclease domains and a PAM-interacting (PI) domain. The DNA is cleaved by 
HNH and RuvC nuclease domains (Ishino et al., 2018). 
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1.6.1 CRISPR/Cas9 as a genome editing tool 

 

The CRISPR/Cas9 system quickly replaced artificial restriction enzymes for 

genome engineering. As ZFNs and TALENs, CRISPR/Cas9 introduces DSB at the 

target locus, due to the spCas9 endonuclease activity. The DNA damage is then 

repaired by NHEJ or HDR. The CRISPR/Cas9 system would work in mammalian 

cells just engineering spCas9. Specifically, spCas9 needs to translocate into the 

nucleus and, to replace the spacer function, a 20 nt single guide RNA (sgRNA) has 

to be provided to the endonuclease to direct its activity. It has been reported that 

tracrRNA, crRNA, and Cas9 are fundamental for an efficient DNA target breaking 

(Gasiunas et al. 2012; Jinek et al. 2012).  

Zhang and coworkers improved the CRISPR/Cas9 system to allow gene 

manipulation. To this aim, Cong, in 2013, has extensively analyzed how to employ 

this prokaryotic system in mammalian cells. By fusing the Cas9 coding region to 

two nuclear localization sequences (NLS), the Cas9 activity can be efficiently 

directed into the nucleus. Moreover, the reconstitution of CRISPR non-coding RNA 

and tracrRNA were placed under the U6 promoter to express the pre-crRNA 

containing also the single guide RNA (sgRNA). Since spCas9 recognizes the target 

genome via Watson-Crick base pairing, it is indispensable to design the sgRNA 

immediately adjacent to an NGG-PAM sequence. It was demonstrated that, for an 

optimal genome editing in human cells, just these three elements were required 

(Cong et al. 2013). 

Ran and colleagues in 2013 published guidelines to use CRISPR/Cas9 all-in-one 

plasmid (Figure 1.7).  

   

 

 
 

 

 

 

 

 
Figure 1.7:  Schematic representation of the sgRNA cloned into a Cas9 expressing plasmid (pSpCas9(BB)-
2A-GFP/Puro; Ran et al., 2013).  
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The pSpCas9(BB)-2A-GFP/Puro vector encodes SpCas9 fused to two NLS and it 

is characterized by the U6 RNA polymerase promoter controlling both sgRNA and 

gRNA scaffold expression, which replaces the CRISPR non-coding RNAs, 

necessary for Cas9/sgRNA proper assembly (Ran et al. 2013). The feasibility to 

manipulate a target genome has become easier and quicker compared to the 

development of modular ZFNs and TALENs, indeed it needs the design of an 

appropriate sgRNA, based on the target sequence, cloned into the Cas9 expressing 

vector and, lastly, provided to the cells.  

 

1.6.2 CRISPR/Cas9 system for eukaryotic genome engineering 

 

It is possible to direct the Cas9 endonuclease activity against a specific gene of 

interest, simply by providing to the nuclease an appropriate sgRNA. The sgRNA is 

20 nt length and its sequence is complementary to the target genome sequence. 

Many in silico tools have been developed for sgRNA design, such as guide design 

resources, IDT Integrated DNA Technologies 

(https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE), and 

CHOPCHOP (https://chopchop.cbu.uib.no/). These tools share a common 

workflow for sgRNA identification. Based on the target DNA sequence, all the 

possible NGG PAM sequences are sought on both the DNA strands. A list of 

predicted sgRNAs is returned, and generally, each one associated with score 

indicating its quality and its specificity referred to the target sequence.  

 

 
 

 

 

 

 

 

 Figure 1.8: The Cas9 nuclease (in yellow) is guided at the target genome sequence by a 20 nt sgRNA (blue 
line) and a scaffold (red). The red arrows indicate the DSB introduced by Cas9 3 bp upstream of the PAM 
(modified from Ran et al., 2013). 
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Since Cas9 is directed by a 20 nt sgRNA and for its cleavage-activity it needs  

the presence of a PAM sequence immediately after the complementarity region of 

the sgRNA, the off-target cuttings are significantly reduced, compared to those 

produced by artificial restriction enzymes. Anyhow, the sgRNA selection must be 

carefully conducted. Considering that sgRNA-genome target sequence base pairing 

occurs also in the presence of mismatches, the selected sgRNA must guarantee 

specific on-target cleavage, avoiding off-target cuts.  

The Cas9 ability to cleave eukaryotic genomes occurs when it recognizes the PAM 

sequence within the target sequence and cleaves both the DNA strands. 

Specifically, once Cas9 has individuated the NGG sequence within the target 

genome, it cleaves 3 nt upstream the PAM sequence itself (Figure 1.8).  

Once the DSB has been introduced, the DNA damage is repaired by the cell repair 

mechanisms. As schematically shown in figure 1.9, to obtain a gene knock out 

(KO), the Non Homologous and Joining (NHEJ) pathway is exploited because, 

being an error-prone mechanism, the DNA damage is repaired by joining the 

interrupted DNA ends. Through the NHEJ, indel mutations are introduced and, in 

most cases, these lead to a frameshift, inserting a premature STOP codon that does 

not allow the gene expression. Conversely, to obtain a specific mutation into a target 

gene, a donor template is provided with the CRISPR/Cas9 system. The repair 

template brings the desired mutation and, once Cas9 introduced the DBS, the 

Homologous Directed Repair (HDR) process can repair it exploiting the donor 

template, allowing the gene editing (Figure 1.9 on the right).  

Briefly, eukaryotic cells respond to DNA damage activating the DNA damage 

repair (DDR) pathways. Once the DNA damage has been introduced, the triggering 

event for its repair is the phosphorylation of the γH2AX histone at the DSB locus, 

necessary to activate the appropriate repair mechanism, based on the DNA damage 

entity and the cell cycle phase (Rogakou et al. 1998) 

The NHEJ DNA damage repair pathway takes place in G0 and G1 cell cycle phases 

(Chiruvella, Liang, and Wilson 2013; Karanam et al. 2012). The recognition of the 

DNA interrupted ends occurs thanks to Ku70/80 heterodimeric complex, that binds 

the DNA ends and recruits the phosphatidylinositol-3 kinase-like (PKcs) to the 

DSB (Singleton et al. 1999). PKcs mediates its autophosphorylation (Meek et al. 
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2007), crucial for the DNA damage pathway repair choice, suppressing HDR and 

allowing the NHEJ progression (Cui et al. 2005). For DNA ends processing 

different factors can be recruited, forming exonuclease/endonuclease complexes, as 

well as DNA polymerase μ and λ to fill-in the gap and polynucleotide 

kinase/phosphatase (PNKP), which removes 3’ phosphate groups and/or adds 5’ 

phosphate groups to DNA interrupted ends. The DNA ligation is then carried out 

by the XRCC4/DNA ligase IV complex (Ahnesorg, Smith, and Jackson 2006; J. 

Gu et al. 2010; Niewolik et al. 2006). 

Differently, the HDR process occurs in S and G2 cell cycle phases (Kato et al. 

1993). In the HDR process, a 5’-3’ directional degradation of the DNA damaged 

ends occurs, generating a 3’ssDNA tail, that functions as a platform for the 

formation of the HDR complexes. Once the 3’ ssDNA is generated, it is bound by 

the RAD51 recombinase producing the RAD51/ssDNa-nucleofilament able to 

search for the homologous strand. The DNA lost portion is then faithfully 

synthetized, based on the DNA template, and ligated to the DNA break sites (Ayoub 

et al. 2009; Esashi et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.9: Cas9 cleaves the target genome sequence guided by sgRNA. Once Cas9 has recognized the PAM 
sequence, it introduces a DSB. The DNA damage, in the absence of a repair template, is repaired by NHEJ 
(in the left), thus leading to random indel mutations, that in most cases cause a frameshift inserting a 
premature STOP codon. Providing to the target cells both Cas9/sgRNA and a repair template, the DSB can 
be repaired by HDR (on the right), inserting desired mutations into the target gene, thus obtaining a precise 
gene editing (Ran et al., 2013).  
 



Introduction 
 

15 
 

1.7 Development of alternative CRISPR/Cas systems 

 

Different CRISPR/Cas systems have been engineered, to make the system fitting to 

various fields and to allow genome manipulation in different experimental contests. 

 

1.7.1 Engineering of CRISPR/Cpf1 (Cas12a) 
 

Recently, Zhang and coworkers have engineered a new type of CRISPR/Cas 

system, based on Cpf1 (also known as Cas12a) derived from Prevotella and 

Francisella1 (Zetsche et al. 2015). Cpf1 belongs to class 2 type V. Peculiar 

characteristic of Cpf1 is its RNase and DNase activity, thus, for the pre-crRNA 

maturation, it does not require tracrRNA, since Cpf1 itself mediated its recognition 

and cleavage to produce a mature crRNA (Chylinski, Le Rhun, and Charpentier 

2013; Deltcheva et al. 2011). Structurally, Cpf1 is slightly different from Cas9: it 

presents a RuvC endonuclease domain divided into three catalytically active parts 

(RuvC-I,-II, and -III) and lacks HNH domain (Figure 1.10), allowing Cpf1 to cleave 

one strand DNA one at a time (Yamano et al. 2016). 

 

 

 
 

 

 

  

Figure 1.10: The Cpf1 locus encodes for the Cpf1 (Cas12a) effector protein and for Cas4, Cas1, and Cas2 
interference proteins, located upstream the CRISPR array into the Cpf1 locus (upper part). In the lower part 
a schematic representation of Cpf1 protein is shown (modified from Safari et al., 2019).  
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For Cpf1 activity a particular PAM sequence 5’-TTTN-3’ is required. Once Cpf1 

recognizes the PAM sequence, it can mediate the DNA target cleavage. 

Particularly, Cpf1 recognizes and cleaves firstly the target DNA base-paired with 

the sgRNA, and subsequently the other strand (Swarts, van der Oost, and Jinek 

2017).   

The employment of Cpf1 shows some advantages over Cas9. Firstly, since Cpf1 

does not require a specific PAM sequence, its activity results in a very low off-

targets rate (Gao et al. 2017; Kleinstiver et al. 2016). Moreover, after the target 

cleavage, Cpf1 introduces sticky ends, useful for increasing the yield of HDR (Mali 

et al. 2013).  

Compared to the Cas9 activity, Cpf1 is a powerful instrument for introducing gene 

deletion (Kleinstiver et al. 2016), a feature that makes it suitable for genome 

sequence replacement. Furthermore, due to Cpf1 RNase activity, it results 

particularly eligible for multiplex gene editing by delivering just one all-in-one 

plasmid (Gao et al. 2017). 

The Cpf1 applications are increasing. For instance, the Cpf1 engineering allowed 

to correct the dystrophin gene mutations, through HDR, responsible for Duchenne 

muscular dystrophy in in vivo model (Y. Zhang et al. 2017), as well as the study of 

BRAF cancer-driving mutations (BRAF-V600E, 1799 T > A) in in vitro cell model 

(M. Yang et al. 2017).  

 

1.7.2 Engineering of CRISPR/C2c2 (Cas13a) 
 

C2c2 (Cas13a) is a type VI effector protein belonging to class 2. Contrarily to Cas9 

and Cpf1, C2c2 does not possess any DNA nuclease domain, but it presents RNase 

function due to the presence of two Higher Eukaryotes and Prokaryotes Nucleotide-

binding (HEPN) domains (Shmakov et al. 2015). The HEPN domains associate to 

form a catalytically active RNase domain (East-Seletsky et al. 2017). The best 

characterized CRISPR type VI system derives from Leptotrichia shahii. The C2c2 

CRISPR locus comprises Cas1 and Cas2, involved in spacer acquisition, and C2c2 

encoding the effector protein (Figure 1.11) (Abudayyeh et al. 2016).  

C2c2 is able to cleave ssRNA when its target takes a particular secondary structure. 

Contrarily to the other Cas proteins, C2c2 does not need a PAM sequence to 
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recognize its target (Elmore et al. 2016; Gootenberg et al. 2017), but its RNase 

activity can be directed by building a specific crRNA of 28 nt complementary to 

the ssRNA to target (Abudayyeh et al. 2016). Anyway, the ssRNA cleavage is 

ensured not only for the complementary crRNA-ssRNA, but it is also modulated by 

Protospacer Flanking Sequences (PFSs) (Abudayyeh et al. 2016; Gootenberg et al. 

2017). The activity of the C2c2-crRNA effector complex is triggered by the 

complementary between crRNA and the target ssRNA. ssRNA cleavage occurs 

outside the region base-paired with the crRNA (Knott et al. 2017; L. Liu et al. 

2017).  

 

 

 

 

 

 

Figure 1.11: The C2c2 locus includes C2c2, Cas1, and Cas2 encoding genes and the CRISPR array (upper 
part). The lower part shows the C2c2 protein domains. C2c2 is characterized by two RNase HEPN domain 
(blue boxes; modified from Abudayyeh et al., 2016) 
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1.8 CRISPR/Cas9 delivery systems 

 

Based on the CRISPR/Cas9 application, it is strictly necessary to individuate the 

proper delivery system to maximize the genome editing yield and minimize off-

target cleavages. The delivery system is chosen evaluating the target cell line or the 

animal model and what kind of mutation will be inserted within the genome.  

CRISPR/Cas9 system can be provided exploiting the following approaches:  

1) DNA plasmid encoding both Cas9 protein and sgRNA; 

2) Cas9 mRNA and sgRNA; 

3) Ribonucleoprotein complex (RNP) composed of Cas protein and sgRNA; 

4) Viral vector providing both Cas9 and sgRNA. 

CRISPR/Cas9 can be deliver employing different strategies, which are selected 

according to the CRISPR/Cas9 provided system and the target to edit.  

The most used delivery system is based on lipid nanoparticles. In this system, 

exogenous material negatively charged interacts with lipids positively charged, thus 

generating liposomes, that once transfected into the target cells lead to the 

expression of the delivered material. This system is particularly suitable for in vitro 

gene manipulation of easy-to-transfect cells (Miller et al. 2017).  

Microinjection allows the insertion of the CRISPR/Cas9 system in a single cell. It 

allows the CRISPR/Cas9 delivery with an efficiency of about 100%. It is 

particularly recommended as a vehicle of Cas9 mRNA and sgRNA. By introducing 

directly Cas9 mRNA and sgRNA into the cytoplasm, the Cas9 mRNA can be 

translated and then the Cas9 protein can associate with sgRNA and the RNP 

complex newly formed move into the nucleus. Because microinjection permits 

single-cell manipulation, it is often employed for zygotes gene editing (Raveux, 

Vandormael-Pournin, and Cohen-Tannoudji 2017).  

Electroporation and nucleofection open nanopores on the cell membrane through 

voltage change, permitting CRISPR/Cas9 delivery. Those approaches are suitable 

for delivering DNA plasmid encoding Cas9 and sgRNA, as well as Cas9 mRNA 

and RNP complex. Although electroporation and nucleofection efficiently transport 

exogenous material within the target cells, they are not suitable for in vivo 

application (S. Kim et al. 2014; Schumann et al. 2015).  
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The hydrodynamic method permits the delivering of material in in vivo systems, 

allowing to convey DNA plasmid encoding for both Cas9 and sgRNA directly into 

the vein, not requiring any other exogenous components (Guan et al. 2016; F. Liu, 

Song, and Liu 1999; Xue et al. 2014). 

Viral systems are used for delivering exogenous materials both for in vitro and in 

vivo gene editing. Lentiviral (LV) and Adeno-associated Viral (AAV) vectors are 

the most employed delivery systems, allowing gene editing through cell target 

transduction (Maggio et al. 2014; Shalem et al. 2014). Both AAV and LV particles 

are packaged in HEK 293T cells, then harvested and used for infection. An 

important feature to consider is the DNA quantity that can be included in these two 

viral delivery systems, indeed while AAV can contain a smaller DNA amount, it is 

possible to vehicle a higher DNA amount with LV. Particularly, since Cas9 and 

sgRNA are 4.2 Kb and AAV may include 4.5-5 Kb of genomic materials, this 

system requires other vectors for delivering other components, such as multiple 

sgRNAs or template DNA, making difficult the AAV packaging (Z. Wu, Yang, and 

Colosi 2010). To bypass this size packaging limit, the smaller SaCas9 (from 

Staphylococcus aureus) can be exploited instead of SpCas9 (Friedland et al. 2015). 

Moreover, it is also possible to split the N-terminal and the C-terminal parts of Cas9 

in two different AAV vectors. Then with the transduction, the two protein portions 

can auto-assemble producing a complete and functional Cas9 (Zetsche, Volz, and 

Zhang 2015).  

Lentiviral vectors lead to the insertion into the target genome of both the Cas9 gene 

and sgRNA. To produce lentiviral particles, second generation or third generation 

packaging plasmids can be employed, encoding for Cas9, sgRNA, and HIV related 

genes necessary for the viral replication cycle (Naldini et al. 1996). Second 

generation vectors are now basically replaced by third generation ones to increase 

the biosafety level since these vectors are built by physical separation of minimal 

HIV genetic elements in two different vectors. This system includes a third vector 

encoding both the Cas9 and the sgRNA (Shearer and Saunders 2015). AAV and 

LV particles can infect both dividing and non-dividing cells, characteristic which 

make this delivery system suitable for genome editing in particular cell lines, such 

as neurons (Dever et al. 2019). 
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Recently, the innovative Nanoblade viral-delivery method, has been described 

(Mangeot et al. 2019). The Nanoblade method allows the Cas9/sgRNA RNP 

complex shuttling, exploiting the Murine Leukemia Virus (MLV). This 

nanotechnology is based on two main components: a plasmid encoding the Cas9-

Gag (MLV) fusion protein and a sgRNA expressing plasmid. Nanoblades are 

produced in 293T packaging cells, then harvested and used for viral transduction of 

the target cells. Compared with other CRISPR/Cas9 delivery methods, Nanoblades 

result in the efficient induction of DNA DSB in immortalized cell lines, but also in 

primary cells, such as human primary fibroblasts, human hepatocytes, human 

induced pluripotent stem cells, macrophages, and human hematopoietic 

progenitors. Intriguingly, nanoblades show a comparable CRISPR/Cas9 delivery 

and efficiency, and in some cases even higher, compared to Cas9/sgRNA RNP 

electroporation. Nanoblades can be also packaged with a DNA donor template, thus 

permitting a more precise gene editing both in vitro and in vivo models (Mangeot 

et al. 2019). Likewise, the new CRISPR/Cas9 vehicle method NanoMEDIC 

(nanomembrane-derived extracellular vesicles for the delivery of macromolecular 

cargo) has been developed (Gee et al. 2020). NanoMEDIC is an RNP convey 

system exploiting 293T cells for the packaging of Cas9 through two vectors 

expressing the dimerization of Peptidyl-prolyl cis-trans isomerase (FKBP12) fused 

to Gag (HIV) and FKBP-Rapamycin Binding Domain (FRB) fused to Cas9 is 

exploited, to direct the Cas9 protein into Extracellular vesicles (EV). The sgRNA 

is then loaded in the Ca9-bearing-EV after the treatment of 293T cells with a 

retroviral construct carrying the sgRNA flanked by Ψ and HH and HDV ribozymes, 

both essentials to release the sgRNA into the EV.  The novel NanoMEDIC system 

shows higher RNP delivery compared to other RNP convey method (Mangeot et al. 

2019) and off-target analysis revealed that this shuttle system is characterized by a 

very low off-target rate, as the other RNP delivery method (S. Kim et al. 2014). 

NanoMEDICS might be a very promising CRISPR/Cas9 vehicle method in human 

pluripotent stem cells and in in vivo model (Gee et al. 2020). Both Nanoblades and 

NanoMEDIC allow the delivery of RNP complex avoiding the Cas9/sgRNA 

prolonged expression, thus reducing off-target cuts (Mangeot et al. 2019; Gee et al. 

2020). 
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1.9 Application of CRISPR/Cas9 system  

 

One of the major challenges in biotechnology is the capability to modify a specific 

genome for desired purposes. Over the year several researchers have developed 

different systems trying to make gene manipulation easier and less harmful, starting 

with the improvement of artificial nuclease systems up to the employment of 

CRISPR/Cas technologies. Making easier and safer the genome manipulation, 

several advantages can be reached in many fields (Figure 1.12).  

Overall, the CRISPR/Cas9 system has an important impact on basic research and 

medicine against cancer, viral infection and neurological disorders.  

 

 

 

  

Figure 1.12: CRISPR/Cas9 system permits to improve genome editing in biology, allowing the development 
of appropriate animal models, as well as in vitro gene manipulation; biotechnology, with its application 
aimed to develop new materials important for drug delivery, plants resistant to pathogen, and fuel, by 
modifying microorganisms and algae to produce renewable energy; medicine, making feasible gene surgery, 
thus correcting aberrant genetic and epigenetic mutations; drug development, exploiting bacteria to produce 
new generation drugs reducing their costs and increasing their accessibility (Hsu et al., 2014). 
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1.9.1 CRISPR/Cas9 in cancer 

 

CRISPR/Cas9 represents a very powerful tool for cancer research and therapy. 

CRISPR/Cas9 system may be applied in controlling gene expression in cancer cells. 

Recently, a work on the activation of the tumor suppressor PTEN (phosphatase and 

tensin homolog) mediated by CRISPR/dCas9, has been published (Moses et al. 

2019). PTEN results inactivated in many tumors, such as melanoma and breast 

cancer (J. S. Lee et al. 2004; Tsao et al. 1998). It has been reported that by activating 

PTEN in breast cancer and melanoma, cell proliferation and migration pathways 

are inhibited, revealing the dead Cas9 potential in counteracting uncontrolled cell 

growth and invasiveness (Moses et al. 2019). Another relevant application of 

CRISPR/Cas9 has been the prevention of the chromosome translocation that 

generates the constitutive active oncogene BCR/ABL in hematopoietic stem cells 

(Lugo et al. 1990). BCR/ABL is responsible for chronic myeloid leukemia (CML) 

pathogenesis by increasing cell survival (Brightbill and Schlissel 2009; Colicelli 

2010), avoiding apoptosis (Bedi et al. 1994), and promoting genomic instability 

through the inhibition of DDR pathways (Deutsch et al. 2001). Exploiting the 

CRISPR/Cas9 approach, BCR/ABL KO cells were developed. Interestingly,  this 

new cell model restored a high level of apoptosis and, by injecting BCR/ABL 

negative cells in mice, tumors were not induced due to the loss of their onco-

transformation ability (García-Tuñón et al. 2017).  

 

1.9.2 CRISPR/Cas9 against viral infections 

 

CRISPR/Cas9 system has important antiviral potential. Currently, no therapy is 

effective against human viruses that have a latent stage in their life-cycle, such as 

human immunodeficiency virus-1 (HIV-1). HIV is the etiological agent of acquired 

immunodeficiency syndrome (AIDS). It integrates its genome within the host DNA, 

making antiretroviral drugs ineffective for its eradication. Many researchers 

focused their efforts on CRISPR/Cas9 application against HIV-1 (Ebina et al. 2013; 

Rafal Kaminski et al. 2016; Yin et al. 2017). Anti-HIV-1 CRISPR/Cas9 systems 

target viral LTR, gag, pol, env, and other  HIV-1 accessory genes. Despite initial 
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observation of decreased HIV-1 copy number (R. Kaminski et al. 2016), reduction 

of viral p24 protein (Zhu et al. 2015), and significant reduction of HIV-1 latency 

activation (Ebina et al. 2013), HIV-1 is able to generate escape mutants by 

modifying the viral genome sequence recognized by sgRNA, exploiting the same 

viral mechanism that confers drug resistance to HIV-1 (Ueda et al. 2016; G. Wang 

et al. 2016). Recently it has been reported that the combinatorial CRISPR/Cas9 

approach targeting two viral genes did not lead to HIV-1 CRISPR/Cas9 resistant 

variants. Particularly, sgRNAs were designed to target viral protease and reverse 

transcriptase and when provided whit a LentiCRISPR system, viral replication and 

infection were abrogated (Lebbink et al. 2017). Another anti-HIV-1 approach 

affects viral entry, by using CRISPR/Cas9 to mutate HIV-1 co-receptor CCR5 

(chemokine receptor type 5). Cell transduction with LentiCRISPR vector 

expressing both Cas9 and sgRNA to target CCR5 induced CCR5 KO, thus 

generating CCR5 defective cells resistant to infection by CCR5-tropic HIV-1 (W. 

Wang et al. 2014).  

  

1.9.3 CRISPR/Cas9 in neurological disorders 

 

Neurological disorders include several types of neuropathies affecting the central 

nervous system (CNS), such as neurodegenerative diseases. Although therapies are 

not yet available, patients affected by neurodegenerative disorders are treated with 

drugs able to reduce pathological symptoms or delay the pathology progression, but 

definitively an effective cure is still lacking. Alzheimer’s disease (AD) is a very 

severe neurodegenerative disorder. World Health Organization estimated that 50 

million people suffer from dementia worldwide and that 60-70% of dementia cases 

are caused by AD. AD is mainly due to mutations in amyloid precursor protein 

(APP) leading to amyloid-β (Aβ) deposition (Bertram et al. 2007). The most 

frequent APP mutation is the Swedish mutation (APPswe), which causes an 

increase of APP enzymatic cleavage by β-secretase, which in turn leads to high Aβ 

levels in the brain and peripheral tissues (Citron et al. 1994; Johnston et al. 1994). 

Recently CRISPR/Cas9 has been used to evaluate whether it can target the APPswe 

mutation. To this aim, mice expressing the APPswe allele were treated with 
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CRISPR/Cas9 exploiting the AAV delivery system, resulting in the introduction of 

indel mutations, thus leading to a frameshift and lacking of APP expression 

(György et al. 2018).  

CRISPR/Cas9 has found applications also for studying rare neurological disorders, 

such as Neuronal Ceroid Lipofuscinosis (NCLs), a class of autosomal recessive 

pathologies, characterized by progressive mental and motor deterioration, 

blindness, epileptic seizures, and death (Haltia 2003). 85% of NCL patients show a 

1.02 Kb deletion in the CLN3 gene (Haskell 2000). In a recent work, successfully 

CRISPR/Cas9 was employed to correct the CLN3 deletion in induced pluripotent 

stem cells obtained from NCL patients, thus giving new input in understanding the 

molecular mechanisms causing NCL pathologies (Burnight et al. 2018).  

 

1.10 CRISPR/Cas9 for gene editing 

 
For the development of new knock out cell lines, as well as for the introduction of 

a more precise gene editing, some important issues need to be addressed for getting 

optimal results by using CRISPR/Cas9. 

After the introduction of DBS, the CRISPR/Cas9 activity must be followed by the 

proper DNA damage repair mechanism. Since NHEJ inserts unpredictable gene 

mutations, it cannot be exploited for introducing specific modifications within a 

target locus. In this case, the most suitable process is the HDR pathway.  

For HDR induction it is essential to provide to the target cell line both the 

CRISPR/Cas9 system and a DNA donor template to be used for recombination. The 

donor template has to be designed with the appropriate length of homology harms, 

as well as it must hold specific silent mutations to avoid consecutive and undesired 

Cas9 cleavages (Paquet et al. 2016). It is necessary to underline that HDR occurs at 

a very low rate and, specifically, during the S and G2 cell cycle phases (Shrivastav, 

De Haro, and Nickoloff 2008). To overcome this limitation, efforts have been 

directed for enhancing the HDR activity and suppressing the NHEJ pathway 

(Mateos-Gomez et al. 2017; Zelensky et al. 2017). For instance, as reported by Chu 

et al. (2015), by using the src7 DNA ligase IV inhibitor, the NHEJ is suppressed 

and the HDR rate increases 4-5 folds (Chu et al. 2015). Interestingly, the treatment 
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of mouse zygotes with the src7 inhibitor induces a HDR increase of even 19 folds 

(Maruyama et al. 2015). To favor the HDR pathway, it may also be convenient to 

synchronize the cell cycle. Different compounds can be administered to the target 

cell line for this purpose. For example, nocodazole  synchronizes cells in the G2/M 

phase and mimosine arrests the cell cycle before DNA replication, leading to 

increased HDR efficiency of about 2 folds (D. Yang et al. 2016).   

 

1.11 Ethical concerns in genome editing 
 

CRISPR/Cas9 is quickly establishing compared to other technologies, such as ZFN, 

TALEN, and RNAi. The great potential of CRISPR/Cas9 for genome manipulation 

is accompanied by ethical debates, mostly regarding the feasibility to manipulate 

human germline and human embryos.  

The most debated concern is referred to off-targets, indeed although off-targets 

have been reported to be very low in animal models, such as zebrafish and mice, 

they present a high frequency in CRISPR/Cas9-edited human cells (Fu et al. 2013; 

Hwang et al. 2013; H. Yang et al. 2013). Efforts are directed to improve the 

CRISPR/Cas9 system to eliminate off-target risks (Hsu et al. 2013).  

Generally, gene therapy is widely accepted to correct mutations in somatic cells, 

but issues arise about the possibility to employ this new genome editing tool in the 

human germline, because of unpredictable side effects that would be genetically 

transmitted to the following generations (Mulvihill et al. 2017). In 2015 researchers 

from America, Britain and China scientific academies participated to the 

International Summit on Human Gene Editing, debating the ethical issues of human 

germline manipulation, concluding that CRISPR/Cas9 is a powerful tool for basic 

and clinical research, but its application to modify human beings is to consider 

irresponsible.  

Ihry et al. (2018), recently published a refined work evaluating the potential of 

CRISPR/Cas9 for human pluripotent stem cells (hPSCs) engineering. hPSCs are 

reluctant to genome manipulation and, after CRISPR/Cas9 treatment they show a 

higher percentage of mortality, compared to transformed cells (Ihry et al. 2018). By 

performing RNA-seq, it emerged that after CRISPR/Cas9, DNA damage and pro-

apoptotic proteins increased in hPSCs. Interestingly, by analyzing the cell 
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interactome, Ihry et al. found that the proteins overexpressed in response to the 

Cas9-induced DSB interact with p53, thus explaining the difficulty in obtaining 

gene editing in hPSCs. Moreover, by providing a p53 inhibitor, the efficiency of 

CRISPR/Cas9 improved 16-19 folds. Following the DNA damage, the p53 activity 

in hPSCs is fundamental to avoid the development of mutated and transformed 

cells. It is worth noting that the edited stem cells presented a non-functioning p53 

protein, which in turn reflects their tumorigenic potential. This represents a pivotal 

point to consider especially before ex vivo patient cell manipulation. Pro and cons, 

risks and benefits need to be carefully addressed to avoid the onset of a serious 

pathology after transplantation of manipulated cells.  

Concerning the employment of CRISPR/Cas9 for human genome handling, the 

most fierce debate, related to germline and embryos gene editing, emerged in 2015 

with the Nature publication entitled “Don't edit the human germline” (Lanphier et 

al. 2015). In this comment, the importance and the value of the CRISPR/Cas9 

system employment for the treatment of human diseases, such as hemophilia, 

AIDS, sickle cell diseases, and many types of cancers are strongly highlighted. 

Conversely, the authors condemn the potential application of CRISPR/Cas9 to 

human sperm, eggs, and embryos, mainly for the unknown effects on the following 

generations. Unfortunately, only three years later, the scientific community was 

shocked to hear about the CRISPR/Cas9 application on human embryos. Indeed, in 

November 2018 He Jiankui, from Southern University of Science and Technology 

in Shenzhen (China), during the genome-editing summit in Hong Kong, reported 

that he edited the CCR5 gene to make two twin embryos resistant to HIV infection. 

The scientific community has widely condemned this experimental intervention, 

raising several concerns: the lack of appropriate parents’ information, the complete 

absence of ethics committees, and the unknown future effects on the twins (Lovell-

Badge 2019). On the 3rd December 2019, an interesting article on MIT technology 

review was published, highlighting the absence of new information on the two 

edited twins and the lack of a peer-reviewed scientific publication. Moreover, the 

article reported that the Chinese government seized all the data regarding the 

manipulation of the human embryos, thus not allowing them to perform further 

experiments that may be required by a journal scientific review. Additionally, 
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Fyodor Urnov, a geneticist at the UC Berkeley, reported that this embryos editing 

did not insert the desired mutation into the CCR5 gene, but rather produced 

unwanted mutations in the genome with unknown consequences. 

Recently, regarding the development of new CRISPR/Cas9-based strategies to cure 

HIV-1 infection, Xu et al. reported that a HIV-1 infected patient was treated with 

allogenic CCR5-edited hematopoietic stem and progenitor cells (HSPCs). After 

CCR5 KO induction through CRISPR/Cas9, the HSPCs CCR5 edited cells were 

engrafted into the HIV-1 infected patients. After treatment, opportunistic infections 

occurred, such as cytomegalovirus infection and herpes simplex virus reactivation 

(Xu et al. 2019). Even if after few months from treatment, the patient recovered 

from these infections, this work underlines the importance of a full understanding 

and control of the CRISPR/Cas9 technique. Indeed, despite great advances 

achieved in the CRISPR/Cas9 employment, many fundamental responses to the 

CRISPR/Cas9 treatment escape.  

CRISPR/Cas9 is accompanied by a fierce debated on its potential application on 

the human being. So far, reliable evidence about CRISPR/Cas9-associated risks in 

human embryos are not available. It results necessary to consider the possible 

scenarios. In fact, besides off-targets, mosaicism due to incomplete gene editing, 

and limited CRISPR efficiency, the genome manipulation of the human germline 

may induce heritable harmful and unpredictable gene modifications with important 

consequences on the future generations. Therefore, it is extremely difficult to 

certainly predict the potential risks and benefits associated with CRISPR/Cas9 

application 

Moreover, being CRISPR/Cas9 a revolutionary technology, it has been subjected 

to patent claims from Zhang of the Broad Institute, which first engineered the 

microbial CRISPR/Cas9 system to be applied in animal and human cells (Cong et 

al. 2013), and from Doudna of University of California, which supports to be the 

first to adapt CRISPR/Cas9 system in eukaryotic cells. On 15th February 2017, the 

US Patent and Trademark Office has assigned the CRISPR/Cas9 patent to the Broad 

Institute of MIT. Therefore on 10th September 2018, the US Court of Appeals for 

the Federal Circuit has confirmed that the intellectual property of the CRISPR/Cas9 

technique belongs to the Broad Institute of MIT. 
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2. MATERIALS AND METHODS 

 

Buffers and solutions 

 
 
Laemmlie buffer                                                50mM Tris-HCl pH 6.8 

                                                                           6% v/v glycerol 

                                                                           3% v/v β-mercaptoethanol 

                                                                           1% w/v SDS 

                                                                           0.001% w/v bromophenol blue 

 

RIPA buffer                                                       50mM Tris-HCl pH 7.5 

                                                                           150mM NaCl 

                                                                           2mM EDTA 

                                                                           1mM PMSF 

                                                                           1% v/v Triton X-100 

                                                                           1% v/v Sodium deoxycholate 

                                                                           Protease inhibitors cocktail (Roche) 

 

Running buffer                                                   25mM Tris 

                                                                           192mM Glycine  

                                                                           0.1% w/v SDS 

 

Transfer buffer                                                   25mM Tris 

                                                                           192mM Glycine 

                                                                           0.1% w/v SDS 

                                                                           20/ v/v methanol    
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Stripping acid wash buffer                                 300mM Glycin 

                                                                            1% w/v BSA 

                                                                            in PBS, pH 2.5 

 

TBS-T                                                                 20 mM Tris 

                                                                            150mM NaCl 

                                                                            0.05% v/v Tween-20 

                                                                            pH 7.6 

 
TAE                                                                    40 mM Tris 

                                                                            20 mM Acetic acid 

                                                                            1 mM EDTA  
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Cell culture 

Human embryonic kidney (HEK) 293T cells were purchase from the American 

Type Culture Collection (ATCC) and growth in Dulbecco's Modified Eagle 

Medium (DMEM, Euroclone) completed by 10% Fetal Bovine Serum (FBS, 

Euroclone), 2mM L-glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL 

Streptomycin (Lonza). 

The HeLa derived TZM-bl cells were provided by EU Programme EVA Centre for 

AIDS (NIBSC) and growth in Dulbecco's Modified Eagle Medium (DMEM, 

Euroclone) completed by 10% Fetal Bovine Serum (FBS, Euroclone), 2mM L-

glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL Streptomycin (Lonza). 

Malignant melanoma Mel-HO cells were kindly provided by Dott. Maria Teresa 

Valenti (University of Verona, Italy) and growth in Dulbecco's Modified Eagle 

Medium (DMEM, Euroclone) completed by 10% Fetal Bovine Serum (FBS, 

Euroclone), 2mM L-glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL 

Streptomycin (Lonza). 

Pancreatic adenocarcinoma PT45 cells were kindly provided by Dott. Giulio 

Innamorati (University of Verona, Italy) and growth in Roswell Park Memorial 

Institute (RPMI 1640, Euroclone) medium supplemented with 10% FBS 

(Euroclone), 2mM L-glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL 

Streptomycin (Lonza). 

Chronic myeloid leukemia LAMA84 cells were kindly provided by Prof. Claudio 

Sorio (University of Verona, Italy) and growth in RPMI 1640 (Euroclone) 

supplemented with 10% FBS (Euroclone) and 2mM L-glutamine (Lonza). 

Neuroblastoma SH-SY5Y cells were kindly provided by Prof. Alessandro Simonati 

(University of Verona, Italy) and growth in Dulbecco's Modified Eagle Medium 

(DMEM, Euroclone) completed by 10% Fetal Bovine Serum (FBS, Euroclone), 

2mM L-glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL Streptomycin 

(Lonza). 

The neuroglioma H4 Swe cells were kindly provided by Prof. Mario Buffelli 

(University of Verona, Italy) and growth in Dulbecco's Modified Eagle Medium 

(DMEM, Euroclone) completed by 10% Fetal Bovine Serum (FBS, Euroclone), 
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2mM L-glutamine (Lonza), 100 U/mL Penicillin G, and 100 U/mL Streptomycin 

(Lonza). 

 

Vectors 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (#62988), psPAX2(#12260), and pVSVg 

(#8454) were purchased from Addgene. 

LentiCRISPR v2 was kindly provided by Prof. Massimo Pizzato. 

The plasmid expressing HIV-1 envelope QHO protein (ARP2043) was purchaised 

from EU Program EVA Centre for AIDS (NIBSC). 

The pSG3Δenv backbone plasmid (#11051) was purchased from the NIH AIDS 

Research and Reference Reagent Program.  

The pNF-kB-Luc and phRG-TK plasmids were purchased from Stratagene. 

The pJFE-Tax-1 plasmid was constructed by Tax-1 PCR amplification (Lamsoul et 

al. 2005).  

The HLA-C pcDNA6.2 (Invitrogen) expressing plasmids were constructed by 

HLA-C RT-PCR amplification. 

 

sgRNA design and cloning  

Following the Zhang’s protocol (Ran et al. 2013), sgRNAs were designed using 

MIT guide design resource (https://zlab.bio/guide-design-resources) and Chopchop 

(https://chopchop.cbu.uib.no/). 5’-CACC and 3’-AAAC overhangs were added to 

each sgRNA for their cloning in the Cas9 expressing vector. The sgRNA sequences 

are reported in the table 2.1.  

Briefly, forward (Fw) and reverse (Rev) sgRNAs were annealed and cloned into 

the Cas9 expressing plasmid. Top10 and Xl1-blue were transformed with the 

sgRNA-Cas9 (PX459 2.0) and sgRNA-LentiCRISPRv2 expressing plasmids, 

respectively, and DNA was extracted and purified by MIDIprep (QIAGEN).  

 

sgRNA off-targets prediction 

For each sgRNA, eventual off-targets were analyzed using the CRISPR RGEN tool 

(http://www.rgenome.net/cas-offinder/). Only sgRNAs able to specifically target 

the desired gene sequence have been selected. 
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Polymerase chain reaction (PCR) for sequencing 

All the CRISPR/Cas9 targeted exons were amplified through PCR for sequencing, 

in a final concentration of 1X Wonder Taq Buffer (New England Biolab), 10 μM 

primer forward and reverse; 0,05 U Wonder Taq (New England Biolab). The primer 

pairs used are reported in Table 2.2.   

PCR products were purified (QIAquick PCR Purification Kit) and Sanger 

sequenced (BMR genomics), and analyzed through both BLASTN alignment  

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SP

EC=blast2seq&LINK_LOC=align2seq) and in silico translation Expasy tool 

(https://web.expasy.org/translate/). 

 

Transfection 

293T were transfected using TransIT LT1 transfection reagent (Temaricerca), 

following the manufacture’s protocol. 

Mel-HO, PT45, and LAMA84 were transfected using Lipofectamine 3000 

(ThermoFisher), following the manufacture’s protocol. 

SH-SY5Y were transfected by nucleofection following the Amaxa’s guideline (kit 

V, Lonza, program G-004).  

 

Production of pseudoviruses and infection 

HIV-1 pseudotyped viruses were packaged in 293T cells by transfecting the QHO-

env expressing plasmid and the pSG3Δenv backbone plasmid in a ratio 1:2, 

respectively.  

LentiCRISPRv2 pseudoviruses were packaged in 293T cells by transfecting the 

sgRNA-LentiCRISPRv2 plasmid and the psPAX2 and pVSVg plasmids in a ratio 

4:3:2.  

After 48 hours from transfection the culture medium containing psudoviruses was 

filtered through 0,45 μm filter and collected by adjusting the FBS concentration at 

20%. 

  



Materials and Methods 

29 
 

The QHO-env viral concentration was quantified by detecting the HIV-1 antigen 

p24 concentration (One-Wash Lentivirus Titer Kit, p24 ELISA, Origene). 

TZM-bl infectivity assay, according to Montefiori’s protocol (2009), was 

performed by titrating QHO-env pseudoviruses starting from 1000 pg/mL. 1x103 

TZM-bl cells were infected for each condition in the presence of 15 μ/mL dextran. 

48 hours from infection the luminescence was measured using the Victo 3 

luminometer (Perkin Elmer). The infectivity values were analyzed as Median 

Tissue Culture Infectious Dose (TCID50).  

The H4 Swe cells and the LAMA84 cells were infected by titrating sgRNA-

LentiCRISPRv2 viruses (1:1, 1:100, 1:1000, and 1:10000).  

 

RNA extraction and Real-Time PCR 

RNA extraction was performed using TRIzol (Invitrogen), according to the 

manufacturers’ protocol. Total RNA was retrotranscribed using oligo dT primers 

and the SuperScriptTM III First-Strand Synthesis System (Invitrogen). 

Real-Time PCR were performed with the Power SYBR Green PCR Master Mix 

(Applied Biosystems) and ran on CFX ConnectTM Real-Time Detection System 

(Bio-Rad). Primer pairs for TNF Alpha Induced Protein 3 (A20), Apoptosis 

Regulator Bcl-2 (BCL2), Interleukin 6 (IL-6), and Ribosomal Protein Lateral Stalk 

Subunit P0 (RPLP0) mRNA expression quantification are listed in Table 2. The 2-

ΔΔCt method was used to calculate the relative fold change (Livak and Schmittgen 

2001). As internal reference gene RPLP0 was used. 

 

Flow cytometry analysis of HLA-C cell surface expression 

293T HLA-C KO cells were stably transfected with HLA-C pcDNA 6.2 expressing 

plasmids and grown by adding 8 μg/mL of Blasticidin to the culture medium. 

293T HLA-C KO CRISPR/Cas9 treated cells and stably transfected 293T HLA-C 

expressing cells were surface labeled with DT9 antibody (1μg/1x106 cells, EDM 

Millipore) for 1 hour on ice. After Phosphate Buffered Saline (PBS) washing the 

cells were incubated with Alexa Fluor 488 anti mouse antibody (Cell Signaling) for 

30 minutes on ice (1:1000 in 1% w/v BSA in PBS) and washed in PBS. HLA-C 

detection was performed using the FACSCanto Flow cytometer.  
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Flow cytometry analysis of HLA-C binding stability to β2microglobulin 

Stably transfected 293T HLA-C expressing cells were incubated in 0.3 M glycine 

HCl stripping acid buffer (pH 2.5) for 0 sec, 30 sec, and 60 sec, followed by 

extensive PBS washing to neutralize the pH. The cells were labeled with the L31 

antibody (1 μg/mL, 1% w/v BSA in PBS) for 40 minutes, to specifically detect 

HLA-C free chains. After PBS washing the cells were incubated with Alexa Fluor 

488 anti mouse antibody (Cell Signaling) for 30 minutes on ice (1:1000, 1% w/v 

BSA in PBS).  

The flow cytometry analysis was performed using the FACSCanto Flow cytometer.  

The results were analyzed as fluorescence increase (RMFI fluorescence intensity 

ratio between stripped/non-stripped). The amount of HLA-C free chains was 

analyzed as slope of interpolated curve.  

 

Immunofluorescence analysis 

SH-SY5Y wt and SH-SY5Y PPT1 KO cells were incubated in a PBS blocking with 

1% BSA, incubated with 4% paraformaldehyde  and then incubated overnight at 

4°C with the rabbit polyclonal anti-PPT1 (Sigma Aldrich, 1:50) and mouse 

monoclonal anti-Lamp2 (1:400, Abcam) primary antibodies. Goat anti-mouse 

AlexaFluor 488 and goat anti-rabbit AlexaFluor 594 secondary antibodies were 

incubated for 1 hour at room temperature. Nuclei were stained with 5 μg/ml DAPI 

(Sigma- Aldrich). Immunofluorescence were detected using the Zeiss LSM 710 

fluorescence microscopy. 

 

Western Blot analyses 

Proteins were extracted with the RIPA buffer and quantified with Coomassie Plus 

Bradford Protein Assay Reagent (ThermoScientific) at the spectrophotometer 

(Eppendorf). Proteins were treated with Laemmli buffer and resolved by SDS-

PAGE on acrylamide gel. After protein transfer on PVDF membrane (GE 

Healthcare), the PVDF membrane was saturated with 5% milk TBS-Tween buffer 

and incubated over night with primary antibody (for more details see antibody 

section). Anti-rabbit, anti-mouse, or anti-goat HRP-conjugated secondary 
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antibodies (Promega) were diluted 1:10000 in 5% milk TBS-Tween buffer and 

incubated 1 hour at room temperature.  

The protein signal was detected using the ECL Advanced Western Blotting 

Detection kit (Amersham) at the Azure 300. The densitometric analyses were 

performed using ImageJ software.  

 

Primary antibodies  

The mouse monoclonal anti-HLA-C L31 antibody was kindly provided by Dr 

Patrizio Giacomini (Regina Elena Hospital, Rome, Italy), used 1:1.The mouse 

monoclonal anti-HLA-C DT9 antibody (EMD Millipore) was used 1:500. The 

rabbit polyclonal anti-GPR3 antibody (Sigma Aldrich) was used diluted 1:1000. 

The rabbit polyclonal anti-PPT1 antibody (Sigma Aldrich) was used 1:1000 for 

western blot analysis and 1:50 for IF analysis. The rabbit polyclonal anti-TRAF3 

antibody (ProteinTech) was used 1:1000. The rabbit monoclonal anti-NF-κB 

p100/p52 antibody (Cell Signaling Technology) was used 1:1000.The mouse 

monoclonal anti-Tax-1 derives from hybridoma 168-A51 (AIDS research and 

Reagent Program).The rabbit polyclonal anti IκB-α antibody (Cell Signaling) was 

used 1:1000.The rabbit polyclonal anti-HDAC6 antibody (Santa Cruz 

Biotechnology) was used 1:1000.The mouse monoclonal anti-p62/SQSTM1 

antibody (Santa Cruz Biotechnology) was used 1:1000. The rabbit polyclonal anti-

acetylated tubulin antibody (Sigma-Aldrich) was used 1:1000. The goat polyclonal 

anti-TROP2 antibody (R&D system) was used 1:1000.The rabbit polyclonal anti 

GNA15 antibody (Torrey Pines Biolabs) was used 1:1000.The rabbit monoclonal 

anti-RUNX2 antibody (Cell Signaling Technology) was used 1:1000.The mouse 

monoclonal anti-β tubulin and anti-β actin antibodies (Cell Signaling) were used 

1:1000.The rabbit polyclonal anti GAPDH antibody (Cell Signaling) was used 

1:1000.   
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HLA-C genotyping  

For HLA-C typing, DNA was extracted from whole blood of HIV-no-ADC and 

HIV-ADC patients using the QIAamp DNA Blood Kit (Qiagen). 

HLA-C typing was performed at the HLA laboratory of tissue typing at Azienda 

Ospedaliera Universitaria Integrata (AOUI) of Verona.  

 

Statistical Analyses 

The association between stable and unstable HLA-C alleles with HIV-ADC and 

HIV-no-ADC was examined using the Fisher's exact test. 

Statistical significance was assessed by the Student’s t-test. Differences were 

considered to be significant when P < 0.05 (∗), and strongly significant when P < 

0.01 (∗∗), and P < 0.001 (∗∗∗). 
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Table 2.1: sgRNA sequences 

 

 
The overhangs added for sgRNA cloning in the Cas9 expressing plasmid are reported in red. 

 

 
Table 2.2: Primer sequences 
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3. AIM OF THE THESIS 
 

The present thesis work aims to analyze and review critical and crucial aspects 

concerning the CRISPR/Cas9 employment for the development of new cell models.  

The application of CRISPR/Cas9 faced us to important issues linked to the 

technique, to the manipulation of particular cell lines, and the screening of specific 

gene domain deletion and knock out. 

To deeply analyze questions and limits concerning the CRISPR/Cas9 technology, 

as well as the genome manipulation of different cell lines, we generated new in vitro 

cell models.  

Particular attention was paid to the target cell lines for selecting the best 

CRISPR/Cas9 shuttling method. With this regard, cell lines easy to transfect were 

edited exploiting the all-in-one CRISPR/Cas9 plasmid, whereas for cells tricky to 

manipulate the third generation LentiCRISPR viral vector was engineered. On the 

base of the CRISPR/Cas9-targeted gene, the most suitable screening detection 

assay was performed.  

The CRISPR/Cas9 technique led us to generate new cell models useful for 

elucidating the patho-molecular mechanisms involved in retrovirus-host 

interactions, melanoma and pancreatic tumorigenesis and progression, as well as 

neurological disorders.  
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4. RESULTS 

 

I applied the CRISPR/Cas9 technique to develop new edited cell lines to study 3 

main topics (table 4.1):  

1) the molecular mechanism involved in the modulation of retroviral infections 

caused by HIV-1 and HTLV-1; 

2) cancer diseases, such as melanoma, pancreatic cancer, and chronic myeloid 

leukemia;  

3) neurological disorders, such as neuronal ceroid lipofuscinoses and Alzheimer’s 

disease. 

 

 
Table 4.1: CRISPR/Cas9 application 
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4.1 CRISPR/Cas9 to study host-retrovirus interaction 

 

4.1.1 HIV-1 – host factors interaction 
 

HIV is an enveloped retrovirus. Its genome is composed of two molecules of 

negative single-stranded RNA encoding for both structural and regulatory genes. 

The structural genes are gag, pol and env. The core and matrix proteins are encoded 

by the gag gene. The env gene encodes the HIV gp120 and gp41 envelope 

glycoproteins. HIV reverse transcriptase and integrase are encoded by the pol gene. 

While the structural genes produce structural viral proteins, the regulatory proteins 

are mainly involved in the modulation of the HIV-1 infection cycle (Fanales-

Belasio et al. 2010).  

HIV-1 infects CD4+ immune cells such as T-lymphocytes, macrophages, 

monocytes, and dendritic cells. Since CD4+ T-lymphocytes play a central role in 

immune response, their depletion leads to lacking the immune response, a condition 

known as Acquired Immune Deficiency Syndrome (AIDS). The viral entry in the 

host cell is mediated by the binding of HIV-1 gp120 to the CD4 receptor. The 

gp120-CD4 interaction induces a conformational change in HIV-1 gp41 protein, 

leading to its binding with the host coreceptors CXCR4 and CCR5 (Clapham and 

McKnight 2002).   

70-80% of HIV-1 infected subjects show a very long period of viral latency lasting 

8-10 years before developing AIDS. Instead, 10% of infected patients are defined 

as rapid progressors, since the AIDS onset occurs in 3 years or even less. On the 

contrary, 5% of patients are classified as long term non-progressors, since they do 

not show AIDS-related symptoms for more than 10 years, maintaining normal CD4 

cell count and low viremia. Interestingly, some people, referred to as exposed 

uninfected, even if exposed to HIV-1 result resistant to the infection (Sharma, Kaur, 

and Mehra 2011).  

Although antiretroviral therapy significantly decreases the viral load, about 1 

million people still die of AIDS every year (UNAIDS data 2018 | UNAIDS n.d.). 

Since a definitive cure and a vaccine against HIV-1 is not yet available, it is 

important to focus the research in understanding how HIV-1 and specific host 

factors are involved in the crucial steps of viral infection, latency, and persistence 
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to individuate the key factors involved in AIDS pathogenesis, to the aim of 

understanding the molecular mechanisms driving the HIV-1 pathogenesis to 

develop new specific HIV-1 inhibitory compounds.  

 

Development of ACOT8 KO cell lines to study the HIV-1 Nef/ACOT8 

interaction in HIV-1 infection 

 

The negative regulatory factor (Nef) is one of the main HIV-1 accessory proteins, 

fundamental in viral replication and infectivity. Nef is involved in HIV-1 pathology 

by modulating different cell pathways involved in host protein trafficking, 

apoptosis, T-cell development and viral replication (Lamers et al. 2012). Moreover, 

Nef is involved in the remodeling of different host surface proteins. Specifically, 

HIV-1 Nef positively regulates membrane proteins important in the modulation of 

the immune system, such as TNF and immature major histocompatibility complex 

class II (MHC-II); instead, it negatively modulates other immune factors, such as 

CD4, CD8, CXCR4, CCR5, and mature MHC-II.   

It is known that the Nef N-terminal part removal causes the decrease of HIV-1 

infectivity and failure in CD4+ and MHC I down-regulation (Bentham, Mazaleyrat, 

and Harris 2006) .  

The Nef N-terminal portion can be myristoylated, thus ensuring its association with 

lipid raft on the cell surface. Moreover, myristoylated Nef shows different tertiary 

and quaternary structures, allowing its interaction with different host proteins 

(Arold et al. 2000). An important key host factor interacting with HIV-1 Nef is the 

human Acyl-Coenzyme A Thioesterase 8 (ACOT8) (L. X. Liu et al. 1997; 

Watanabe et al. 1997), a peroxisomal enzyme involved in the fatty acids β 

oxidation, by controlling the peroxisomal acyl-CoA/CoASH balance. Our research 

group reported that Nef/ACOT8 association may be involved in maintaining Nef 

stability, avoiding its proteasome degradation (Serena et al. 2016). Different 

evidences have revealed that the N-terminal portion of ACOT8 play a crucial role 

in Nef-mediated down-modulation of CD4 and MHC-I (Cohen et al. 2000; Gondim 

et al. 2015; L. X. Liu et al. 2000; Peng and Robert-Guroff 2001), thus underlying 

the central role of ACOT8 in the regulation of CD4 surface expression level. 
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Moreover, being ACOT8 involved in the modulation of protein acylation, ACOT8 

may be fundamental for HIV-1 particles budding from the plasma membrane 

(Benichou et al. 1994). 

To study the involvement of ACOT8 in the modulation of HIV-1 infectivity, the 

CRISPR/Cas9 technique has been employed to generate 293T ACOT8 KO cell 

lines. 

ACOT8 gene is located on chromosome 20 and its transcription leads to 13 

predicted transcripts generated by both canonical and alternative splicing 

(http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000

101473;r=20:45841721-45857405).  

The ACOT8 splice variants were analyzed and the exon 1 was found to be common 

to all the splice variants; thus, a sgRNA was designed to target this common exon, 

and cloned into the PX450 2.0 Cas9 expressing plasmid.  

293T packaging cells and TZM-bl HIV-1 receptor and co-receptor expressing cells 

were transfected and selected with puromycin. To isolate clonal 293T and TZM-bl 

ACOT8 KO cell lines, a single cell cloning was performed. The expression of 

ACOT8 was analyzed by western blot (Figure 4.1).  

The western blot analyses revealed that all the tested CRISPR/Cas9 clonal cell lines 

did not express ACOT8, compared to 293T and TZM-bl parental cells (Figures 4.1 

A and B).  

The role of ACOT8 in the modulation of HIV-1 infectivity was preliminarily 

evaluated. Following the Montefiori’s protocol (2009), HIV-1 QHO pseudotyped 

viruses were produced in 293T ACOT8 wt and 293T ACOT8 KO packaging cells 

and their infectivity was analyzed performing a Luc-reporter gene assay on TZM-

bl ACOT8 wt and ACOT8 KO cells (Figure 4.2). 

The infectivity assay showed that HIV-1 QHO pseudotyped viruses produced in the 

absence of ACOT8 (red bar in Figure 4.2) resulted less infectious compared to the 

viruses produced in 293T wt cells (black bar on the left in Figure 4.2). Instead, no 

differences were detected by infecting either TZM-bl wt or TZM-bl ACOT8 KO 

cells (black and grey bars, respectively, reported on the right in Figure 4.2).  

Our preliminary results suggest that ACOT8 may be necessary to generate 

infectious viruses, but it is not involved in the post-viral entry mechanism. 
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Figure 4.1: Western blot analysis of ACOT8 KO cell clones after CRISPR/Cas9. (A) Western blot analysis 
performed on 293T ACOT8 KO cell clones (#1-#4). (B) Western blot analysis conducted on TZM-bl cell 
clones (#1-#4). The ACOT8 protein expression was normalized using α/ β Tubulin.   

 

Figure 4.2: Luciferase gene reporter infectivity assay. HIV-1 QHO pseudotyped viruses were packaged in 
293T wt and 293T ACOT8 KO cell lines and used to infect TZM-bl wt and TZM-bl ACOT8 KO cell lines. 
The infectivity values are reported as 50% Tissue Culture Infective Dose (TCID50). Black bars refer to the 
control conditions (HIV-1 pseudotyped viruses produced in 293T wt cells and used to infect TZM-bl wt cells; 
red bar refers to HIV-1 pseudotyped viruses produced in 293T ACOT8 KO cells and used to infect TZM-bl 
wt cell; grey bar refers to HIV-1 pseudotyped viruses produced in 293T wt cells and used to infect TZM-bl 
ACOT8 KO cells).  
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Development of HDAC6 edited cell lines to study the role of HDAC6 in HIV-1 

infection 

 

The human histone deacetylase 6 (HDAC6) protein belongs to the human histone 

deacetylase family. Differently from other HDAC proteins, mainly located into the 

nucleus, HDAC6 is located into the cytoplasm (Hubbert et al. 2002), where it 

associates to the microtubules motor complex, taking part in the cytoskeleton 

remodeling by regulating the α-tubulin acetylation (Hubbert et al. 2002; Piperno, 

LeDizet, and Chang 1987). Its activity is crucial in the modulation of different cell 

pathways, such as cell migration (Palazzo, Ackerman, and Gundersen 2003), 

membrane proteins organization, and T-cell activation (Serrador et al. 2004).  

The apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G 

(APOBEC3G) is a cytidine deaminase (Jarmuz et al. 2002), involved in 

counteraction of retroviral infection. APOBEC3G exerts its anti-HIV-1 activity 

leading to cytidine deamination in uracil within the RNA viral genome, thus 

producing G-to-A point mutations in the mature HIV-1 RNA genome (Newman et 

al. 2005). APOBEC3G impairs retroviral infection also in a deaminase-independent 

manner, indeed it compromises the retroviral reverse transcription and integration 

steps (Mbisa et al. 2007; Mbisa, Bu, and Pathak 2010). However, due to the 

hypermutations induced by APOBEC3G into the viral genome, retroviruses 

undergo an important selection pressure that may be responsible for the generation 

of new variants (Berkhout and de Ronde 2004; E.-Y. Kim et al. 2010). 

HIV-1 can escape from this defense mechanism through the viral infectivity factor 

(Vif) accessory protein (Henriet et al. 2009). Specifically, HIV-1 Vif binds the host 

factor Cullin 5 (Cul5), thus generating a ubiquitin ligase (E3)-like complex able to 

ubiquitinate APOBEC3G and leading to Vif proteasome-mediated degradation 

(Guo et al. 2014; Marin et al. 2003).  

HDAC6 plays a crucial role in Vif degradation. At the C terminal portion, HDAC6 

presents the bound to ubiquitin zinc finger (BUZ) domain (Ouyang et al. 2012; Pai 

et al. 2007). The HDAC6-BUZ domain is essential for HDAC6-APOBEC3G 

interaction, thus counteracting the Vif activity. Interestingly, the BUZ domain is 



Results 

41 
 

also involved in HIV-1 Vif degradation in a BUZ-dependent manner exploiting 

autophagy (Valera et al. 2015). 

 

a) Development of 293T HDAC6 KO cell line 

 

To investigate the role of HDAC6 in HIV-1 counteraction, CRISPR/Cas9 was 

induced to target the exon 3. Specifically, HDAC6 shows 43 splice variants 

(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000

0094631;r=X:48801377-48824982) and to knock out all of them, two specific 

sgRNAs were designed to direct the Cas9 activity on the exon 3, common to all of 

them.  

293T cells were treated with sgRNA(HDAC6)-Cas9 expressing plasmids, selected 

with puromycin and single cell cloned.  

A preliminary screening was carried out by PCR to evaluate whether the 

employment of two sgRNAs induced a deletion on the exon 3. As shown in Figure 

4.3 A the PCR product obtained after HDAC6 genomic amplification from the 

clones #2, #3, and #5 resulted lower than that obtained from 293T wt cells. Clones 

#1, #3, and #4, instead, showed different PCR products, probably due to different 

indel mutations inserted in the two DNA strands, leading to heterozygous clonal 

cell lines.   

For addressing the HDAC6 gene mutation introduced by CRISPR/Cas9, the 

HDAC6 exon 3 of the clone #5 was analyzed by Sanger sequencing, which revealed 

a 74 bp deletion responsible for a frameshift (Figure 4.3 B).  

Intriguingly, western blot analysis showed that, despite the frameshift mutation, the 

HDAC6 expression was still detected in the clone #5, compared to the control, even 

if lower (Figure 4.3 C).  

These contradictory results are probably due to a response mechanism carried out 

after CRISPR/Cas9 treatment (Smits et al. 2019).  
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Figure 4.3: HDAC6 expression analyses after CRISPR/Cas9. (A) genomic PCR amplification on the edited 
clones obtained after CRISPR/Cas9. (B) Sanger sequence alignment revealed a 74bp deletion (in red is 
highlighted the premature STOP codon). (C) Western blot analysis of the HDAC6 expression, normalized 
with β Tubulin.  
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b) Development of 293T HDAC6 ΔBUZ cell line 
 

To develop 293T HDAC6 ΔBUZ packaging cells, two sgRNAs were designed to 

specifically induce the deletion of the HDAC6 BUZ domain (Figure 4.4).  

Bioinformatic analysis of the HDAC6 gene sequence was conducted to target the 

first and the last exon (exons 26 and 29, respectively) encoding the BUZ domain, 

thus inducing its deletion. The two sgRNAs were used for Cas9 expressing plasmid 

engineering and transfected into 293T packaging cells. After puromycin selection 

and single-cell cloning, the new 293T clonal cell lines were analyzed by western 

blot (Figure 4.4 A) to evaluate the BUZ domain deletion, revealing that only in 

three clones the BUZ domain deletion was achieved.  

Of note, the p62 protein connects ubiquitinated proteins to autophagosomes. 

Ubiquitinated proteins are charged into autophagic vesicles and, then, HDAC6 

induces the degradation of p62 (Bjørkøy et al. 2005; Pankiv et al. 2007). p62 protein 

expression was assessed too (Figure 4.5 A), indicating that the 293T clones with a 

lower HDAC6 protein presented a higher p62 expression. Instead, as expected, the 

acetylated α-tubulin levels did not correlate with the modulation of α-tubulin 

deacetylation, since the BUZ domain is not involved in the tubulin remodeling 

(Figure 4.5 A). 

The deletion of the BUZ domain was further confirmed by performing a Sanger 

sequencing, that revealed the presence of indels responsible for the BUZ domain 

deletion (Figure 4.5 B). 
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Figure 4.4: HDAC6 protein structure and CRISPR/Cas9 approach. Starting from the N terminal part, 
HDAC6 presents a Nuclear Export Signal (NES) domain, two Deacetylase Domains (DD1 and DD2), SE14, 
and the bound to ubiquitin zinc finger (BUZ) domain. To delete the BUZ domain, gRNA/Cas9 activity was 
directed at the beginning and at the end of the BUZ domain, as shown with the red arrow (Modified from 
Yan 2014). 

 

Figure 4.5: Molecular characterization of 293T ΔBUZ edited cells. (A)Western blot analysis was conducted 
to verify the BUZ domain deletion, the level of acetylated tubulin, and p62 expression, normalized with β 
Tubulin. (B) HDAC6 wt sequence and HDAC6 ΔBUZ sequence were aligned using BLASTN. In red is circled 
the STOP codon introduced by CRISPR/Cas9 responsible for the BUZ deletion.  
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Development of HLA-C KO cell line to study the involvement of the different 

HLA-C variants in HIV-1 infection outcome  

 

The major histocompatibility complex class I (MHC-I) is composed by a heavy α 

chain, encoded by the human leukocyte antigen (HLA) class I loci (HLA-A, -B, 

and –C), non-covalently associated with a light β chain, β2microglobulin (β2m), and 

a small peptide. MHC-I is crucial for presenting foreign peptides to CD8+ T-cells 

that recognize infected cells, and to modulate the cytolytic function of natural killer 

cells (NK) (Groothuis and Neefjes 2006). Contrary to HLA-A and HLA-B, HLA-

C expression is lower on the cell surface due to its lower binding affinity to the 

peptide (Snary et al. 1977). The HLA-C instability, compared to HLA-A and -B, is 

due to reduced HLA-C molecule plasticity that leads to its dissociation from β2m 

(Sibilio et al. 2008). Thus, some HLA-C variants are predominantly complexed to 

β2m on the cell membrane, while others are mostly present as free-chains, no longer 

complexed to β2m. Specifically, HLA-C*06, -*05, -*08, and -*02 more stably 

bound β2m, than HLA-C*01, -*03, -*04, and -*07 (Sibilio et al. 2008).  

Accordingly, unstable HLA-C allotypes more easily release β2m remaining as free 

chains on the cell surface (Parolini et al. 2018; Serena et al. 2017). The HLA-C 

allotypes differ in the modulation of HIV-1 infectivity due to their differences in 

their binding stability as heterotrimeric complexes. It is known that HIV-1 exploits 

HLA-C molecules to escape from the immune system. Indeed, during viral budding 

from the cell surface, HLA-C molecules are integrated into the newly HIV-1 virions 

(Cosma et al. 1999). Since some HLA-C alleles display a higher dissociation rate 

from β2m than others, the amount of HLA-C free heavy chains on the cell surface, 

available for interaction with HIV-1 Env, is higher in the presence of unstable HLA-

C variants.  

Noteworthy, our research group recently reported that HIV-1 viruses produced in 

the absence of β2m, which in turn reflects the complete absence of  MHC-I complex 

on the cell surface, resulted less infectious than those produced in wt packaging 

cells (Serena et al. 2017). Moreover, we also observed that PBMC collected from 

healthy blood donors with unstable HLA-C variants (HLA-C*01, -*03, -*04, -*07, 

and -*14) mostly present HLA-C free heavy chains on the cell surface, while 



Results 

46 
 

subjects harboring HLA-C stable variants (HLA-C*02, -*05, -*06, -*08, -*12, -

*15, and -*16) show a higher amount of HLA-C molecules complexed to β2m 

(Parolini et al. 2018). Based on both HLA-C classification in stable and unstable 

groups (Parolini et al. 2018; Sibilio et al. 2008) and HLA-C phylogenetic evolution 

(Turner et al. 1998), our research group demonstrated that in the presence of HLA-

C unstable variants, HIV-1 virions are more infectious than those produced in the 

presence of HLA-C stable ones (Parolini et al. 2018). This intriguing observation 

led us to define stable and unstable HLA-C alleles, as protective and non-protective, 

respectively, reflecting a faster or slower progression toward AIDS (Parolini et al. 

2018). 

Furthermore, HIV-1 shows neurovirulence detectable in HIV-1 infected patients 

(Brew et al. 1995). Very severe complications of HIV-1 infection are classified as 

HIV-associated neurocognitive disorders (HAND), and the most serious one is the 

AIDS dementia complex (ADC) (Brew et al. 1995; Saylor et al. 2016). The 

presence of β2m in the cerebrospinal fluid (CSF) represents a marker of 

neuroinflammation. HIV-1 infected patients, who develop HIV-1-related dementia, 

show a high level of β2m in the CSF (Alfieri et al. 1992). We recently established 

that there might be a correlation between the HLA-C binding stability with β2m and 

the development of HIV-1 related neurocognitive disorders (Zipeto et al. 2018). 

Specifically, we found that HIV-1 patients, who develop ADC, show a higher 

frequency of HLA-C unstable alleles. Patients affected by Alzheimer’s and 

Parkinson’s neurodegenerative diseases too might present a high level of β2m in 

CSF, and different old studies demonstrated that Alzheimer’s patients present a 

higher frequency of unstable HLA-C *03 and HLA-C*04 alleles (Brew et al. 2005). 

To study the involvement of HLA-C in the onset of HIV-1-related neurocognitive 

disorders, blood samples were collected from HIV-1 patients who developed ADC. 

By performing an HLA-C genotyping analysis, none of ADC patients was found 

homozygous for stable HLA-C alleles, but they resulted either in heterozygous or 

homozygous for unstable HLA-C variants (Table 4.2).  

Moreover, the distribution of the HLA-C alleles found in HIV-ADC patients was 

compared to the HLA-C allele frequency in HIV-1 infected patients who did not 

develop ADC and to the northern Italy population. A significant higher frequency 
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of unstable HLA-C alleles was detected only in the HIV-1-ADC patients, whereas 

no differences between stable and unstable HLA-C frequencies were found in the 

two control groups (Table 4.3). 

Our observations suggest that the HLA-C binding stability may correlate with the 

onset of HIV-1 related cognitive disorders and not with HIV-1 infection status.  

 
Table 4.2: HLA-C genotyping of ADC patients 

 
 
11 ADC patients were typing for the HLA-C alleles. In red are highlighted the unstable HLA-C variants and in 
blue the stable variants (Modified from Zipeto et al., 2018).   

 
 

 
Table 4.3: HLA-C allele distribution in HIV-1 infected patients with ADC (HIV-ADC). 

 

 
 
The percentage of unstable and stable HLA-C was compared to the distribution in HIV-1 patients who did not 
develop ADC (HIV-no-ADC) and to the northern Italian population (Guerini et al., 2008, Fisher exact test, p 
= 0.029 (red); p=0.584(grey)) (Modified from Zipeto et al., 2018). 
  



Results 

48 
 

To assess the contribution of each HLA-C variant in HIV-1 infection progression, 

and their specific binding stability to β2m, CRISPR/Cas9 was used to produce 293T 

HLA-C KO packaging cells. To this aim, a specific sgRNA was designed on the 

exon 2 and 3, common to all HLA-C variants annotated on Ensembl genome 

browser 

(http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000

204525;r=6:31268749-31272130). 

The engineered sgRNA(HLA-C)-Cas9 expressing plasmid was transfected into 

293T cells and, to obtain a pure HLA-C KO clonal cell line, the transfected cells 

were selected with puromycin prior to performing single-cell cloning. The HLA-C 

protein expression was evaluated through western blot and flow cytometry 

analyses, using as control 293T wt cells (Figure 4.6 A and B). 

The HLA-C KO was further confirmed performing a Sanger sequencing, that 

revealed the presence of 4-nucleotide substitutions and 2-nucleotide insertions 

(indicated by the red arrows in Figure 4.6 C) responsible for a frameshift and the 

cosequent premature STOP codon introduction in the exon 2 (circled in red in 

Figure 4.6 C). 
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Figure 4.6: HLA-C expression analyses after CRISPR/Cas9 treatment. Western blot and flow cytometry 
analyses were performed to evaluate the HLA-C expression, normalized with β Tubulin and 
autofluorescence (panel A and B respectively). (C) Sanger sequencing revealed the introduction of a 
premature STOP codon, circled in red, in HLA-C KO cells due two 2-nt deletion, highlighted with the red 
arrows.  
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To define the contribution of each HLA-C variant in the modulation of HIV-1 

infectivity and their specific binding stability to β2m, 293T HLA-C KO cells were 

stably transfected to originate new packaging cell lines, each expressing a different 

specific HLA-C allotype. The HLA-C restoring was analyzed by flow cytometry 

(Figure 4.7). Flow cytometry analysis confirmed the HLA-C restored expression 

after stable transfection in 293T HLA-C KO packaging cells (Figure 4.7).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 4.7: Restoring of HLA-C variants. Flow cytometry analysis was performed to detect the HLA-C 
expression in 293T HLA-C KO cells after HLA-C stable transfection. 293T wt and 293T HLA-C KO cells 
were used as control. U and S refer to Unstable and Stable, respectively. DT9 antibody was used to detect 
HLA-C molecules on the cell surface (red). The HLA-C expression was normalized with autofluorescence 
(grey).  
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To measure the HLA-C binding stability to β2m, we set up an acid stripping wash 

experiment performing a time course, by measuring the increase of HLA-C free 

chains on the cell surface, which in turn reflected the kinetic dissociation of β2m. 

The amount of HLA-C free chains was calculated as the slope of the interpolated 

curve. Preliminary data were obtained on HLA-C*04, HLA-C*12, and HLA-

C*07, using as control 293T wt cells (figure 4.8). 

Accordingly to the protective role of HLA-C*12 in HIV-1 infectivity (Chikata et 

al. 2019), our preliminary results suggest a stronger binding of HLA-C*12 to β2m 

(Figure 4.8), suggesting the feasibility of our methodologic approach to stratify the 

HLA-C variants based on their binding stability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 4.8: Fold change of L31 labeled HLA-C free chains. After stripping wash treatment time course (0, 
30, and 60 sec), β2m detachment from HLA-C molecules was calculated as fold change L31 (Stripped/Not 
Stripped). U and S refer to Unstable and Stable, respectively. 
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To correlate the HLA-C binding stability to HIV-1 infectivity, HIV-1 QHO 

pseudotyped viruses were produced by co-transfecting different amounts of HLA-

C expressing plasmid in 293T HLA-C KO packaging cells, to define the right HLA-

C concentration for restoring HLA-C expression level close to 293T wt packaging 

cells. HIV-1 QHO pseudotyped viruses were collected and used to perform a 

Luciferase gene reporter infectivity assay on TZM-bl cells (Figure 4.9).  

The infectivity assay in Figure 4.9 showed that by transiently transfecting 0.125 

µg of HLA-C expressing plasmid in 293T HLA-C KO packaging cells, infectivity 

level comparable to the wt parental cell line was achieved. Interestingly, a strong 

HIV-1 infectivity reduction was observed in HLA-C overexpression conditions 

(0.5-1 µg).  

 

 
 

 
 
 
 

 
  

Figure 4.9: Infectivity Luc-assay. QHO pseudotyped viruses were packaged in the presence of increasing 
amount of HLA-C (black bars), and in 293T wt and HLA-C KO control cells (grey bars). The infectivity 
values are reported as 50% Tissue Culture Infective Dose (TCID50). 
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4.1.2 HTLV-1 – host factors interaction 
 

Human T-cell Leukemia virus type-1 (HTLV-1) belongs to the Retroviridae family. 

HTLV-1 was isolated for the first time in 1980 by Robert Gallo (Poiesz et al. 1980). 

HTLV-1 infection may cause the onset of two serious diseases: Adult T-cell 

Leukemia/Lymphoma (ATLL) and Tropical Spastic Paraparesis/HTLV-1 

Associated Myelopathy (TSP/HAM). HTLV-1 distribution is restricted to specific 

endemic regions, such as Japan, South America, Caribbean basin and sub-Saharan 

Africa, even though HTLV-1 infections have been reported also in Romania, in the 

Middle East, and in Australo-Malanesia (Gessain and Cassar 2012).  

HTLV-1 mainly infects CD4+ T-cells (Richardson et al. 1990), but the proviral 

DNA has been also found in other immune cells (Koyanagi et al. 1993; Macatonia 

et al. 1992).  

The two principal regulatory proteins encoded by the HTLV-1 genome are Tax-1 

and the HTLV-1 bZip (HBZ) protein. Tax-1 is the viral long terminal repeat (LTR) 

transactivator factor, responsible for the CD4+ T-cell immortalization. Contrarily, 

the antisense HBZ viral protein inhibits the Tax-1 transactivation function and is 

involved in the HTLV-1 persistence (Barbeau, Peloponese, and Mesnard 2013). 

Tax-1 is mainly responsible for the NF-kB pathway activation (Fochi et al. 2018; 

Qu and Xiao 2011), instead, HBZ, together with Tax, deregulates cell growth, 

apoptosis, immune escape and autophagy (Zhao 2016).  

NF-kB dysregulation represents a crucial step in HTLV-1 pathogenesis. The NF-

kB activation is carried out by both the canonical and the non-canonical pathways. 

Several signaling molecules activate the NF-kB canonical pathway, such as TNF-

α, LPS, IL-1, and double-stranded RNA (Durand and Baldwin 2017). The main 

effector of the canonical NF-kB signaling is the NF-kB transcription factor, 

composed by the RelA/p65 dimer, mostly located into the cytoplasm complexed 

with IkBα (Baeuerle and Baltimore 1988). Under activating stimuli, the IkB kinase 

trimeric complex, composed by IKKα, IKKβ, and IKKγ, is activated and 

phosphorylates IkBα, then polyubiquitinated and degraded via proteasome. The 

IkBα degradation release RelA/p65 into the nucleus where it activates the target 

genes transcription.  
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The NF-kB non-canonical signaling activation requires CD40L and BAFF. The 

TNF-receptor associated factor (TRAF) proteins activate the NF-kB Inducing 

Kinase (NIK), responsible for IKKα homodimerization. The activation of IKKα 

leads to p100 processing, thus activating the p52/RelB NF-kB non-canonical 

effector dimer, which then translocates into the nucleus.  

The TRAF3 ubiquitin ligase plays a crucial role in controlling NF-kB activation. 

Specifically, TRAF3 negatively modulates the NIK expression levels (Gardam et 

al. 2008), thus acting as an NF-kB inhibitor factor. It has been reported that TRAF3 

is mutated in ATL cells (Kogure and Kataoka 2017). 

To study the involvement of TRAF3 in the deregulation of the NF-kB pathway 

induced by HLTV Tax-1 antisense protein, CRISPR/Cas9 was employed to 

generate 293T TRAF3 KO cell line. To obtain TRAF3 KO cells, bioinformatic 

analysis was conducted to design a specific sgRNA able to target all the TRAF3 

splice variants. The sgRNA was selected and cloned in the Cas9 expressing 

plasmid. After sgRNA(TRAF3)-Cas9 transfection, 293T cells were selected with 

puromycin and single cell-cloned. The TRAF3 edited cell clones were analyzed by 

western blot, revealing that TRAF3 expression was abrogated after CRISPR/Cas9 

treatment in all the tested clones #2, #3, and #5 (Figure 4.10 A).  

The NF-kB activation was evaluated through an NF-kB luciferase gene reporter 

assay (Figure 4.10 B), showing that in the absence of TRAF3, the transfection of 

the NF-kB transactivator p65 was not sufficient for a sustained NF-kB activation. 

As shown in Figure 4.10 C, in the absence of TRAF3 expression, a constitutive 

p100 processing was detected, as indicated by the p52 increased expression in 

TRAF3 KO cells, suggesting that TRAF3 KO cells are characterized by an NF-kB 

basal activation.  

Our research group reported that Tax-1 interacts with TRAF3 (Diani et al., 2015). 

To evaluate the contribution of TRAF3/Tax1 interaction in NF-kB activation, 

TRAF3 KO cells were co-transfected with Tax1 and NF-kB-Luc encoding plasmids 

(Figure 4.11 A). In the absence of TRAF3, Tax1 slightly induced the NF-kB 

promoter activation, compared to the stronger NF-kB activation observed in 293T 

wt cells (Figure 4.11 A). Furthermore, a reduction of 30% of the NF-kB inhibitor 

IkBα expression was observed in TRAF3 KO cells, compared to 293T wt cells 



Results 

54 
 

(Figure 4.11 B). To explore if the NF-kB basal activation in TRAF3 KO cells 

correlates with the expression of NF-kB target genes, the mRNA levels of IL-6, 

BCL2 and A20 were evaluated. As shown in Figure 4.9 C, a significant increased 

mRNA expression was detected in TRAF3 deficient cells. 

Our results strongly support that the NF-kB negative regulator TRAF3 is 

fundamental for an efficient and sustained NF-kB transactivation mediated by the 

HTLV Tax1 protein (Fochi et al. 2019).  

 

 
 
 
  

Figure 4.10 Molecular characterization of 293T TRAF3 KO cell lines. (A) Western blot analysis of 
CRISPR/Cas9 293T TRAF3 KO cells. (B) NF-kB Luc promoter activation in TRAF3 KO cells. (C) p100 
processing in TRAF3 KO cells. TRAF3 expression and p100 processing were normalized with β Tubulin (A 
and C), NF-kB promoter activation was normalized with Renilla expressing plasmid (B) (Fochi et al., 2019). 
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Figure 4.11: NF-kB activation and its transcription activity. A) Western blot analysis was performed in 293T 
wt and TRAF3-KO to compare the IκBα expression level, normalized with β tubulin. B) NF-kB fold induction 
activity in 293T wt and TRAF3 KO cells transfected with NF-kB-Luc and Tax-1 encoding plasmids. C) RNA 
was extracted from 293T wt and TRAF3 KO cells to analyze the mRNA expression level of NF-kB target 
genes, normalized with the mRNA expression of RPLP0 (Fochi et al., 2019). 



Results 

56 
 

4.2 CRISPR/Cas9 to study cancer diseases  

 

4.2.1 Development of RUNX2 KO cell line to study its involvement in 

malignant melanoma 

 

The incidence of Malignant Melanoma (MM) is globally increasing, accounting for 

130000 new cases every year(WHO | Skin cancers 2017). The surgical removal of 

skin lesions allows tumor eradication. However, melanoma cells have a high 

metastatic potential, due to their stemness characteristics (Quintana et al. 2012). 

Lung, liver, lymph node, brain, and bone represent the main metastasizing sites. 

Unfortunately, after metastasis dissemination, there is no effective cure.  

The Runt-related transcription factor (RUNX) family includes the transcription 

factors RUNX1, RUNX2, and RUNX3, sharing the highly conserved Runt-

homology DNA binding domain (Blyth et al. 2010). Structurally, starting from the 

N-terminus, RUNX2 presents the DNA binding RUNT domain, the NLS domain, 

and both transactivation and inhibitory motifs involved in the regulation of RUNX2 

transcriptional activity (Wysokinski, Blasiak, and Pawlowska 2015).  

RUNX2 is the master gene for mesenchymal stem cell commitment in osteogenic 

lineage differentiation (Chen et al. 2014). It has been reported that RUNX2 

expression is upregulated in different tumors, such as T-cell lymphoma, acute 

myeloid leukemia, multiple myeloma, pancreatic, breast, prostate, ovarian 

epithelial, and lung cancers (Blyth et al. 2006; Valenti 2015), where it plays a 

pivotal role in tumor progression and metastasis (van der Deen et al. 2012). For 

instance, in breast cancer, RUNX2 induces metalloproteinases and VEGF 

expression, which may be related to the first steps driving metastasis (J. Pratap et 

al. 2005). It has also been reported that, in normal mammary epithelial cell lines, 

RUNX2 overexpression causes the acquisition of a mesenchymal-like phenotype 

(Jitesh Pratap et al. 2009). Moreover, in some osteosarcoma cell lines, RUNX2, by 

controlling PTK2/FAK focal adhesion kinases and TLN1 expressions, interferes 

with integrins-cytoskeleton connections, thus playing a crucial role in cell mobility 

(van der Deen et al. 2012). Besides, RUNX2 is also related to the induction of pro-

angiogenetic factors, such as VEGF and hypoxia-inducible factor 1-a (HIF-1α). 
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Specifically, both in normal and hypoxia conditions, RUNX2 stimulates the VEGF 

transcription in a HIF-1α-dependent manner (Kwon et al. 2011). RUNX2 is also 

involved in the sustained activation of MAPK/ERK and PI3K/AKT pathways 

(Bennett 2008), fundamental in apoptosis escape and in Epithelial-Mesenchymal 

Transition (EMT) (Cohen-Solal, Boregowda, and Lasfar 2015; Pappalardo et al. 

2016). Our research group, through CRISPR/Cas9, developed an A375 ΔRUNT 

domain melanoma cell line, proving the involvement of the RUNT domain in cell 

viability, EMT, and cell mobility (Deiana et al. 2018). Cell viability resulted 

strongly reduced in A375 ΔRUNT melanoma cells, probably due to the inability in 

activating MYC transcription (Shin et al. 2016), and to the impaired p53 

inactivation (Ozaki, Nakagawara, and Nagase 2013). Moreover, SSBP1, which is 

involved in controlling p53 transcriptional activity and stability, resulted 

upregulated in A375 ΔRUNT melanoma cells (Deiana et al. 2018). Furthermore, 

both in vitro and in vivo analyses confirmed that the RUNX2-RUNT domain is 

essential in the migration of melanoma cells, mainly ascribed to the downregulation 

of RMD and STMN1 expression (Deiana et al. 2018). 

MM represents 60% of death due to skin tumors and, in the last years, the 

percentage of death has increased, probably due to lifestyle and environmental 

changes. It results necessary to develop new in vitro and in vivo models for 

understanding the molecular mechanisms affecting the behavior of melanoma cells. 

To fully analyze the oncogenic potential of RUNX2 in MM and its impact in 

uncontrolled tumor cell growth, apoptosis escape, and tumor cell invasiveness, 

CRISPR/Cas9 was used to develop a MEL-HO RUNX2 KO melanoma cell line. 

Two sgRNAs were designed on the exons 2 and 3, to knock out all the 12 RUNX2 

splice variants annotated on Ensemble genome browser 

(http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000

124813;r=6:45328157-45664349).  

PX459 2.0 Cas9 expressing plasmid was then engineered with the two selected 

sgRNAs. After sgRNA(RUNX2)-Cas9 expressing plasmid transfection and 

antibiotic selection, CRISPR/Cas9 MEL-HO treated cells were single-cell cloned 

to isolate a pure edited clonal cell line.  
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To individuate MEL-HO RUNX2 KO cells, western blot analysis was performed, 

revealing the occurred RUNX2 KO in MEL-HO 1F5 clonal cell line (Figure 4.12 

A). To characterized the mutations induced by the Cas9 activity, a Sanger 

sequencing was performed (Figure 4.12 B), highlighting a deletion of exactly 100 

bp, which in turn induces a frameshift leading to the introduction of a premature 

TGA-STOP codon (highlighted in red in Figure 4.12 B).   

The Mel-HO RUNX2 KO cell line will be useful to confirm the oncogenic property 

of RUNX2 and its involvement in the epithelial-to-mesenchymal transition process.  

 
  

Figure 4.12: Western blot analysis of MEL-HO parental cell line and 1F5 cell line RUNX expression (A). 
Sanger sequencing showed a 100 bp deletion in the RUNX2 KO clonal cell line, responsible for the 
introduction of a premature STOP codon (circled in red).  
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4.2.2 Development of GNA15 KO cell line to study its involvement in 

pancreatic carcinoma 

 

G-protein coupled receptors (GPCRs) play a crucial role in different physiological 

processes such as neurotransmission, sensory functions, and immune response. 

GPCRs are constituted of a heterotrimeric G protein, composted of Gα and Gβ/γ 

subunits, and a hepta-helix transmembrane receptor. GPCR activation needs the 

binding of an extracellular agonist, followed by GDP-GTP exchange from the Gα 

subunit, and its dissociation from the Gβ/γ dimer. Both Gα loaded of GTP and Gβ/γ 

represent the GPCR signaling effectors, influencing downstream signaling such as 

adenylyl cyclase, Src, phospholipase C, phosphodiesterases and ion channels (Bar-

Shavit et al. 2016). The G protein activity ceases upon GTP hydrolysis in GDP, and 

the Gα subunit associates with Gβ/γ (O’Hayre et al. 2013). Based on the Gα 

aminoacidic primary sequence, GPCRs are distinguished in four classes: Gαs, Gαi/o, 

Gαq/11, and Gα12/13 (Preininger and Hamm 2004). 

GPCRs dysfunction and overexpression are frequently linked to human diseases 

and cancers (Pierce, Premont, and Lefkowitz 2002), thus representing the target for 

therapeutic drugs (Ma and Zemmel 2002; Rask-Andersen, Almén, and Schiöth 

2011).  

The Gα subunit GNA15 belongs to Gαq/11 subclasses but shares with the other Gαq/11  

only 57% of amino acids identity (Hubbard and Hepler 2006). Moreover, contrary 

to the other Gαq/11, it is expressed at specific immature stages and it has a 

promiscuous behavior, as it can associate with different GPCRs (Giannone et al. 

2010). Firstly GNA15 expression was found in murine hematopoietic cells (Wilkie 

et al. 1991), anyway GNA15 expression has been reported also in different 

epithelia, as well as in the immune system (Giannone et al. 2010).  

The specific function of GNA15 is still unknown, mainly due to the high 

promiscuous activity and the lacking of specific drug inhibitors. Many studies 

describe its signaling activity taking advantage of GNA15-Q212L, a constitutively 

active mutant. GNA15-Q212L induces the PKC activation, thus resulting in NF-

kB, STAT3 and MAPK pathways induction (A. M. F. Liu and Wong 2004; Lo and 

Wong 2006; E. H. T. Wu, Lo, and Wong 2003). GNA15 modulates cell growth, 
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maturation, viability, neuronal and erythroid differentiation (Ghose, Porzig, and 

Baltensperger 1999; Heasley et al. 1996). Anyhow, the GNA15 activity 

characterization is questionable, due to the employment of a constitutive active drug 

to shed light on its function, mostly due to the decoupling between GNA15 and 

Gβ/γ subunits activity, being the GNA15-Q212L drug activity independent from 

GPCR stimulation.  

Pancreatic carcinoma affected patients display an expected 5-year survival rate of 

5% (Ducreux et al. 2019), mainly due to the lacking of targeted therapy, late 

diagnosis, and resistance to chemotherapy and radiation (Rahib et al. 2014). 

In a recent work, bioinformatic analysis was conducted to find potential key 

molecules responsible for the development of pancreatic carcinoma. By analyzing 

three pancreatic ductal adenocarcinoma (PDAC) with the GEO database 

(http://www.ncbi.nlm.nih.gov/geo), overlapping and differentially expressed genes 

were found, compared to normal pancreatic tissue. Specifically, 8 candidate genes 

resulted significantly overexpressed CXCL5, CCL20, NMU, F2R, ANXA1, 

EDNRA, LPAR6, and GNA15. It is important to note that among these 8 selected 

genes, five associate with guanine-nucleotide binding protein GNA15, CXCL5, 

EDNRA, F2R, and LPAR6 (Y. Gu et al. 2019). It has been demonstrated that in 

pancreatic carcinoma GNA15 promotes the overactivation of different signal 

pathways, including Ras, Raf, and PI3K (Giovinazzo et al. 2013; Philip et al. 2009). 

By inducing GNA15 knockdown through RNA interference in carcinoma cell lines, 

GNA15 was found involved in cell adhesion and in the sensitivity to starvation 

condition, activating PKD1 signaling involved in the increased mobility, adhesion 

and survival of tumor cells (Giovinazzo et al. 2013; Waldron et al. 2012). Although 

many studies have been conducted to reveal the pathomolecular mechanisms 

involved in the pancreatic carcinogenesis, they still remain unknown, with 

consequent absence of efficient treatments, and making pancreatic carcinoma one 

of the main causes of death related to cancer (Y. Gu et al. 2019).  

To elucidate the role of GNA15 in the molecular mechanisms leading to pancreatic 

adenocarcinoma development, CRISPR/Cas9 was used to generate PT45 pancreatic 

adenocarcinoma GNA15 KO cell line.  As reported in Ensemble genome browser, 

the GNA15 gene transcription produces three splice variants 
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(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000

0060558;r=19:3136033-3163749). To induce the GNA15 KO, two sgRNAs were 

designed to direct the Cas9 endonuclease activity on the exon1 and the exon2, 

common between the three known splice variants. After sgRNA cloning into the 

Cas9 expressing plasmid and sgRNA-Cas9 plasmid transfection into PT45 cell line, 

cells were selected with puromycin to enrich the PT45 GNA15 KO cell population. 

To obtain a clonal cell line not expressing GNA15, a single cell cloning was carried 

out.  

The different PT45 clonal cell lines were tested for PT45 expression through 

western blot analysis (Figure 4.13 A) and sanger sequencing (Figure 4.13 B).  

The western blot analysis revealed the absence of GNA15 expression in the three 

clones analyzed, compared to the control (Figure 4.13 A). The occurred GNA15 

KO was further confirmed by Sanger sequencing, showing that Cas9 introduced a 

single-nucleotide deletion, and thus a frameshift not allowing GNA15 expression 

(Figure 4.13 B).   

One of the main functions of GNA15 is the activation of PKD signaling. After 

GPCR activation, phospholipase C induces an increase of diacylglycerol (M. S. 

Kim et al. 2009) that stimulates the PKD  autophosphorylation at the C-term Ser910 

residue, thus inducing a conformational change that makes PKD able to be 

phosphorylated  by PKC at Ser738/742 (Rybin et al. 2012). Due to the tight link 

between GNA15 activity and PKD activation, the PKD phosphorylation status was 

assessed by western blot (Figure 4.13 C). 

As expected, the western blot analysis conducted to evaluate the phospho-

Ser910/738/742, revealed that the PKD autophosphorylation at Ser910 occurred in 

the absence of  GNA15, instead, the level of phospho-Ser738/742 resulted lower 

compared to the PT45 control (Figure 4.13 C). 

The PKD activation correlates with the lack of GNA15 expression. GNA15 KO 

cells will be useful to elucidate its involvement in malignant properties, such as cell 

migration and cancer-related pathways deregulation. 
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Figure 4.13: Western blot analysis of PT45 parental cell line and #1, #2, and #3 cell lines GNA15 expression 
(A). Sanger sequencing showed the insertion of a G nucleotide in GNA15 KO clonal cell lines, responsible 
for the introduction of a premature STOP codon (circled in red, B). Western blot was performed to evaluate 
the PKD activity in GNA15 KO clonal cell lines, by quantifying the level of phospho-ser738, 732, and 910 
(lower panel). The band intensity is reported in the diagram in the upper panel (mean ± SEM, *** P<0.0005, 
n=10). 
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4.2.3 CRISPR/Cas9 to study the involvement of PTPRG in Chronic myeloid 

leukemia 

 

Chronic myeloid leukemia (CML) is a myeloproliferative malignancy affecting the 

bone marrow myeloid lineage. CML originates from t(9;22)(q34;q11) reciprocal 

chromosomal translocation in pluripotent stem cells resulting in a shorter 

chromosome 22, known as the Philadelphia chromosome, found in more than 90% 

of CML patients (Salesse and Verfaillie 2002). This translocation leads to the 

expression of BCR/ABL fusion protein. BCR/ABL is a constitutively active 

tyrosine kinase (Faderl et al. 1999). BCR/ABL becomes active upon different 

phosphorylations, among them the most important driving neoplastic 

transformation is the phosphorylation of Tyr89 which occurs in a Src family kinase-

dependent manner (Meyn et al. 2006). BCR/ABL interferes with different cell 

processes, such as cell proliferation, adhesion, cell survival, and differentiation, by 

activating Jun-kinase, Ras, and PI-3 kinase pathways fundamental in tumor cell 

transformation (Salesse and Verfaillie 2002). Many efforts have been directed in 

studying the protein tyrosine phosphatase (PTP) family, comprising 107 members, 

that act as negative regulators of tyrosine kinases. CML treatment is based on 

tyrosine kinase inhibitors (TKIs) targeting BCR-ABL, such as imatinib, nilotinib, 

and dasatinib (Drube et al. 2018).  

CML can be distinguished in three phases: chronic, accelerated and blast crisis. The 

chronic phase shows the acquisition of mutations in leukemia stem cells leading to 

increased chemokines expression related to cell mobility (Dierks et al. 2008). The 

accelerated phase is highlighted by the acquisition of resistance to drug treatment, 

increased blasts or basophils in blood and bone marrow, thrombocytopenia, and 

splenomegaly (Baccarani et al. 2006). The blast crisis is characterized by the 

acquisition of other chromosome mutations, besides the Philadelphia chromosome, 

mainly involving trisomy 8, isochromosome 17q, and trisomy 19 (Campbell et al. 

2002). Among the PTP proteins, protein tyrosine phosphatase receptor type γ 

(PTPRG) belongs to subtype V. Structurally, PTPRG shows an extracellular region, 

a single transmembrane domain, and two kinase catalytic domains. PTPRG is 

expressed in leukocytes, hematopoietic precursors, endocrine and epithelial cells 
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(Mafficini et al. 2007; Vezzalini et al. 2017). PTPRG functions as tumor suppressor 

and loss of function mutations, as well as promoter methylation, have been detected 

in renal cell carcinoma, lung carcinoma, breast cancer, and colorectal cancer 

(Furuta et al. 2006; LaForgia et al. 1991; S. Liu et al. 2004; Z. Wang et al. 2004). 

Moreover, Della Peruta et al. (2010) reported that in CML cell lines, the 

downregulation of PTPRG leads to higher clonogenic cell capability, while its 

overexpression causes the opposite effect and induces BCR/ABL 

dephosphorylation and its proteasome degradation (Monne et al. 2013; Della Peruta 

et al. 2010). Of note, it has been demonstrated that PTPRG expression is restored 

in CML patients treated with TKIs, highlighting its potential prognostic biomarker 

role (Monne et al. 2013). PTPRG plays a crucial role in CML acting as a potential 

tumor suppressor by inhibiting the BCR/ABL activity, thus underlying the 

importance of elucidating its role in counteracting tumor transformation.  

To better understand the molecular mechanism by which PTPRG counteracts 

BCR/ABL oncogenic function, LAMA84 cells were selected since, differently 

from other CML cell lines, the PTPRG promoter is not methylated and, 

consequently, the PTPRG protein is expressed (Della Peruta et al. 2010). 

CRISPR/Cas9 was used to generate the LAMA84 PTPRG KO CML cell line.  

Seven splice variants are annotated on the Ensemble genome browser 

(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000

0144724;r=3:61561569-62297609), thus, to induce the PTPRG KO, a specific 

sgRNA was designed to target the exon 2, common to all the predicted splicing 

variants.  

LAMA84 cells are a hard-to transfect cell line, thus sgRNA was cloned in the 

LentiCRISPRv2 Cas9 expressing vector, for conveying the sgRNA-Ca9 complex 

through lentiviral infection.  

The sgRNA(PTPRG)-Cas9 LentiCRISPRv2 expressing vector was co-transfected 

with the psPAX2 and pVSVg plasmids in 293T packaging cells to produce viral 

particles. After 48h from transfection, the culture medium, containing the 

LentiCRISPR-expressing virions, was collected to proceed with the infection of 

LAMA84. Viral titration was performed to find the right condition for infection. In 

particular, 5 viral dilutions were used for the infectivity assay: 1:1, 1:100, 1:1000, 
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and 1:10000. In all the 5 conditions tested a very high cytopathic effect was 

observed. Anyway, LAMA84 infected with 1:10000 diluted virus showed the 

highest percentage of survival. Once LAMA84 cells recovered from the infection, 

they were subjected to puromycin selection to enrich the cell population of infected 

cells and proceed with single-cell cloning.  

Unfortunately, no clone was found, suggesting that for growing, LAMA84 may 

require the exchanging of growth factors, making the single-cell cloning not 

feasible. To bypass this issue, LAMA 84 infected and selected cells were single-

cell cloned on semisolid matrigel culturing system, thus allowing their physical 

separation, but permitting cell communication. Very few little cell colonies were 

detected, but, interestingly, their growth stopped very soon. These surprising 

observations led us to speculate that LAMA84 cells do not sustain viral infection.  

To overcome the viral infection, a particular transfection protocol has been thus set 

up. Specifically, the cells were treated with growth factors inducing their adhesion. 

LAMA84 adherent cells resulted prone to transfection. The sgRNA was then cloned 

into the PX459 2.0 Cas9 expressing plasmid and transfected in the LAMA84 

adherent cell line. Single-cell cloning is in progress.  
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4.3 CRISPR/Cas9 to study neurological disorders 

 

4.3.1 Development of PPT1 KO cell line to investigate its involvement  in CLN1 

disease 

 

Neuronal ceroid lipofuscinoses (NCL) constitute a group of lysosomal storage 

diseases affecting the brain and retina (Mole, Williams, and Goebel 2012). NCL 

share clinical characteristics, such as cognitive decline, motor deterioration, and 

blindness leading to early death (Palmer et al. 2013). Different NCL hallmark genes 

have been identified so far, and, five of them encode lysosomal proteins (Pezzini et 

al. 2017). CLN1 identifies a particular type of NCL that, in most cases occurs in 

childhood (Santavuori, Haltia, and Rapola 1974; Vesa et al. 1995) and, rarely, arises 

in adulthood (Van Diggelen et al. 2001). Both phenotypes share the reduced activity 

of Palmitoyl- Protein Thioesterase 1 (PPT1). The hydrolytic lysosomal enzyme 

PPT1 is normally highly expressed in neuronal cells. It is involved in removing the 

palmitate residues degrading of S-acylated proteins (Bellizzi et al. 2000; Verkruyse 

and Hofmann 1996; Vesa et al. 1995). PPT1 has been also found at the synaptic 

level, where it regulates vesicle trafficking (Aby et al. 2013; S.-J. Kim et al. 2008). 

Its main function is the control of the palmitoylated state of proteins, thus regulating 

their shuttling among different neuronal organelles (Fukata and Fukata 2010). 

Ppt1-/- knockout mice show motor dysfunction, axon degeneration, and brain 

atrophy with high death of cortical neurons, features of CLN1 disease (Jalanko et 

al. 2005), due to different altered mechanisms including: cell motility, cell 

development, membrane trafficking, apoptosis, and deregulation of calcium fluxes 

and homeostasis in neuronal cells (P. Wang et al. 2011). Proteomic analysis from 

thalamus derived from Ppt1-/- mice revealed the impairment of mitochondria 

functions, caused by the dysregulation of cytochrome c complex and ATP synthase 

(Tikka et al. 2016). In fact, different groups have demonstrated that PPT1 interacts 

with different components of these enzyme machineries (Lyly et al. 2008; Scifo et 

al. 2015). Another fundamental characteristic of CLN1 disease is the altered 

myelination, normally important for impulses propagation. Many myelin 

components and myelin-associated proteins have been found down-regulated in 
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CLN1 disease (Tikka et al. 2016). Notably, myelin is enriched in cholesterol, 

glycosphingolipids, and galactolipids (Chrast et al. 2011) and PPT1 regulates their 

metabolism, thus it is not surprising that Ppt1-/- mice present defective myelination 

(Blom et al. 2013).  

Nowadays an effective CLN1 treatment is still not available and CLN1 patients are 

administered just drugs to relieve symptoms (Nita, Mole, and Minassian 2016). It 

is necessary to clarify the patho-molecular mechanism responsible for the onset of 

this lethal infantile neurodegeneration, revealing the implication of PPT1 in CLN1 

disease.   

To investigate the role of PPT1 in the pathogenesis of the infant CLN1 disease, 

CRISPR/Cas9 was used for developing PPT1 KO SHSY-5Y neuroblastoma cell 

line.  

PPT1 transcripts are subjected to canonical and alternative splicing processes, 

generating 19 splice variants, as reported on Ensemble genome browser 

(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000

0131238;r=1:40071461-40097727). To induce a complete PPT1 gene KO, a 

sgRNA was designed to target exons 5, common to all the splicing variants.  

The Cas9 expressing plasmids was engineered, thus generating specific 

sgRNA(PPT1)-Cas9 expressing plasmid, then conveyed within the target cells 

through nucleofection. The sgRNA(PPT1)-Cas9 treated cells were selected through 

puromycin and then single-cell cloned.   

Once obtained CRISPR/Cas9 treated cell clones, the PPT1 expression was analyzed 

by western blot (Figure 4.14 A) and immunofluorescence (Figure 4.14 B). Western 

blot analysis revealed that among the tested clones, only the SH-SY5Y #6 clonal 

cell line did not express PPT1(Figure 4.14A). Sanger sequencing was performed to 

characterize indel mutations inserted by Cas9 Figure 4.14 C).  Western blot analysis 

showed that the PPT1 KO was achieved in clone #5 compared to SH-SY5Y used 

as control (referred to as SH in Figure 4.14 A). Immunofluorescence analysis 

confirmed the lack of the PPT1 protein and lysosomal marker Lamp2 colocalization 

in SH-SY5Y PPT1 KO cells, compared to the control where merged yellow dots 

indicated PPT1-Lamp2 colocalization (Figure 4.14 B). To analyze the DNA 

sequence after CRISPR/Cas9, Sanger sequencing was performed and BLAST 
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alignment revealed the presence of 37-nucleotide deletion responsible for the 

introduction of a premature TGA STOP codon (circled in red in Figure 4.14 C), 

thus explaining the lacking PPT1 expression in the SH-SY5Y PPT1 KO cell line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
  

Figure 4.14: Analyses of PPT1 expression and DNA sequence. (A) Western blot analysis of PPT1 
expression after CRISPR/Cas9, normalized with GAPDH. (B) Immunofluorescence (IF) analysis of 
PPT1 in SH-SY5Y wt cells and in PPT1 KO cells. Lamp2 was used as lysosomal marker. Nuclei were 
stained with DAPI. (C) Sanger sequencing of SH-SY5Y PPT1 KO cells. The STOP codon introduced 
by the Cas9 activity is circled in red 
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4.3.2 CRISPR/Cas9 to study the involvement of GPR3 in Alzheimer’s disease 

 
Alzheimer’s disease (AD) is an age-related neurodegenerative disorder. The World 

Health Organization estimates that, in 2019, 50 million people were affected by 

dementia, and AD contributes to 60-70% of cases. Clinically, AD is characterized 

by memory loss and behavioral changes. The disease progression leads to damage 

in structure and function in the hippocampus and cortex (Mota, Ferreira, and Rego 

2014). The AD hallmarks include extracellular deposition of amyloid plaques and 

hyperphosphorylation of the tau protein (L. Ferreira et al. 2012). The typical 

synaptic disfunction is mainly due to an over-activity of glutamate receptors, the 

N-methyl-d-aspartate receptors (NMDARs) that alter Ca2+ flux in neurons (Mota, 

Ferreira, and Rego 2014). Glutamate is an excitatory neurotransmitter and, in the 

brain, acts on ionotropic receptors allowing fast neuronal communication 

(Traynelis et al. 2010), and metabotropic receptors that control neurotoxic signals 

reaching intracellular substrates (Um et al. 2013). 

The main feature of Alzheimer disease is the accumulation of amyloid-β (Aβ) in 

the brain (Selkoe 2002), generated by sequential cleavages of β-amyloid precursor 

(APP) by the β- and γ-secretases (Wilquet and Strooper 2004). Evidence showed 

that in the presence of specific APP mutations, typical of familial AD, its processing 

is enhanced leading to a higher Aβ deposition (Haass et al. 1995; Mullan et al. 

1992). Different genes involved in the increased Aβ deposition have been 

identified, such as the prostaglandin E2 receptor PTGER2 (Pooler et al. 2004) and 

the serotonin receptor HTR2C (Nitsch et al. 1996). Thathiah et al. (2009), through 

mass spectrometric, found that G protein–coupled receptor 3 (GPR3) regulates the 

Aβ peptide level by modulating the APP cleavage mediated by γ-secretases, without 

influencing its expression level (Thathiah et al. 2009). GPR3 is an orphan G 

protein–coupled receptor that activates the Gαs subunit that stimulates adenylate 

cyclase which in turn causes a constitutive increase of cAMP (Oddo et al. 2006; De 

Strooper 2003). GPR3 is strongly expressed in neurons in the cortex, amygdala, 

hippocampus, and thalamus, regions strongly involved with the pathogenesis of AD 

(Heiber et al. 1995). Study conducted on an AD mouse model expressing the AD 

familial Swedish (Swe) mutation KM670/671NL in the APP peptide, revealed that 
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the GPR3 expression is fundamental to regulate the assembly of γ-secretases 

leading to an increase of Aβ deposition in hippocampus, instead, the complete 

genetic ablation of GPR3 resulted in reduced deposition of Aβ(Thathiah et al. 

2009). Anyway, GPR3 stimulates the γ-secretases activity in a cAMP-independent 

manner (Thathiah et al. 2009), thus leading to speculate the involvement of β-

arrestins that recently have been shown G-protein functions independent from 

GPCR signaling activation(Lefkowitz and Shenoy 2005). Interestingly, β-arrestin 

2 (β-arr2) is present at high levels in the brain of AD patients. In addition, βarr2-/- 

mice crossed with AD mice give a progeny with lower Aβ in cortex and 

hippocampus (Thathiah et al. 2013). Moreover, GPR3 failed to increase the Aβ 

level in β-arr2-/- neurons (Thathiah et al. 2013), suggesting that b-arr2 is required 

for GPR3-stimulated Aβ production.  

AD is a multifactorial disease and currently, there is no cure. AD patients are treated 

with drugs that ameliorate AD symptoms. FDA approved the treatment of mild AD 

with cholinesterase inhibitors (Aricept, Exelon, and Razadyne) for slowing down 

the loss of acetylcholine in the brain; instead, moderate and severe AD are treated 

with N-methyl D-aspartate (NMDA) antagonist (memantine and donepezil) to 

reduce the synaptic dysfunctions. It is important to direct efforts to reveal the 

molecular mechanisms that lead to the onset of AD for developing new compounds 

able to block or even prevent the first molecular steps involved in AD pathogenesis 

(P.-P. Liu et al. 2019).  

To investigate the involvement of the orphan GPR3 in the Aβ production and 

deposition in Alzheimer’s disorder, CRISPR/Cas9 was applied to develop an H4 

GPR3 KO neuroglioma cell line. To this aim, the H4 cell line, harboring the Swe 

mutation KM670/671NL in APP, characteristic of AD, was used.  

For obtaining a complete GPR3 KO in the H4 Swe cell line, an Ensemble genome 

browser analysis revealed that the GPR3 gene transcription produces a single splice 

variant 

(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG0000

0181773;r=1:27392622-27395814;t=ENST00000374024). Three specific sgRNAs 

were designed to knock out GPR3.  
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Since transfection and nucleofection tests with a GFP expressing plasmid in H4 

Swe cell have given poor results, to induce the GPR3 KO, a lentiviral approach was 

used. Specifically, a sgRNA was cloned in the LentiCRISPRv2 Cas9 expressing 

vector. LentiCRISPRv2 is a third-generation vector, implying that for viral 

packaging it is necessary not only to use the sgRNA(GPR3)-LentiCRISPRv2, but 

also the pVSVg and psPAX2 packaging plasmids, for obtaining infective lentiviral 

particles (Shalem et al. 2014).  

Once engineered the LentiCRISPRv2 transfer vector, 293T packaging cells were 

co-transfected with sgRNA(GPR3)-LentiCRISPRv2, pVSVg, and psPAX2 for 

lentiviral production. After 48h from transfection, lentiviral particles were 

harvested and used for infecting the H4 Swe cell line. To avoid a high cytopathic 

effect after H4 Swe transduction, different viral titrations were performed. 

Specifically, H4 Swe cells were infected following 5 conditions. Specifically, the 

supernatant harvested from 293T packaging cells was diluted 1:1, 1:100, 1:1000, 

1:5000, and 1:10000. After 24h from transduction, high cytopathic effect and 

mortality were observed in all the 5 infection conditions performed. After changing 

culture medium, the cells recovered, except those infected at the highest viral 

concentration (1:1 condition) and were subjected to puromycin selection to enrich 

the cell population of infected H4 Swe cells, before performing single-cell cloning. 

The H4 Swe clonal cell lines were analyzed through western blot to evaluate the 

GPR3 expression, finding that all the clones express the CRISPR/Cas9 targeted 

protein (Figure 4.15 A), compared to H4 Swe parental cell line. However, the H4 

Swe #9 clone showed a lower GPR3 expression, thus, according to Dyikanov et al. 

(2019), it was subjected to another round of LentiCRISPR infection (Dyikanov et 

al. 2019). The H4 Swe cell clones newly obtained were screened by western blot 

(Figure 4.15 B), finding that only the clone #4 showed a considerable reduction of 

GPR3 expression. GPR3 belongs to the Class A family of GPCR together with 

GPR6 and GPR12. GPR3 share a very high homology percentage with GPR6 and 

GPR12. In addiction GPR3 shows a high percentage of similarity also with 

cannabinoid receptors (Eggerickx et al. 1995; Morales, Hurst, and Reggio 2017). 

Noteworthy, GPR6, GPR12, and cannabinoid receptors are highly expressed in 

brain-derived cell lines (Morales, Isawi, and Reggio 2018; D.-M. Wu et al. 2018). 
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In this particular circumstance, the presence of false positives cannot be excluded. 

To deeply assess whether the GPR3 gene sequence was altered by 

LentiCRISPR/Cas9, GPR3 was analyzed by Sanger sequencing. The BLAST 

alignment between H4 Swe GPR3 wt gene and H4 Swe CRISPR/Cas9 GPR3 edited 

gene revealed the presence of a single-nucleotide deletion (indicated with the red 

arrow in Figure 4.15 C) responsible for the insertion of a premature STOP codon 

(Figure 4.15 D). To further investigate the efficiency of transduction and integration 

of lentiviral particles in H4 Swe cells, the #4 clone cell line was grown by adding 

puromycin to the culture medium. In these growth conditions no cell death was 

detected, confirming the occurred LentiCRISPR proviral integration within the H4 

Swe #4 cell line, responsible for the acquisition of puromycin resistance. 

H4 Swe GPR3 KO cell line will be fundamental to better understand the pivotal 

role of the GPR3 protein in Aβ deposition. 
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Figure 4.15: Analyses of GPR3 expression. Western blot analysis of GPR3 expression after the first 
LentiCRISPR transduction (A) and after the second LentiCRISPR transduction (B). (C) Sanger sequencing 
of H4 Swe #4 cells. The red arrow shows the single nucleotide deletion induced by the Cas9 activity. The 
premature STOP codon is circled in red. (D) In silico translation of H4 Swe wt and H4 Swe #4 cell lines.  
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5. DISCUSSION 

 

The CRISPR/Cas9 system represents a milestone for genome manipulation due to 

its quickness, simplicity, and cost-effectiveness. As for any new emerging 

revolutionary technique, CRISPR/Cas9 presents several technical limits that need 

to be investigated before it may be applied to different fields, from plant 

engineering to gene therapy.  

The major CRISPR/Cas9-related issues refer to the karyotype of the target cell line, 

the appropriate delivery system of sgRNA/Cas9, the analysis of Cas9 off-target 

cleavages, the screening method to identify edited clones, the characteristic of the 

targeted gene, as well as ethical issues related to the employment of the 

CRISPR/Cas9 technology. 

 

5.1 CRISPR/Cas9 targeted cell lines 

The genome editing approach needs to take into account the cell karyotype. 

According to Dyikanov, gene-editing efficiency is considerably reduced in 

aneuploid cell lines (Dyikanov et al. 2019). In our experience, the development of 

H4 Swe GPR3 KO cells was particularly difficult. The ATCC web site reports that 

H4 cells present hypertriploid karyotype with a chromosome number between 63 

and 78, reflecting the H4 Swe cells heterogeneity. To induce the GPR3 KO in H4 

Swe cells, we used the LentiCRISPR vector. After infection, puromycin selection 

and single-cell cloning, western blot analysis was performed, finding a 

CRISPR/Cas9 H4 Swe clone with a significant reduction of GPR3 expression 

(Figure 4.15 A). To obtain a complete GPR3 KO, a second infection round was 

carried out and GPR3 expression was further analyzed by western blot (Figure 4.15 

B). None of the H4 clones resulted GPR3 KO, but, interestingly, we observed a 

lower GPR3 expression in the #4 clone, compared to the H4 Swe wt cells used as 

control. Notably, GPR3 is part of a gene family together with GPR6 and GPR12 

and they share more than 60% homology (Eggerickx et al. 1995; Morales, Hurst, 

and Reggio 2017), thus, we cannot exclude that the anti GPR3 antibody may cross-

react with other GPR family members. It is important to consider that the GPR3 

expression analysis was verified using a polyclonal antibody, which likely cross-
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reacts with other GPR proteins, as indicated in the datasheet. To finally verify the 

absence of GPR3 in the H4 Swe #4 cells, we will evaluate its expression exploiting 

the 3B4-G3 monoclonal antibody (Sigma-Aldrich). In line with our speculation, 

Sanger sequencing was performed for evaluating the DNA mutation introduced by 

Cas9, and we observed that the H4 Swe #4 clone presented a single nucleotide 

deletion responsible for the introduction of a premature STOP codon that may not 

allow the GPR3 protein expression (Figure 4.15 C). Bioinformatic analysis is 

particularly helpful in the presence of doubtful results. For example, after 

CRISPR/Cas9 treatment and Sanger sequencing, the ExPASy SIB Bioinformatics 

Resource Portal (https://web.expasy.org/translate/) was used for GPR3 in silico 

translation, confirming the introduction of a premature STOP codon (Figure 4.15 

D).  

Likewise, after CRISPR/Cas9 treatment to induce the HDAC6 KO, apparent 

contradictory results were obtained. HDAC6 genomic PCR analysis and Sanger 

sequencing (Figure 4.3 A and B, respectively) revealed a 74 bp deletion, leading to 

a frameshift and premature STOP codon. Intriguingly, the western blot analysis 

revealed the presence of a strongly reduced HDAC6 expression in clone #5 (Figure 

4.3 C), which was difficult to explain. In this regard, recently an elegant work by 

Smits et al. (2019) reported that after the CRISPR/Cas9-induced gene KO, different 

host mechanisms can be exploited to rescue the expression of the targeted gene. 

Specifically, translation re-initiation may occur when the sgRNA directs the Cas9 

endonuclease activity at 5’ terminal portion of the target gene, leading to N-terminal 

truncated protein expression. CRISPR/Cas9-induced frameshift mutation can also 

be overcome through the skipping of the indel mutations through alternative 

splicing. Both translation re-initiation and frameshift skipping allow bypassing the 

non-sense mediated decay, which in turn enables the protein expression (Smits et 

al. 2019).   

To definitively clarify whether GPR3 and HDAC6 were effectively knocked out, 

functional analyses need to be performed on the corresponding mRNA.   
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5.2 CRISPR/Cas9 delivery 

A crucial point is the CRISPR/Cas9 delivery method, chosen according to the target 

cell line (T. K. Kim and Eberwine 2010). As expected, we observed that different 

cell lines require different CRISPR/Cas9 delivery systems. As a consequence, some 

cell lines resulted easier to manipulate than others. For example, the development 

of 293T edited cell lines (Figure 4.1, 4.5 A, 4.6A, and 4.10A) was relatively easy 

using lipofection protocol. Differently, H4 Swe neuroglioma, SH-SY5Y 

neuroblastoma, and LAMA chronic myeloid leukemia cell lines were more difficult 

to transfect. The CRISPR/Cas9 delivery protocol was optimized by performing 

different transfection tests, conveying a GFP-expressing plasmid through 

lipofection and nucleofection. The GFP expression was then analyzed by 

fluorescent microscopy.  

In all tested lipofection conditions, SH-SY5Y showed a very low GFP signal, while, 

the nucleofection gave better results. Thus, the sgRNA(PPT1)-Cas9 expressing 

plasmid has been shuttled through nucleofection.  

Differently, lipofection did not result efficient for the manipulation of H4 Swe and 

LAMA84 cells, as well as nucleofection. To bypass transfection- and 

nucleofection-related issues, the LentiCRISPR transduction vector has been 

employed. LentiCRISPR viral particles have been produced in 293T packaging 

cells followed by target cell transduction. Opposite results were obtained in the two 

cell lines. Particularly, concerning cell viability, H4 Swe cells were found to sustain 

the viral transduction, while the LAMA84 cell line, after LentiCRISPR 

transduction, presented a very high mortality percentage. Anyway, after LAMA84 

recovering the cell cycle arrested, suggesting that, probably, a defense mechanism 

against lentiviral infection prevented their growth. We can speculate that the low 

viability and the cell cycle arrest may depend on the induced PTPRG KO and/or 

the infection. In the attempt to make the LAMA84 cells prone to transfection, they 

were made adherent, by coating the cell culture vessel and adding three growth 

factors to the culture medium, for maintaining the cell stemness and their replication 

capacity. Surprisingly, in this new condition, GFP transfection has shown better 

results, thus the sgRNA(PTPRG)-Cas9 expressing plasmid will be conveyed 

through lipofection. However, we cannot exclude that PTPRG is essential for cell 
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viability. In fact, there is no evidence in the scientific literature about the 

development of PTPRG KO cell lines or animal models. It has been reported that 

the RNA interference-induced PTPRG knockdown, correlates with high cell growth 

in tumor cells (Kostas et al. 2018).  

The CRISPR/Cas9 delivery represents an important issue to investigate. Lentiviral 

shuttling of sgRNA-Cas9 ensures to hit the target sequence, but, exploiting 

lentiviral constructs, both the Cas9 and the sgRNA continue to be expressed, thus 

representing an inefficient vehicle method for gene therapy application, mainly for 

the increased off-target risk (Petris et al. 2017).  

Efforts are directed for searching new and suitable convey systems able to increase 

the Cas9 on-target specificity too. For example, the CRISPR/Cas9 viral vector 

delivery may lead to undesired Cas9 cleavages. To reduce off-targets, Petris et al. 

(2017) developed the Lentiviral Self-Limiting Cas9 Enhanced Safety 

(LentiSLiCES). This approach limits and regulates the Cas9 expression, which in 

turn reflects the reduction of off-targets, by combining, the on-target sgRNA-Cas9 

to a non-active sgRNA able to target the Cas9 coding sequence, thus reducing its 

expression (Petris et al. 2017).  

It has been also reported that using the new CRISPRGold technology (B. Lee et al. 

2018; K. Lee et al. 2017), sgRNA-Cas9 can be microinjected within cells difficult 

to manipulate, such as neurons. CRISPGold bases its activity on gold nanoparticles 

coating the DNA donor template and the sgRNA-Cas9 RNP complex (K. Lee et al. 

2017).  

 

5.3 Evaluation of Cas9 off-target activity 

CRISPR/Cas9 has been engineered to be a highly precise genome editing tool, to 

introduce a DSB only in the target sequence. However, the Cas9 endonuclease 

activity may be erroneous, leading to off-target cleavages (Q. Zhang et al. 2018). 

Obviously, the possibility of Cas9 off-targets must be carefully considered. In fact, 

unpredicted genome cuts may cause chromosome instability and loss or gain of 

function gene mutations, with unpredictable cell pathway alterations and important 

physiological consequences. To specifically direct Cas9 on the on-target sequence, 

an efficient and specific sgRNA has to be designed. Studies report that Cas9 DNA 



Discussion 

78 
 

cleavage is widely and differently influenced by different sgRNAs (Cong et al. 

2013; Mali et al. 2013; Shalem et al. 2014). With respect to off-target effects, it is 

important to underline that up to five mismatches in the sgRNA-targeted sequence 

base pairing can be tolerated (Tsai and Joung 2016). Specifically, PAM-distal 

mismatches do not influence the Cas9 activity, while, PAM-proximal mismatches 

do not allow the cleavage of the target sequence (Hsu et al. 2013). Certainly, the 

absence of mismatches helps in preventing off-targets. As mentioned above, the 

different sgRNA design tools available are useful for off-target prediction.  

In our studies, we employed two sgRNA design tools for selecting sgRNAs: MIT 

guide design resource and Chopchop (https://zlab.bio/guide-design-resources and 

https://chopchop.cbu.uib.no/). Both base the sgRNA searching on the presence of 

the NGG-PAM motif in the sequence of interest, returning a list of predicted 

sgRNAs. To each sgRNA is associated a score value indicating the efficacy of on-

target cutting, thus the sgRNA selection was performed by comparing the sgRNA 

scores calculated by both MIT and Chopchop. Considering that sgRNA can base-

pair with off-target regions, bearing eventual mismatches, BLAST alignment was 

performed to ensure that each selected sgRNA specifically recognizes the target 

sequence, avoiding undesired cleavages. Morover, for an optimal sgRNA selection,  

in addition to the sgRNA BLAST alignment with the human genome, potential off-

target sites have been analyzed by using the CRISPR RGEN tool for each gRNA, 

as reported in the materials and methods section (Bae, Park, and Kim 2014). Careful 

analysis of off-targets is particularly important especially when the CRISPR/Cas9 

target gene is part of a gene family. For instance, in our experience, to specifically 

obtain the HLA-C KO (Figure 4.5), bioinformatic analysis was performed to find 

the percentage of homology with paralogue genes, finding that high identity 

sequence is shared with the other HLA family members. As reported on Ensemble 

genome browser, the HLA-C gene sequence shows a homology sequence between 

74% and 84% with HLA-B, -F, -G, and -E 

(https://www.ensembl.org/Homo_sapiens/Gene/Compara_Paralog?db=core;g=EN

SG00000204525;r=6:31268749-31272130). Hence, for developing the 293T HLA-

C KO cell line, avoiding off-target effects, the sgRNA was designed to target the 

HLA-C exon 2 sequence not shared with the other HLA genes. It follows that to get 
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valuable results using CRISPR/Cas9, eventual off-targets must be analyzed, also 

depending on the target gene family. It is always necessary to check Cas9 off-target 

cuts, even if they are not detected by bioinformatic analysis. To this aim, after 

developing 293T HLA-C KO cell line, we performed western blot analysis 

revealing that HLA-A and HLA-B expression was not affected by CRISPR/Cas9 

treatment.  

As reported above, our research group developed A375 ΔRUNT melanoma cell line 

to study its involvement in cancer cell migration and angiogenesis. Since RUNX2 

is a member of the RUNX gene family with RUNX1 and RUNX3 (Blyth et al. 

2010), whole-genome sequencing was performed to analyze Cas9 off-targets, 

revealing the absence of undesired Cas9 cleavages.  

Off-target cleavages represent one of the most important issues to be addressed for 

CRISPR/Cas9 application, especially in gene therapy to avoid undesired Cas9 

cleavages that may induce important unpredictable consequences.  

As shown by Kim et al. (2014), it is possible to convey the Cas9 protein combined 

to sgRNA as a ribonucleoprotein (RNP) complex into the target cells obtaining an 

initial high expression of Cas9 followed by a rapid decay, thus reducing off-target 

cleavages of 10 fold. Moreover, the sgRNA-Cas9 RNP complex, delivered through 

electroporation, resulted efficient for the genome editing of cell lines recalcitrant to 

lipofection, such as primary cell line and pluripotent stem cells (S. Kim et al. 2014). 

Similarly, Dong et al. (2019) reported that, by microinjecting sgRNA-Cas9 RNP 

into mouse zygotes, the off-target risks are significantly reduced, mainly due to the 

short half-life of Cas9 (Y. Dong et al. 2019). 

Another approach to reducing off-targets is based on the employment of the Cpf1 

orthologue AsCas12a, engineered from Acidaminococcus. The AsCas12a activity 

requires a TTTV-PAM motif, where V can be A, G, or C (Gao et al. 2017). Maule 

et al. (2019) exploited the AsCas12a endonuclease for correcting specific CFTR 

mutations in human primary cells and in cystic fibrosis-derived organoids, 

reporting the absence of off-targets, thus underling the value of this approach in 

preclinical trial phases (Maule et al. 2019).   
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To reduce uncontrollable Cas9 cleavages, Fu et al. (2014) showed that by truncating 

the 5’-end of sgRNA up to 17 or 18 nt length, the Cas9 still results working on the 

on-target sequence, with undetectable off-targets (Fu et al. 2014).  

Besides the strategies to reduce the CRISPR off-targets, their detection too 

represents a challenge in the field of genome editing. For CRISPR/Cas9 gene 

therapy application it is essential not only to develop an off-target-free CRISPR 

approach but also to perform a whole genome screening after genome editing.  

Although the in silico sgRNA design tools may help to avoid undesired DNA cuts, 

the off-target prediction is based on algorithms predicting off-target cleavages, by 

checking only on-target closely related sequences (X. H. Zhang et al. 2015).  

For individuating off-target events, different tools have been proposed for in vitro 

and in vivo off-target detection.  

The Breaks Labeling, Enrichment on Streptavidin, and next-generation Sequencing 

(BLESS) technique allows to flag DSBs into a genome by ligating the 5’ DNA blunt 

end to a biotinylated barcoded linker, which is then sequenced through next 

generation sequencing (Crosetto et al. 2013; Ran et al. 2015). 

Another approach to individuate off-targets is based on the in vitro nuclease-

digested genome sequencing (digenome-seq). After digestion, different DNA 

fragments are produced with identical 5’end, thus allowing vertical alignment, 

making the whole genome sequencing data easier to analyze (D. Kim et al. 2015).  

The Circularization for In vitro Reporting of CLeavage Effects by sequencing 

(CIRCLE-seq) method has been developed by Tsai et al. (2017). It bases on the 

direct sequencing of Cas9-cleaved genome sequences, by restricting the Cas9 

targeted DNA then converted in a circular structure. These circular structures are 

then linearized and linked to specific adapters for NGS (Tsai et al. 2017). 

Recently for in vivo off-targets analysis, a technique named Verification of In Vivo 

Off-targets (VIVO) has been described (Akcakaya et al. 2018). Specifically, VIVO 

relies on a preliminary in vitro evaluation of CRISPR/Cas9-induced off-targets by 

exploiting CIRCLE-seq (Tsai et al. 2017), then confirmed by performing an in vivo 

NGS (Akcakaya et al. 2018).  

Although off-targets represent one of the major CRISPR/Cas9 technical limits, 

different authors reported that they are not so frequent. In this regard, two years 
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ago, Schaefer et al (2017) showed that mice engineered by CRISPR/Cas9 presented 

unexpected indel mutations, thus suggesting an important Cas9 off-target activity. 

Just one year later, this paper was retracted for the lack of appropriate controls that 

do not allow to associate the presence of these mutations to the CRISPR/Cas9 

treatment.   

 

5.4 Screening of CRISPR/Cas9-edited cells 

The screening of edited cell lines represents another crucial aspect. Based on the 

subcellular localization of the CRISPR/Cas9 mutated protein, the proper screening 

method was chosen. The absence of the intracellular protein encoded by the KO 

gene, such as ACOT8, TRAF3, RUNX2, GNA15, and PPT1 was evaluated through 

western blot. Differently, the absence of a cell surface protein, such as HLA-C, was 

detected not only by western blot but also through flow cytometry (Figure 4.6 B), 

by directly labeling the surface HLA-C protein. Evenly, the evaluation of restored 

HLA-C expression was carried out through flow cytometry (Figure 4.7).  

The analysis of a gene knock out can be also performed through 

immunofluorescence (IF). As shown in Figure 4.14 B, the PPT1 KO was further 

confirmed by IF, taking advantage of its co-localization with the lysosomal marker 

Lamp2. However, since IF is less sensitive than western blot, we used it as an 

additional confirmation of PPT1 KO.  

When it is possible, it is convenient to evaluate wheatear the expression of the  

CRISPR/Cas9 edited gene interferes with the regulation of specific pathways. For 

example, after detecting the absence of the NF-kB negative regulator TRAF3 

(Figure 4.10 A), we observed the constitutive NF-kB (p100) processing in p52, 

reflecting a basal activation of NF-kB (Figure 4.10 C). Interestingly, we also 

observed that in 293T TRAF3 KO cells, the mRNA expression of NF-kB target 

genes (IL-6, BCL2, and A20) resulted increased (Figure 4.11 C). Moreover, we 

reported that in the TRAF3 negative cells, HTLV Tax1 did not induce the strong 

NF-kB promoter transactivation achieved in 293T wt cells (Figure 4.11 A), 

underlying that TRAF3 is essential for the NF-kB promoter transactivation 

mediated by HTLV Tax1 antisense protein (Fochi et al. 2019).  
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Likewise, after confirming the GNA15 KO through western blot and Sanger 

sequencing (Figure 4.13 A and B, respectively), we evaluated the PKD 

phosphorylation, which in turn reflects the GNA15 activity. We observed that, in 

the absence of GNA15, the level of phospho-Ser738/742 resulted lower compared 

to the control (Figure 4.13 C).   

Western blot screening of CRISPR/Cas9 edited cell lines may be also useful to 

detect domain deletions. To assess whether our approach designed to delete the 

HDAC6 BUZ domain (Figure 4.4), western blot analysis has been crucial. In fact, 

to individuate the CRISPR/Cas9 293T ΔBUZ cell lines, western blot allowed us to 

identify the edited cells based on the HDAC6 molecular weight (Figure 4.5 A). As 

above, the functional characterization of HDAC6 edited cells helped us to confirm 

the BUZ deletion. Indeed, the 293T edited cell lines, characterized by a lower 

HDAC6 molecular weight presented a higher p62 expression (Figure 4.5 A).  

To fully analyze the mutations introduced by CRISPR/Cas9, it is fundamental to 

sequence the target region. Based on the PAM sequence, it is possible to predict the 

Cas9 cleavages, that occurs 3 nucleotides upstream the PAM motif (Ran et al. 

2013). Although the Cas9 cleavage can be predicted in silico, Sanger sequencing 

revealed that there is not a so thigh relation between the cutting site, the PAM 

sequence, and the indel mutations introduced by NHEJ. For instance, in our 

experience, the Sanger sequencing performed on CRISPR/Cas9 RUNX2 and PPT1 

targeted sequences, showed that the activity of the NHEJ repair mechanism cannot 

be predicted. Sanger sequencing performed on Mel-HO RUNX2 and SH-SY5Y 

PPT1 KO cell lines (Figure 4.12 B and 4.14 C, respectively) revealed that different 

indel mutations were introduced both upstream and downstream to the PAM 

sequence. It follows that after CRISPR/Cas9, the treated cell population may be 

composed of a mixture of cells, due to different ways of repairing the DNA damage 

exerted by the NHEJ process. Furthermore, after the induction of a DSB, rarely the 

entire gRNA/Cas9 expressing plasmid may be erroneously inserted within the Cas9 

targeted region through the host DNA damage repair process itself (Milot et al. 

1992). 
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It is hence necessary to perform single-cell cloning to isolate edited pure clonal cell 

lines and to sequence the sgRNA-Cas9 targeted region to analyze the introduced 

mutations.  

 

5.5 Final considerations 

Despite ethical concerns, widely discussed in the introduction section, the 

CRISPR/Cas9 system is radically changing the approach to research. Several lines 

of evidence show the great impact of CRISPR/Cas9 in increasing the knowledge in 

basic research, both for improving preliminary data useful for somatic cells editing 

(Chan et al. 2015) and to create new in vitro cell lines and animal models useful for 

revealing the pathological involvement of specific molecules and for drug testing 

(Greenfield 2018). An important application of CRISPR/Cas9 concerns also its 

employment for somatic genome editing, allowing the correction of specific 

mutations responsible for human diseases, such as monogenic disorders and cancer 

(Baylis and McLeod 2017; Brokowski and Adli 2019; Reardon 2016).  

About the CRISPR/Cas9 employment for correcting human diseases, Choi et al. 

recently exploited the CRISPR/Cas9 system to engineer  chimeric antigen receptor 

(CAR) T cells (Choi et al. 2019). A previous study showed that glioblastoma 

affected patients treated with CAR T cells targeting the epidermal growth factor 

receptor (EGFRvIII), presented a high concentration of CAR T cells within the 

intracerebral tumor, thus reducing the EGFRvIII expression in tumor cells 

(O’Rourke et al. 2017), probably due to the programmed cell death ligand 1 (PD-

L1) upregulation observed after CAR treatment, likely correlating with CAR T cells 

function suppression and tumor progression (Choi et al. 2019). By applying 

CRISPR/Cas9 to CAR T cells, Choi et al. developed CAR T cells deficient for 

endogenous T cell receptor (TRAC), PD-1, and β2m, involved in the cell death 

observed in response to CAR T cell treatment, an increased cell viability was 

detected in a glioma cell line (Choi et al. 2019). The great potential of 

CRISPR/Cas9 in CAR T cells engineering was also confirmed in a human glioma 

mouse model. In fact, after intraventricular infusion of CRISPR/Cas9 edited CAR 

T cells, a significant prolonged animal survival was observed (Choi et al. 2019).  
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Significant progress has been made also for the development of new treatment 

strategies of monogenic disorders, such as sickle cell disease (SCD) and the TDT 

beta-thalassemia. CRISPR Therapeutics and Vertex Pharmaceuticals engineered 

SCD and TDT patients’ derived hematopoietic stem cells making them able to 

produce high level of fetal hemoglobin. Briefly, this study was based on the 

collection of patient’s hematopoietic stem cells, engineered with CRISPR/Cas9. 

The CRISPR/Cas9 edited cells, referred to as CTX001, were then engrafted back. 

Samarth Kulkarni, Ph.D., CEO of CRISPR Therapeutics, announced the treatment 

of the first patient affected by beta-thalassemia, through vein infusion of CTX001.  

Currently, CTX001 is in phase 1 /2 clinical trial to evaluate its safety and efficacy. 

This CRISPR Therapeutics shocking announcement represents an important 

milestone for the future of CRISPR/Cas9 in gene therapy.   

The CRISPR/Cas9 technique represents a versatile genome engineering tool. In 

fact, it found application not only for studying and correcting specific gene 

mutations associated to human pathologies, but also to modify plants (Feng et al. 

2013), microorganisms, such as bacteria and viruses (Shipman et al. 2017; Tang et 

al. 2017), mosquito (S. Dong et al. 2015), and mammalians such as pigs and 

monkeys (Hai et al. 2014; Zuo et al. 2017).  

It is becoming increasingly obvious that CRISPR/Cas9 is a breakthrough  powerful 

tool, allowing the development of new engineered cell lines and organisms, but it 

is exploited also in immunotherapy (Manguso et al. 2017), for organoid 

development (Drost et al. 2017), and for epigenetic studies (Kuscu et al. 2017). 

Important ethical concerns emerged also in non-clinical contexts. For instance, its 

application for the optimization and implementation of livestock and crops, as well 

as for gene drive led to a public debate. The World Health Organization reported 

that about 2 million people suffer from undernourishment. CRISPR/Cas9 may 

constitute a turning point to increase food nutrients. Worries could arise about the 

affordability of these products. In addition, CRISPR/Cas9 may be efficiently used 

for gene-drive, with the purpose to eliminate specific carrier vectors responsible for 

pathologies, thus opening up new ways to fight deadly human diseases, such as 

malaria (James et al. 2018) or to avoid plant parasite infestation (Moro et al. 2018). 

Even if CRISPR/Cas9 may be an important tool for gene drive application, 
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important aspects need to be considered. Indeed, new genes in a quick and non-

Mendelian way inherited could spread in the population with an unknown impact 

on the ecosystem.  

Basic research will play a pivotal role in the CRISPR/Cas9 system improvement 

and handling, as well as a defined and clear legislature for regulating the 

employment of the CRISPR/Cas9 technique will be essential.  

The CRISPR/Cas9 system is a pioneering genome-editing tool and presents 

considerable limits that still do not allow its complete safety employment. Once 

these technical concerns will be overcome and, consequently, a full technique 

control will be obtained, CRISPR/Cas9 will be definitely a powerful tool for the 

treatment of different human diseases. There is an urgent need to let people be 

aware of how this “molecular scissor” works, to avoid uprising, as those observed 

against the development and employment of genetically modified organisms. In this 

respect, certainly scientists and media will play a crucial role in promoting a better 

understanding of the CRISPR/Cas9 technology mechanism and revealing its great 

potential to the general public.  
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Results
No significant differences neither for sex nor for age (!2 test, t-test, respectively)
were observed between the HLA-C variants of protective and non-protective
groups. Differences in HLA-C frequencies observed in the selected population
compared to the whole IBMDR afferent donors were observed, most likely due to
the exclusion of donors harbouring cross-reactive HLA-B alleles which are in
linkage disequilibrium with specific HLA-C alleles (Figure 1).

Background
Recent studies have correlated HLA-C expression levels to different HIV-1
infection outcomes. A higher HLA-C expression leads to a better antigen
presentation to cytotoxic T lymphocytes (CTLs) and thus to a better HIV-1
infection control. Instead, a lower expression of HLA-C is associated to a rapid
progression toward AIDS (Kulkarni et al, 2011; Apps et al, 2013). The highly
expressed HLA-C alleles bind more stably the β2m than the lowly expressed ones
(Sibilio et al, 2008).
HIV-1 virions lacking HLA-C on their surface have a reduced infectivity and an
increased susceptibility to neutralizing antibodies (Matucci et al, 2008; Zipeto et al,
2012). Our group recently reported that HIV-1 Env selectively binds to HLA-C free
chains (Serena et al, 2017).
The protective role of a higher expression level of HLA-C on the cell membrane
appears to be in contrast with the increased infectivity of HIV-1 when HLA-C is
incorporated into the virion. This study explains this apparent contradiction
shedding light on the association between the HIV-1 protein Env and HLA-C,
focusing on the HLA-C/β2m/peptide heterotrimer stability.

HLA-C expression levels and binding stability to β2m 
are involved in HIV-1 infectivity

Parolini F.1*, Biswas P.2, Serena M.,1 Sironi F.,2 Mutascio S.1, MuraroV.3, Guizzardi E.3, Malnati M.2, Beretta A.2, Romanelli M. G. 1, Zipeto D.1
1 Dep. of Neuroscience, Biomedicine and Movement Science, University of Verona, Strada le Grazie 8, Verona, Italy

2 Division of Immunology, Transplantation and Infectious Diseases IRCCS Ospedale San Raffaele, Via Olgettina 60, Milan, Italy
3 Service of Transfusion Medicine, AOUI Verona, Piazzale A. Stefani 1, Verona, Italy
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Methods
PBMC donors registered at the Italian Bone Marrow Donor Register (IBMDR)
AOUI Verona, were typed for HLA-A*, -B* and -C*. Donors were selected to have
both protective or non-protective HLA-C alleles and not to have HLA-B alleles
cross-reactive with the antibodies used (L31 and DT9). Only about 10% of the
typed donors satisfied these requirements. HLA-C trimeric complexes and HLA-C
free chains present on PBMC membranes were tested by cytofluorimetric analysis,
and HLA-C and β2m expression by western blot. PBMC were also infected with
HIV-1 R5 and X4 tropic isolates to test their susceptibility to viral infection.

Figure 1. (A) Age distribution in the non-protective (black dots) and in the protective (white dots)
groups. (B) HLA-C alleles frequencies of selected donors (black bars) and IBMDR donors (white bars).

The HLA-C surface expression of PBMC was evaluated by cytofluorimetric
analyses using two different antibodies, DT9 and L31, specific for the HLA-
C/β2m/peptide trimeric complex and HLA-C free chains, respectively. Cells were
analysed before and after an Acid Wash that dissociates the vast majority of HLA-
C trimers. The expression of both HLA-C free chains and trimers was generally
slightly higher in the protective group compared with the non-protective one,
although the differences were not statistically significant (Figure 2 A, B, D and
E). The L31 fluorescence fold change was calculated as the ratio between the L31
RFI after and before the Acid Wash. This value was significantly higher in the
protective group, indicating that the HLA-C/β2m/peptide binding stability is higher
in this group (Wilcoxon test). The DT9 fluorescence fold change, calculated as the
ratio before and after the Acid Wash, was slightly lower in the protective group,
suggesting that an higher proportion of trimeric complexes was present on the
cell surface after the Acid Wash (Figure 2 C and F).

Figure 2. Cytofluorimetric analyses of HLA-C PBMC surface expression in the non-protective (black
dots) and protective (white dots) groups. Expression of HLA-C trimeric complexes (A and B), and HLA-
C free chains (D and E), are evaluated previously and before the Acid Wash treatment. Finally, the
Fluorescence Fold Changes are reported (C and F).

Figure 4. Total HLA-C (A) and β2m (B) expressions, in the
non-protective (black dots) and protective (white dots)
groups.

The level of HLA-C and β2m
expression was evaluated by
western blot.
A significantly higher HLA-C
expression was observed in
the protective group.
No significant difference in
β2m expression was observed
(Wilcoxon test) (Figure 4).

PBMC with protective and non-protective HLA-C variants were coupled and
analysed in parallel in the same experiment. PBMC were infected with HIV-1,
supernatants were normalized for p24 content and used to infect TZM-bl cells, to
minimise the variability of the target of infection. Two HIV-1 isolates were tested:
BaL (R5-tropic) and IIIB (X4-tropic) (Figure 5). The infectivity of BaL virions was
significantly higher (three-way ANOVA) when they were grown in PBMC carrying
non-protective HLA-C alleles (Figure 5 A). According to this observation, a virion
budding from PBMC carrying non-protective alleles might be more infectious
because a higher proportion of HLA-C free chains is available to interact with HIV-
1 Env, determining an increase of infectivity and a lower susceptibility to
neutralizing antibodies.
No difference in infectivity was observed when using the IIIB, X4-tropic isolate
(Figure 5 B). The correlation between protective/non-protective HLA-C alleles
and viral load was observed during the asymptomatic set-point period of infection,
characterized by the predominance of R5-tropic variants. Our data are in
agreement with these findings, since the effect of non-protective HLA-C alleles in
enhancing viral infectivity is observed with an R5-tropic virus, but not with an X4-
tropic one.

Figure 5. HIV-1 infectivity. Each line graph represents the infectivity of HIV-1 BaL (A) and IIIB (B)
propagated in PBMC having protective (white dots, dashed line) or non-protective (black dots, solid
line) HLA-C variants. The bottom right graphs, of each virus, summarize the median values infectivity
of each analysed donor.

The L31 fluorescence fold change was
analysed in a controlled cellular model,
the 721.221-CD4 cells. These cell line
presents a deletion of the MHC-I locus.
After transfection with different HLA-C
variants the fluorescence fold change
was measured (Figure 3). 721.221-CD4
cells expressing HLA-C*06, a protective
HLA-C allele, presented a higher L31
fold change than the 721.221-CD4 cells
expressing HLA-C*07, a non-protective
HLA-C allele (two-way ANOVA). The
use of this cellular model excludes any
other genetic or immunological
component, which can interfere with the
experiments, as might occur in PBMC.

Figure 3. L31 fold change in HLA-C*07 (black
dots) and HLA-C*06 (white dots) 221
expressing cells. The experiment was repeated
4 times. Lines connect same-day experiments.
Squares indicate means.

We propose that the outcome of HIV-1
infection might depend not only on the
amount of surface expressed HLA-C, but
also on its stability as trimeric complex.
According to this model, individuals with
lowly expressed HLA-C alleles and
unstable binding to β2m/peptide (non-
protective) might have a worse
immunologic control of HIV-1 infection,
as well as an intrinsically lower ability to
counteract viral replication. On the
contrary, individuals with highly
expressed HLA-C alleles and stable
binding to β2m/peptide (protective)
might have a better immunologic control
of HIV-1 infection (Figure 6).

Figure 6. Top: Expression and stability of HLA-C
variants on the cell membrane. Bottom: DT9
antibody (blue) recognizes the trimeric
complex, while L31antibody (green) recognizes
the HLA-C free chain.

Conclusions
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Host-virus interactions: HTLV antisense regulatory proteins 
play a role in the dysregulation of NF-κB pathway.

Stefania Fochi, Simona Mutascio, Francesca Parolini, Donato Zipeto, Maria Grazia Romanelli
Dep. of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy 

stefania.fochi@univr.it

Human T-cell leukemia virus type 1 (HTLV-1) infection is associated with adult T-cell
leukemia (ATL), an aggressive malignancy with no cure. The HTLV-1 oncoprotein
Tax plays a key role in CD4+ T-cell transformation, mainly through constitutive
activation of the NF-κB pathway (Fig.1) [1]. The HTLV-1 basic leucine zipper protein
(HBZ), encoded by the antisense viral genome strand, plays an essential role in the
oncogenic process in concert with Tax, mediating T-cell

5. TRAF3 interacts with APH-2 and Tax-2

1. Inhibition of Tax-mediated NF-κB activation by HBZ and APH-2

Figure 2. Effect of HBZ and APH-2 expression on NF-ĸB activation induced by Tax proteins. HBZ or APH-2 expressing vectors were
co-transfected with NF-κB promoter-Luc alone or in the presence of increasing amounts of Tax-1 (panel A) or Tax-2 (panel B). The
transfection efficiency was normalized to renilla activity, * p<0.05, *** p<0.0005.

Cell culture and transfection: 293T, HeLa and Jurkat cell lines were transfected with plasmids
expressing the retroviral regulatory proteins.
Immunofluorescence microscopy: the intracellular distribution of host and viral proteins was
detected by fluorescent dye-labeled antibodies using confocal microscopy.
Reporter gene assay: the luciferase expression was measured in triplicate to study NF-ĸB promoter
activity in presence of viral and host factors, using pNF-ĸB-Luc recombinant vector.
Immunoprecipitation and western blot: viral and cellular protein complexes were
immunoprecipitated using specific antibodies and magnetic beads, by lysed transfected cells.
Complexes were analyzed by western blot and the presence of specific proteins was detected using
enhanced chemiluminescence reagent.
CRISPR/Cas9: gRNAs were designed and transfected with Cas9 plasmid into 293T to produce
clones negative for TRAF3.

Functional comparison between HTLV-1 and HTLV-2 regulatory proteins may highlight the contribution of viral proteins to oncogenesis. HTLV represents a useful model to study the
molecular mechanisms of several cellular processes, including critical steps on HTLV-mediated oncogenesis. The study aims to investigate the role of the HTLV regulatory retroviral
proteins in the deregulation of NF-κB cell signaling pathway mediated by their interaction with host factors.
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2. HBZ and APH-2 differ in their cellular distribution in presence
of Tax proteins

HBZ and APH-2 differ in the suppression of the NF-κB pathway mediated by
Tax. HBZ suppresses the NF-κB promoter activation mediated by Tax less
efficiently than APH-2(Fig. 2).

APH-2

Tax-2Tax-1

HBZ

Figure 3. Confocal microscopy analysis of HBZ and APH-2 intracellular distribution in presence of Tax. HeLa cells were transfected
with HBZ-Flag (panel A, red signal), Tax-1 (panel A, green signal) or APH-2 GFP (panel B, green signal), Tax-2 (panel B, red signal),
fixed, stained with specific antibodies, and with DAPI to detect the nucleus.

Figure 6. Panel A - Co-immunoprecipitation results of complexes containing TRAF3 and the HTLV regulatory proteins. Lysates were immunoprecipitated with anti-
Flag antibody and analyzed by western blot. Panel B - Confocal microscopy analysis of TRAF3 intracellular distribution in presence of APH-2 and Tax-2. Jurkat cells
were transfected with VSV-APH-2 (green signal) or His-Tax-2 (red signal) plasmids, fixed, stained with appropriate antibodies and with DAPI to detect the nucleus.

The upstream negative NF-κB regulator TRAF3 forms complexes with Tax-2 and APH-2 more
efficiently than with Tax-1 and HBZ (Fig. 6A). TRAF3, Tax-2 and APH-2 co-localize in cytoplasmic
structures (Fig. 6B).

BACKGROUND MATERIALS AND METHODS

AIM OF THE STUDY

CONCLUSIONS
The NF-κB pathway plays an essential role in inflammation and an aberrant NF-κB signaling has been identified in many types of cancer initiation and progression, including in
lymphoma. Our results demonstrated that the HTLV retroviral proteins differ in their interaction with host factors involved in the NF-κB activation. In particular, APH-2, differently to HBZ,
is recruited in Tax-2-cytoplasmic structure and inhibits the NF-κB activation preventing the nuclear translocation of the transcriptional factor p65. Moreover, the absence of the upstream
negative regulator TRAF3 impaired the transactivation of the NF-κB promoter mediated by the oncoprotein Tax. Ongoing studies using TRAF3-/- clones will allow to clarify the effect of
the HTLV antisense protein on the alternative NF-κB pathway activation. This study will contribute to clarify the effect of the alternative NF-κB viral deregulation pathway in the
expression of proinflammatory genes.

[1] Romanelli MG, Diani E, Bergamo E, Casoli C, Ciminale V, Bex F, Bertazzoni U. Highlights on distinctive structural and functional properties of HTLV Tax proteins. Front. Microbiol. 2013, 4:271
[2] Zhao T. The role of HBZ in HTLV-1-induced oncogenesis. Viruses. Feb; 8(2): 34.
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Tax-1 and HBZ do not co-localize in transfected cells (Fig. 3A), whereas APH-2
is recruited in punctuated cytoplasmic structures in presence of Tax-2 (Fig. 3B).
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4. p65 nuclear translocation is impaired in presence of APH-2
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p65
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In presence of APH-2
and Tax-2, the
transcriptional factor p65
is restrained in the
cytoplasm (Fig. 5A).
The NF-κB inhibitor IκB
accumulates in
presence of APH-2 and
Tax-2 (Fig. 5B).

Figure 5. Panel A - p65 nuclear translocation in presence of APH-2 and Tax-2. Jurkat cells were transfected with
VSV-APH-2 (green signal), His-Tax-2 (red signal), fixed, stained with specific antibodies (endogenous p65 magenta
signal), and with DAPI to detect the nucleus, finally analyzed by confocal microscopy. Panel B – Endogenous IκB
expression in presence of APH-2 and Tax-2. Lysates were analyzed by western blot with specific antibodies.
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6. NF-κB activity in TRAF3-/- cell lines
• The CRISPR/Cas9 system was applied to produce TRAF3 negative cell lines, clones 1-7 (Fig.

7A).
• In absence of specific NF-κB induction, the NF-κB promoter is slightly activated in the TRAF3-/- cell

line compared to the parental ones (Fig. 7B).
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7. Tax-mediated NF-κB activation is impaired in absence of TRAF3
• Tax-mediated NF-κB activation is reduced in TRAF3-/- cell line (Fig. 8A).
• Western blot analyses show Tax-1 processing in TRAF3-/- cell line (Fig. 8B).

Figure 7. Panel A - Clones negative for TRAF3. The knockout of TRAF3 was verified by western blot
analysis. Panel B - Analysis of the NF-κB promoter activity in TRAF3-/- cell line. NF-κB promoter-Luc
alone was transfected in TRAF3-/- cell line and its activity is compared to the control.
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3. APH-2 is recruited in Tax-2-cytoplasmic complexes that contain
cellular factors involved in the classical NF-κB pathway

NEMO APH2Tax2

APH2Tax2TAB2 MERGE
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APH-2 is partially recruited in complexes with Tax-2 and the adaptor protein
TAB2 (Fig. 4A).

APH-2 is recruited in Tax-2-complexes that contain the modulator protein
NEMO (Fig. 4B).

Figure 4. TAB2 and NEMO intracellular localization in presence of APH-2 and Tax-2. Jurkat cells were transfected with Flag TAB2
(magenta signal – panel A), VSV-APH-2 (green signal), His-Tax-2 (red signal), fixed, stained with specific antibodies (endogenous
NEMO magenta signal – panel B), and with DAPI to detect the nucleus, finally analyzed by confocal microscopy.

proliferation [2]. Unlike HTLV-1, the genetically
related retrovirus HTLV-2 is not associated with ATL
diseases. Functional comparisons between HTLV-1
and HTLV-2 regulatory proteins, may highlight
different mechanisms of their oncogenic potential. Figure 1 – Tax mediates the activation of the NF-κB pathway.
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Figure 8. Panel A - Analysis of the NF-κB promoter activity mediated by Tax-1 in TRAF3-/- cell line. Tax-1 expressing vector was co-transfected with NF-κB promoter-
Luc. The transfection efficiency was normalized to renilla luciferase activity, * p<0.05. Panel B – Western blot analysis of Tax expression in TRAF3-/- cell line.
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CRISPR/Cas9 to study virus-host interactions
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The CRISPR/Cas9 system is a powerful tool for genome editing1. Recently,
this technique has found many applications in different fields, including
virology. In the present work, using CRISPR/Cas9 we generated different
knock out cell lines that we used to study the host/viral proteins interaction.
We studied the β2m involvement in modulating HIV-1 infectivity by generating
HEK 293T, HeLa, HeLa-Lai and TZM-bl negative cells. Furthermore, to
investigate the ACOT8 role in HIV-1 infection, ACOT8 negative TZM-bl and
293T cells were originated. Finally, to determine the HDAC6 role in syncitia
formation during HIV-1 infection, we developed HDAC6 negative 293T cells,
which will be employed to study the role of HDAC6.

Selected gRNA sequences, designed on the first exon of the target gene,
were cloned into the PX459 V2.0 plasmid (Addgene) expressing Cas9. HEK
293T, HeLa, HeLa-Lai (expressing HIV-1-Lai Env) and TZM-bl (highly
sensitive to HIV infection) cells were co-transfected with different gRNAs
plasmids, to obtain the desired β2m, ACOT8 and HDAC6 knock-out.
Following selection and expansion, cells were tested by PCR analysis. Edited
cells were obtained by cell sorting or single cell cloning. The gene inactivation
was verified by western blot or cytofluorimetric analysis. β2m and ACOT8
negative HEK 293T and TZM-bl cells were used to test HIV-1 infectivity. 3

1 Prashant Mali et al, Science, 15, 339, 2013
2 Pankaj K. Mandal et al, Cell Press, 15, 643, 2014
3 Ming Li et al, J Virol, 79, 10108, 2005
4 Serena et al, Scientific Report, 7, 40037, 2017
5 Valenzuela-Fernandez et al, Molecular biology of the cell, 16(11): 5445–545, 2005

Figure 7. HDAC6 PCR analysis of HEK 293T cells treated with the CRISPR/Cas9 system. (Left
panel) the target sequences of the two used gRNAs. In red: PAM sequences. (Right panel) PCR
analysis after selection reveals the presence of insertion/deletion mutants in HEK 293T treated with
CRISPR/Cas9 system.

Figure 3. HIV-1 infectivity assay. QHO and pRHPA Env HIV-1 viruses produced in HEK 293T β2m
positive cells (black line) were more infectious than those produced in β2m negative ones (red line). An
unrelated virus (VSV-G) was used as control 3.

Figure 1. Immunofluorescence analysis. β2m surface expression was evaluated in HEK 293T, HeLa
and HeLa-Lai cells transfected with Cas9 and β2m gRNA#132 expressing plasmids. Parental cells were
used as positive control.

Figure 5. Western blot analysis of ACOT8 expression. Single clones of HEK 293T and TZM-bl
treated with the CISPR/Cas9 system were analysed by western blot for ACOT8 protein expression.
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Figure 6. HIV-1 infectivity assay. HIV-1 Env pseudotyped viruses produced in in HEK 293T ACOT8
positive cells (black line) showed a similar infectivity than those produced in ACOT8 negative cells (red
line). 3.
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Figure 2. Cytofluorimetric analysis of HLA-C surface expression in β2m negative cells. After
transfection with plasmids encoding different HIV-1 proteins, HLA-C surface expression of HEK 293T
b2m negative cells were evaluated. Cells transfected with b2m were used as positive control.

Since it is known that HIV-1 Env protein interacts with HLA-C increasing viral
infectivity we generated β2m negative cell lines to investigate β2m role in HIV-
1 infection. We demonstrated that HLA-C molecules strictly require β2m to
reach the plasma membrane, where they can interact with HIV-1 Env.
Besides, we showed that viruses produced in β2m negative cells were
significantly less infectious than β2m positive ones4.
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The CRISPR/Cas9 system is a very useful tool to generate specific gene
knock out cell lines which can be exploited to study cell host/virus
interactions. We use this approach to investigate the role of cellular proteins
β2m, ACOT8 and HDAC6 important to support HIV-1 infection.

Conclusions

Discussion

Results Results

Discussion
Since ACOT8 thioesterase interacts with HIV-1 Nef protein preventing its
degradation4, we investigated its involvement in HIV- 1 infectivity, developing
ACOT8 knock out HEK 293T and TZM-bl cell lines. We observed in TZM-bl
cells, susceptible to HIV-1 infection, that ACOT8 absence did not affect the
HIV-1 infectivity. The role of ACOT8 in HIV-1 production is being tested using
293T edited cells.

Figure 4. gRNAs designed on the first exon of ACOT8 gene. In red are highlighted PAM sequences.
Cas9 targets sites are indicated by arrows.

Discussion

Results

HDAC6 is an important regulator of membrane dynamics involved in HIV-1 
infection5. To inactivate the HDAC6 gene in HEK 293T cells we designed two 
gRNAs to obtain the deletion between the two guides. These cells will be 
used to test the role of HDAC6 in HIV-1 infectivity and syncytia formation. 

ACOT8 CRISPR/Cas9
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CRISPR/Cas9 for the study of the interactions between viruses 
and host
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The CRISPR/Cas9 system, exploiting a short RNA-guided specific
endonuclease (Cas9), permits the genome editing1. In the last few years this
technique has found applications in different fields, including virology. In the
present work through the CRISPR/Cas9 system we generated different
knock out cell lines helpful in studying the host /viral proteins interaction. We
studied the role of β2m in modulating HIV-1 infectivity by generating HEK
293T, HeLa, HeLa-Lai and TZM-bl negative cells. Furthermore, ACOT8
negative TZM-bl and 293T cells were originated to investigate the ACOT8
role in HIV-1 infection. Finally, we obtained HDAC6 negative 293T cells,
which will be employed to shed light on the HDAC6 importance in
determining the syncitia formation during HIV-1 infection.

Selected gRNA sequences, designed on the first exon of the target gene,
were cloned into the PX459 V2.0 plasmid (Addgene) expressing Cas9. HEK
293T, HeLa, HeLa-Lai (expressing HIV-1-Lai Env) and TZM-bl (CD4 and
CCR5 expressing HeLa, highly sensitive to HIV infection) cells were
co‐transfected with different gRNAs plasmids, to obtain the desired knock-
out: β2m, ACOT8 and HDAC6. Following puromycin selection and expansion,
cells were tested for heteroduplex presence through T7 assay. Edited cells
were obtained through cell sorting or single cell cloning. The gene
inactivation was verified by western blot or cytofluorimetric analysis. β2m and
ACOT8 negative HEK 293T and TZM-bl cells were used to test their effect in
HIV-1 infectivity, through the generation of Env psuedotyped viruses and
neutralization assay 3.

1 Prashant Mali et al, Science, 15, 339, 2013
2 Pankaj K. Mandal et al, Cell Press, 15, 643, 2014
3 Ming Li et al, J Virol, 79, 10108, 2005
4 Serena et al, Scientific Report, 7, 40037, 2017
5 Valenzuela-Fernandez et al, Molecular biology of the cell, 16(11): 5445–545, 2005

Figure 7. HDAC6 PCR analysis of HEK 293T cells treated with CRISPR/Cas9 system. A. Target
sequences of the two used gRNAs. In red: PAM sequences B. PCR analysis after puromycin selection
reveals the presence of insertion/deletion mutants in HEK 293T treated with CRISPR/Cas9 system.

Figure 3. HIV-1 infectivity assay. QHO and pRHPA Env HIV-1 viruses produced in HEK 293T β2m
positive cells (black line) are more infectious than those produced in β2m negative ones (red line). An
unrelated virus (VSV-G) was used as control 3.

Figure 1. Immunofluorescence analysis. β2m surface expression was tested in HEK 293T, HeLa
and HeLa-Lai transfected with Cas9 and β2m gRNA#132 expressing plasmids. Parental cells were
used as controls.

Figure 5. Western blot analysis of ACOT8 expression. Single clones of HEK 293T and TZM-bl
treated with the CISPR/Cas9 system were analysed by western blot for ACOT protein expression.
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Figure 6. HIV-1 infectivity assay. HIV-1 Env pseudotyped viruses produced in expressing/non-
expressing ACOT8 HEK 293T cells were used to infect TZM-bl expressing ACOT8 cells (black line) and
TZM-bl ACOT8 negative cells (red line)3.
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Figure 2. HLA-C surface expression in β2m negative cells. After transfection with plasmids
encoding different HIV-1 proteins, HEK 293T E2m negative cells were surface labelled with the L31
antibody. As positive control cells were transfected with β2m.

Since it is known that HIV-1 Env protein interacts with HLA-C increasing viral
infectivity we generated β2m negative cell lines to deeply investigate HLA-C
role in HIV-1 infection. First of all we demonstrated that HLA-C molecules
strictly require β2m for reaching the plasma membrane, where they can
interact with HIV-1 Env. Besides, we showed that β2m negative HIV-1
pseudoviruses were significantly less infectious than β2m positive ones4.
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CRISPR/Cas9 system provides a high specificity of genomic editing. It has
already found many potential applications to human diseases, including viral
associated disorders. Our results highlighted the efficacy of CRISPR/Cas9
based application to study the host factors involved in HIV-1 infection.

Take home message

Discussion

Results Results

Discussion
Since ACOT8 thioesterase interacts with HIV-1 Nef protein preventing its
degradation4, we investigated its role in HIV- 1 infectivity, developing ACOT8
knock out HEK 293T and TZM-bl cell lines. We observed in TZM-bl cells,
susceptible to HIV-1 infection, that ACOT8 absence did not affect the
infectivity. The role of ACOT8 in pseudoviruses production is being tested
using 293T edited cells.

Figure 4. gRNAs designed on the first exon of ACOT8 gene. In red are highlighted PAM sequences.
Cas9 targets sites are indicated by arrows.

Discussion

Results

HDAC6 is an important regulator of membrane dynamics involved in HIV-1 
infection5. We inactivated the HDAC6 gene in HEK 293T cells. These cells 
will be used to test the HIV-1 infectivity and syncytia formation. 



Attachments 

139 
 

Ph.D. Day, 7 December, 2017 Verona (Italy) 

 



MINI REVIEW
published: 21 February 2018

doi: 10.3389/fmicb.2018.00285

Frontiers in Microbiology | www.frontiersin.org 1 February 2018 | Volume 9 | Article 285

Edited by:

Hirofumi Akari,

Primate Research Institute, Japan

Reviewed by:

Jun-ichirou Yasunaga,

Kyoto University, Japan

Antonio C. R. Vallinoto,

Institute of Biological Sciences of

Federal University of Pará, Brazil

*Correspondence:

Maria G. Romanelli

mariagrazia.romanelli@univr.it

Specialty section:

This article was submitted to

Virology,

a section of the journal

Frontiers in Microbiology

Received: 18 December 2017

Accepted: 07 February 2018

Published: 21 February 2018

Citation:

Fochi S, Mutascio S, Bertazzoni U,

Zipeto D and Romanelli MG (2018)

HTLV Deregulation of the NF-κB

Pathway: An Update on Tax and

Antisense Proteins Role.

Front. Microbiol. 9:285.

doi: 10.3389/fmicb.2018.00285

HTLV Deregulation of the NF-κB
Pathway: An Update on Tax and
Antisense Proteins Role
Stefania Fochi, Simona Mutascio, Umberto Bertazzoni, Donato Zipeto and

Maria G. Romanelli*

Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy

Human T-cell lymphotropic virus type 1 (HTLV-1) is the causative agent of adult

T-cell leukemia (ATL), an aggressive CD4+/CD25+ T-cell malignancy and of a severe

neurodegenerative disease, HTLV-1 associated myelopathy/tropical spastic paraparesis

(HAM/TSP). The chronic activation or deregulation of the canonical and non-canonical

nuclear factor kappa B (NF-κB) pathways play a crucial role in tumorigenesis. The

HTLV-1 Tax-1 oncoprotein is a potent activator of the NF-κB transcription factors

and the NF-κB response is required for promoting the development of HTLV-1

transformed cell lines. The homologous retrovirus HTLV-2, which also expresses a

Tax-2 transforming protein, is not associated with ATL. In this review, we provide

an updated synopsis of the role of Tax-1 in the deregulation of the NF-κB pathway,

highlighting the differences with the homologous Tax-2. Special emphasis is directed

toward the understanding of the molecular mechanisms involved in NF-κB activation

resulting from Tax interaction with host factors affecting several cellular processes, such

as cell cycle, apoptosis, senescence, cell proliferation, autophagy, and post-translational

modifications. We also discuss the current knowledge on the role of the antisense viral

protein HBZ in down-regulating the NF-κB activation induced by Tax, and its implication

in cellular senescence. In addition, we review the recent studies on the mechanism of

HBZ-mediated inhibition of NF-κB activity as compared to that exerted by the HTLV-2

antisense protein, APH-2. Finally, we discuss recent advances aimed at understanding

the role exerted in the development of ATL by the perturbation of NF-κB pathway by viral

regulatory proteins.

Keywords: HTLV, NF-κB, Tax, HBZ, APH-2, adult T-cell leukemia, cell proliferation, apoptosis

INTRODUCTION

Human T-cell lymphotropic/leukemia virus type 1 (HTLV-1) is the etiological agent of adult T-cell
leukemia (ATL), a malignancy of CD4+/CD25+ T cells and of a chronic inflammatory disease
called HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP) (Poiesz et al., 1980;
Hinuma et al., 1981; Gessain et al., 1985; Gallo et al., 2017). It is estimated that at least 20 million
people worldwide are infected with HTLV-1 (Gessain and Cassar, 2012; Willems et al., 2017) and
approximately 5% of HTLV-1 carriers develop ATL after a latency of 20–50 years from infection
(Zhang et al., 2017). HTLV-1 provirus encodes, among others, a regulatory protein, Tax and an
accessory antisense strand product HTLV-1 bZip protein (HBZ), which are pivotal factors in
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HTLV-1 pathogenesis (Yasuma et al., 2016). Tax is a
transcriptional activator of the viral long terminal repeat
(LTR) with the capability to unsettle several cellular signal
transduction pathways. HBZ is an inhibitor of 5′ LTR Tax-1
transactivation and is required for viral persistence (Barbeau
et al., 2013). HBZ is a potent viral oncoprotein which plays
an important role in deregulating several cellular processes in
concerted action with Tax, affecting cell proliferation, apoptosis,
autophagy, and immune escape (Zhao, 2016). Both these viral
regulatory proteins promote T-cell proliferation. However,
the exact mechanism underlying their role in inducing cell
proliferation is still not clearly understood. The genetically
related HTLV type 2 virus, although its association with ATL
has not been established, encodes a homolog Tax-2 regulatory
protein that induces T-cell proliferation in vitro and an antisense
protein, named antisense protein HTLV-2 (APH-2) that, unlike
HBZ, is dispensable for HTLV-2 infection and persistence
(Yin et al., 2012). Their structural properties are shown in
Figures 1A,B. Comparative studies between HTLV-1 and HTLV-
2 have contributed to highlight differences in the virus-host
interaction that may have key roles in tumorigenesis (Higuchi
and Fujii, 2009; Bertazzoni et al., 2011; Romanelli et al., 2013).

Persistent activation of NF-κB by Tax is a key event for the
T-cell transformation and development of ATL (Qu and Xiao,
2011; Zhang et al., 2017). Accumulating evidence indicates that
the HTLVs have evolved specific strategies mediated by Tax
and antisense proteins to deregulate NF-κB signaling pathways.
While HBZ is consistently expressed in all ATL cells, Tax is not
expressed in approximately 60% of them, even though the HTLV-
1 proviral genome is integrated and NF-κB is constitutively
activated (Zhao, 2016). This suggests that additional factors
contribute to sustain the persistent activation of NF-κB, in the
absence of Tax, in ATL cells (Matsuoka and Jeang, 2007). The
alteration of the NF-κB signaling pathway could also be involved
in the inflammatory state observed in HAM/TSP (Peloponese
et al., 2006). An interesting aspect of Tax and HBZ functions
is their opposite effect on the regulation of cellular signaling
pathways (Zhao and Matsuoka, 2012; Ma et al., 2016) as further
discussed here.

In this review, we summarize the recent advances in
understanding the molecular mechanisms involved in NF-κB
deregulation, mediated by Tax and antisense proteins, through
the interaction with host factors and their roles in cell survival
and proliferation.

TAX-MEDIATED NF-κB ACTIVATION

Two distinct pathways lead to NF-κB activation, known as the
canonical and the non-canonical pathways that involve different
upstream, intermediate, and effector factors. A common step
of both pathways is the activation of a complex that contains
a serine–specific IκB kinase (IKK) composed by two catalytic
kinase subunits, IKKα and IKKβ, and the regulatory non-
enzymatic scaffold protein NEMO (known as IKKγ). In the
canonical pathway, adaptor proteins (TRAFs) are recruited to
the cytoplasmic domain of the cell membrane tumor necrosis

factor receptor (TNF-R) and activate the IKK complex thus
inducing the phosphorylation of IκB inhibitor and the seclusion
of NF-κB precursors within the cytoplasm (Sun, 2017). This
phenomenon leads to IκB degradation and nuclear translocation
of the p50/RelA transcriptional effectors. At variance with the
canonical pathway, the non-canonical one involves an IKK
complex that does not contain NEMO, but two IKKα subunits.
The NF-κB-inducing kinase (NIK) activates the IKK complex,
leading to p100 processing and the final release in the nucleus
of p52/RelB active heterodimer (Durand and Baldwin, 2017).

Based on the study of the molecular mechanisms of NF-κB
activation driven by Tax-1, two relevant aspects emerged: the
recruitment of Tax in cellular protein complexes (Bertazzoni
et al., 2011; Qu and Xiao, 2011) and their post-translational
modifications (Lavorgna and Harhaj, 2014). Studies comparing
Tax-1 and Tax-2 have highlighted relevant differences in their
activation of the NF-κB pathway as a result of protein interaction:
both proteins activate the classical pathway, but only Tax-1
activates the non-canonical one; Tax-1, unlike Tax-2, triggers the
activation of the non-canonical pathway recruiting NEMO and
IKKα to p100, promoting the processing of p100 to p52 (Xiao
et al., 2001; Higuchi et al., 2007; Shoji et al., 2009); both Tax
proteins interact with TAB2 and NEMO/IKKγ stimulating the
translocation of the p50/RelA heterodimers into the nucleus, but
only Tax-1 interacts with TRAF6, an E3 ligase that triggers the
ubiquitination and activation of the downstreamNF-κB signaling
cascade (Avesani et al., 2010; Journo et al., 2013). Furthermore,
only Tax-1 interacts with the p52/p100 and RelB factors of the
non-canonical pathway, inducing the expression of OX40L, a T-
cell co-stimulatory molecule of the tumor necrosis factor family
implicated in the adaptive immunity (Motai et al., 2016).

We have recently shown that Tax-1 and Tax-2 form complexes
with two homologous non-canonical IκB kinases, IKKε and
TBK1, which are not component of IKK complexes, but are
implicated in the activation of NF-κB, STAT3 and induction of
IFNα (Shen and Hahn, 2011; Diani et al., 2015). An additional
study demonstrating the presence of Tax and TBK1 in lipid raft
microdomains along with canonical IκB supports the role of Tax-
1 as a promoter of the molecular crosstalk between the canonical
IKKs and additional signaling pathways involved in cell survival
and proliferation (Zhang et al., 2016). Interestingly, it has also
been reported that Tax-1 forms complexes with the ubiquitin-
conjugating enzyme Ubc13, NEMO, Tax1 binding protein1
(TAX1BP) and NRP/Optineurin in the membrane lipid rafts
microdomain. In these complexes, the cell adhesion molecule 1
(CADM1) acts as a molecular scaffold recruiting Tax-1 (Pujari
et al., 2015). This interaction contributes to the activation of
the IKK complex and the inactivation of the NF-κB negative
regulator A20 enzyme, thus maintaining a persistent NF-κB
activation. An additional consequence of the Tax reorganization
of the component of the lipid raft is the deregulation of
autophagy. Tax-1, in fact, participates to the connection of
the IKK complex to the autophagy molecular complexes by
interacting directly with Beclin1 and PI3KC3 and contributing
to the assembly of autophagosomes (Ren et al., 2012, 2015;
Chen et al., 2015). Tax-1 induction of NF-κB also increases the
expression of inhibitors of apoptosis, such as the anti-apoptotic
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FIGURE 1 | Schematic representations of Tax-1 and Tax-2 (A) and of HBZ and APH-2 functional domains (B). Different colors highlight structural differences.

(C) Effects of Tax and HBZ on NF-κB. Schematic representation of the opposite effects in regulating NF-κB activity exerted by Tax-1 and HBZ.

c-Flip gene, and of genes involved in cell cycle progression,
including cyclin D2, cyclin E, E2F1, CDK2, CDK4, and CDK6
(Wang et al., 2014; Bangham and Matsuoka, 2017; Karimi et al.,
2017).

It has been recently reported that Tax-activation of NF-κB can
be suppressed by host factors. Among them, the transcriptional
regulator of the major histocompatibility complex class II
(CIITA) impairs the nuclear translocation of RelA and directly
interacts with Tax-1/RelA in nuclear bodies, preventing Tax-
1 mediated activation of NF-κB-responsive promoters (Forlani
et al., 2013, 2016). In addition, the apoptotic regulator Bcl-3
has been demonstrated to inhibit RelA nuclear translocation
and its DNA binding activity, resulting in a downregulation of
Tax-induced NF-κB activation (Wang et al., 2013). The decrease

in Tax-NF-κB activation could also be due to Tax proteasomal
degradation induced by host factor interaction (Lavorgna and
Harhaj, 2014). Tax-1 interaction with the molecular chaperone
HSP90 was shown to protect Tax from proteasomal degradation
(Gao and Harhaj, 2013), whereas the interaction with PDLIM2
(PDZ-LIM domain-containing protein) within the nuclear
matrix induces its polyubiquitination-mediated proteasomal
degradation (Yan et al., 2009; Fu et al., 2010). Furthermore,
two tumor suppressor genes, MDFIC and MDF, have been
recently identified as Tax-1 interactors that alter its subcellular
distribution and stability, reducing Tax-dependent activation of
NF-κB (Kusano et al., 2015).

The second major mechanism required for Tax-1 and
Tax-2 NF-κB activation is the process of post-translational
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modification, which includes ubiquitination, SUMOylation and
phosphorylation. It is well established that Tax phosphorylation
is required for its nuclear translocation and stabilization in the
nuclear bodies containing RelA (Bex et al., 1999; Turci et al.,
2006). The requirements of ubiquitination and SUMOylation
are more complex to define. Both the E2 enzyme Ubc13 and
the E3 Ring Finger Protein 8 (RNF8) promote Tax K63-linked
polyubiquitination and are essential for the activation of the
IKK complex (Shembade et al., 2007; Ho et al., 2015). Other
proteins, including E3 ubiquitin ligases, TRAF2, 5, or 6, can
potentiate Tax polyubiquitination (Yu et al., 2008). SUMOylated
Tax has been demonstrated to bind p300, RelA and NEMO in
nuclear bodies (Nasr et al., 2006). In addition, SUMOylation of
Tax may be involved in the regulation of Tax stability and NF-
κB pathway activation (Kfoury et al., 2011). We have described
that SUMOylation and ubiquitination influence Tax proteins
intracellular localization, as well as the interaction with NF-
κB factors and their transactivating activity (Turci et al., 2012).
However, the role of Tax SUMOylation in NF-κB activation
remains controversial, given that Tax-induced IKK activation has
been shown to correlate with the level of Tax ubiquitination,
but not with Tax SUMOylation (Bonnet et al., 2012; Pène et al.,
2014). A recent study suggests that Tax itself may function as
an ubiquitin E3 ligase that, in association with the ubiquitin-
conjugating enzyme E2, catalyzes the assembly of mixed polyUb
chains (Wang et al., 2016). However, a more recent study does
not attribute to Tax an E3 ligase activity, while suggesting that
multivalent interactions between NEMO proteins and Ub-chains
can lead to the formation of a macromolecular Taxisome and
consequently to the activation of the IKK complex (Shibata et al.,
2017).

An additional mechanism that operates within the cells to
maintain the NF-κB activation induced by Tax-1 is the positive
feedback loop derived by NF-κB target genes. A recent report
describes that the over-expression of the early growth response
protein 1 (EGR1) induced by Tax-1 activation of NF-κB, results
in the stabilization of EGR1 by direct interaction with Tax
and nuclear translocation of p65, enhancing NF-κB activation
(Huang et al., 2017). A similar positive loop is fostered by
the overexpression of the interleukin receptor IL-17RB. Tax-1
promotes the expression of IL-17RB by NF-κB activation and
establishes an IL-17RB-NF-κB feed-forward autocrine loop that
maintains persistent NF-κB activation (Lavorgna et al., 2014).

TAX AND HBZ INTERPLAY ON NF-κB
DEREGULATION

HBZ can promote viral latency by antagonizing many of
the activities mediated by Tax. HBZ inhibits the activation
of the HTLV-1 5′ LTR preventing the formation of the Tax
transactivation complex (Gaudray et al., 2002; Clerc et al., 2008).
The activation of the classical NF-κB pathway by Tax is inhibited
selectively by HBZ expression (Zhao et al., 2009; Wurm et al.,
2012). This inhibition is connected to the following properties
of HBZ as shown in Figure 1C: (a) the interaction with p65; (b)
the inhibition of p65 DNA binding; (c) the enhanced degradation

of p65 through PDLIM2 E3 ubiquitin ligase; (d) the reduction of
p65 acetylation. All these processes result in the reduction of the
expression of several NF-κB target genes. A typical example is the
cyclin D1 promoter gene, an essential regulator of the G1/S phase
transition of the cell cycle that is overexpressed by Tax-mediated
NF-κB activation, while it is downregulated by HBZ interaction
with p65 (Ma et al., 2017).

The HBZ inhibition of NF-κB has been proposed to be a
critical step in the oligoclonal expansion of HTLV-1-infected cells
by downregulating the senescence process (Giam and Semmes,
2016). NF-κB hyper-activation induced by Tax leads to the
over-expression of the cyclin-dependent kinase inhibitors, p21
and p27, thus promoting an arrest of cell proliferation that
triggers senescence. The proposedmodel envisages that inHTLV-
1 infected cells, in which the p21/p27 functions is impaired,
the HBZ downregulation of NF-κB may contrast the senescence
induced by Tax hence promoting the expansion of the infected
cells (Kuo and Giam, 2006; Zhang et al., 2009; Zhi et al., 2011).

In contrast to HBZ, the HTLV-2 homolog protein APH-2 is
dispensable for HTLV infection and persistence and does not
promote T-cell proliferation in vitro (Yin et al., 2012; Barbeau
et al., 2013). In addition, APH-2 expression correlates with the
proviral load in HTLV-2 infected subjects and, contrary to HBZ,
does not promote lymphocytosis (Saito et al., 2009; Douceron
et al., 2012). Of note, HBZ and APH-2 also diverge in the
interaction with Tax, since HBZ does not bind Tax-1, whereas
Tax-2 interacts with APH-2 (Marban et al., 2012). A recent
study has shown that despite HBZ and APH-2 interact with
p65/RelA and repress its transactivation activity in transfected
cells, they diverge in the induction of p65 degradation since this
is not detected in the presence of APH-2 (Panfil et al., 2016).
This different effect suggests that the two proteins may adopt
different mechanisms to interfere with NF-κB activation. The
differences between regulatory proteins of HTLV-1 and HTLV-2
in deregulating NF-κB are outlined in Table 1.

ROLE OF TAX AND HBZ IN ATL
DEVELOPMENT

The opposite functions of Tax and HBZ in the regulation of
signaling pathways and their effects in survival and proliferation
appear as relevant steps during HTLV-1 cellular transformation
and tumorigenesis (Giam and Semmes, 2016; Bangham and
Matsuoka, 2017; Zhang et al., 2017). The absence of Tax
expression in the late stages of the infection is linked to tax
gene mutations and DNA methylation of the 5′ LTR provirus
(Furukawa et al., 2001; Koiwa et al., 2002). On the opposite,
the 3′ LTR negative strand remains intact and non-methylated,
allowing HBZ to be systematically expressed in ATL cells
(Taniguchi et al., 2005; Miyazaki et al., 2007). Unlike HBZ, Tax-
1 is highly immunogenic and its inactivation may represent a
fundamental strategy to evade the host immune system, a critical
step in ATL development (Kogure and Kataoka, 2017). HBZ,
like Tax-1, deregulates cell proliferation by targeting key factors
implicated in cell survival. HBZ, in fact, binds to ATF3/p53
complexes and inhibits the p53 expression induced by ATF3, thus
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TABLE 1 | Comparative effects of HTLV regulatory proteins on NF-κB pathways.

Tax-1 Tax-2 References

Canonical NF-κB transactivation + + Sun et al., 1994

Non-canonical NF-κB

transactivation

+ − Higuchi et al., 2007

NF-κB transactivation (lipid raft

translocation of IKK)

+ − Huang et al., 2009

Interaction with p100/p52 + − Shoji et al., 2009

Interaction with p65 + + Zhao et al., 2009; Panfil

et al., 2016

HBZ APH-2 References

Canonical NF-κB inhibition + + Zhao et al., 2009; Panfil

et al., 2016

Non-canonical NF-κB inhibition − nd Zhao et al., 2009

Interaction with p65 + + Zhao et al., 2009; Panfil

et al., 2016

Inhibition of Tax-mediated

transactivation of NF-κB

+ nd Zhao et al., 2009

Binding to Tax − + Marban et al., 2012

Inhibition of p65 DNA binding

capacity

+ nd Zhao et al., 2009

p65 degradation + − Panfil et al., 2016

Inhibition of p65 acetylation + nd Wurm et al., 2012

nd, Not determined.

promoting ATL cells proliferation (Hagiya et al., 2011). HBZ also
induces the expression of the anti-apoptotic genes BCL2 and Flip,
interacting with C/EBPα and deregulating the C/EBP signaling
(Zhao et al., 2013). Both Tax-1 and HBZ are involved in the
inhibition of the tumor suppressor p53. In particular, Tax inhibits
p53 activity through the p65 subunit of NF-κB or by sequestering
p300/CBP from p53 (Ariumi et al., 2000; Karimi et al., 2017).
Recent studies revealed that HBZ, by binding p300/CBP, inhibits
p53 acetylation and decreases the p53 activity (Wright et al.,
2016).

The selectivity of HBZ in inhibiting the classical NF-κB
pathway opens an interesting area of investigation on the role of
the non-canonical NF-κB pathway in tumorigenesis. During ATL
development, HBZ might downmodulate the classical NF-κB
pathway more efficiently when Tax expression is silenced, leading
to predominant activation of the alternative pathway (Zhao
et al., 2009). It has also been demonstrated that freshly isolated
ATL cells display high expression levels of NIK, persistent
phosphorylation of IκBα, aberrant processing of p52, and nuclear
translocation of p50, p52, and RelB, despite the absence of Tax-1
expression (Chan and Greene, 2012).

Genetic and epigenetic alterations, including miRNAs
expression profile, have been intensively investigated in the
genome of ATL patients (Yeung et al., 2008; Bellon et al.,
2009; Yamagishi and Watanabe, 2012; Watanabe, 2017). It
has been proposed that the genomic instability may derive
from Tax inhibition of DNA double-strand break repair and
induction of micronuclei formation. ATL cells are characterized
by frequent gain-of-function alterations of genes involved in
the T-cell receptor/NF-κB signaling pathway, such as PLCG1,

PKCB, and CARD11 or loss-of-function mutations in upstream
factors, such as TRAF3 (Cook et al., 2017; Kogure and Kataoka,
2017). Mutations or intragenic deletions of these genes result
in NF-κB induction in the absence of Tax-1. A progressive
epigenetic downregulation of miR-31 has been demonstrated
in ATL (Fujikawa et al., 2016). Of note, miR-31 negatively
regulates the expression of NIK and miR-31 loss in ATL
triggers the persistent activation of NF-κB, inducing apoptosis
resistance and contributing to the abnormal proliferation of
cancer cells (Yamagishi et al., 2012). In addition, Fujikawa et al.
(2016) showed that Tax-mediated NF-κB activation induces
the over-expression of the histone-lysine methyltransferase,
EZH2, leading to host epigenetic machinery deregulation. It has
been proposed that EZH2 may contribute to NF-κB activation
through miR-31 silencing and consequently NIK induction, in a
positive feedback loop (Sasaki et al., 2011; Fujikawa et al., 2016).
Genetic mutations have been also suggested to cause IL-17RB
overexpression which triggers classical NF-κB activation by
an autocrine-loop in a subset of Tax-negative ATL cell lines
(Lavorgna et al., 2014).

CONCLUSIONS AND PERSPECTIVES

HTLV-1 appears to benefit from the antagonistic functions of
Tax and HBZ in the deregulation of cellular signaling pathways,
resulting in the loss of control of many biological processes
such as proliferation and survival of HTLV-1-infected cells. The
interplay between Tax and HBZ on NF-κB regulation has a
prominent role in viral persistence in ATL cells, thus contributing
to leukemic transformation. The intensive studies conducted in
recent years aimed at understanding the effect of Tax constitutive
activation and HBZ inhibition of NF-κB have contributed to
further elucidate the molecular mechanism of NF-κB activation.
However, several open questions about its functional role in ATL
development still need to be addressed: the exact role of the
persistent NF-κB activation in ATL cells; the contribution to
tumorigenesis of the alternative pathway activation; the role of
the different mechanisms that are adopted by HBZ and APH-2
to interfere with NF-κB activation; the dynamic organization of
lipid raft complexes in HTLV-1 infected cell. It is hoped that the
application of the CRISPR/Cas9 genome editing new technique
will offer a useful tool to investigate the requirement of specific
interactions of Tax and HBZ with cell factors that activate the
mechanisms driving to tumorigenesis.
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AIDS dementia complex (ADC) and HIV-associated neurocognitive disorders (HAND) are

complications of HIV-1 infection. Viral infections are risk factors for the development of

neurodegenerative disorders. Aging is associated with low-grade inflammation in the

brain, i.e., the inflammaging. The molecular mechanisms linking immunosenescence,

inflammaging and the pathogenesis of neurodegenerative disorders, such as Alzheimer’s

disease (AD) and Parkinson’s disease, are largely unknown. ADC and HAND share some

pathological features with AD and may offer some hints on the relationship between

viral infections, neuroinflammation, and neurodegeneration. β2-microglobulin (β2m) is

an important pro-aging factor that interferes with neurogenesis and worsens cognitive

functions. Several studies published in the 80–90s reported high levels of β2m in the

cerebrospinal fluid of patients with ADC. High levels of β2m have also been detected

in AD. Inflammatory diseases in elderly people are associated with polymorphisms of

the MHC-I locus encoding HLA molecules that, by associating with β2m, contribute

to cellular immunity. We recently reported that HLA-C, no longer associated with β2m,

is incorporated into HIV-1 virions, determining an increase in viral infectivity. We also

documented the presence of HLA-C variants more or less stably linked to β2m. These

observations led us to hypothesize that some variants of HLA-C, in the presence of

viral infections, could determine a greater release and accumulation of β2m, which in

turn, may be involved in triggering and/or sustaining neuroinflammation. ADC is the most

severe form of HAND. To explore the role of HLA-C in ADC pathogenesis, we analyzed

the frequency of HLA-C variants with unstable binding to β2m in a group of patients

with ADC. We found a higher frequency of unstable HLA-C alleles in ADC patients, and

none of them was harboring stable HLA-C alleles in homozygosis. Our data suggest

that the role of HLA-C variants in ADC/HAND pathogenesis deserves further studies. If
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confirmed in a larger number of samples, this finding may have practical implication for

a personalized medicine approach and for developing new therapies to prevent HAND.

The exploration of HLA-C variants as risk factors for AD and other neurodegenerative

disorders may be a promising field of study.

Keywords: HIV, AIDS, HLA, AIDS dementia complex (ADC), HIV-associated neurocognitive disorders (HAND),

β2-microglobulin (β2m)

INTRODUCTION

Neurovirulence is detectable in patients infected with
human immunodeficiency virus type 1 (HIV-1) both in the
early (i.e., acute infection) and the later stages of the disease.
During the acute infection, 25–50% of HIV-1 patients show
neurological symptoms within 3–6 weeks after infection whereas
central nervous system (CNS) complications appear, to a variable
extent, during the course of HIV-1 infection (1). In early studies
on HIV-1 neurovirulence, the neurological syndromes were well
described, and the most severe CNS form was defined as AIDS
dementia complex (ADC) (2).

The cerebral complications of HIV-1 infection, which include
disturbances of cognitive, behavioral, motor and autonomic
functions, still represent an issue in everyday practice (3).
The old concept of ADC (2, 4), a condition not commonly
encountered today in Western countries because of the wide
use of combination antiretroviral treatment (cART), has been
replaced by the wider term HIV-associated neurocognitive
disorders (HAND) (3, 5). HAND encompasses cognitive
syndromes caused by HIV-1 itself, as opposed to opportunistic
infections, and includes HIV-1-associated asymptomatic
neurocognitive impairment (ANI), HIV-1-associated mild
neurocognitive disorder (MND), andHIV-1-associated dementia
(HAD) (5), the latter conditions corresponding to ADC.

HAD represents the most severe form of the spectrum of HIV-
related CNS syndromes. Risk factors for HAD were reported by
several studies and they include nadir CD4 count, increasing
age, substance abuse, anemia, viral co-infection and viral clade
subtypes (6, 7). Before the introduction of cART, the prevalence
of dementia showed an annual incidence of 7% among subjects
in the later stages of infection (4). Following cART introduction,
HAD cases dramatically decreased, as newly diagnosed moderate
to severe dementia changed from 6.6% in 1989 to 1% in 2000 (8).

The pathogenesis of CNS damage by HIV-1 is multifactorial
and mediated by direct and indirect mechanisms (9). The
early detection of acute meningoencephalitis in several patients
indicates a rapid involvement of the brain (10). HIV-1 enters
the CNS either via infected monocytes and lymphocytes or
through choroid plexus infection (11, 12). The impairment of the
blood-brain barrier is associated with inflammation by cytokine-
driven mechanisms. In the brain, HIV-1 mainly replicates
in macrophage/microglial cells thus determining the onset of
chronic local inflammation. The pathological hallmark of HIV-
1 infection in the brain is represented by multinucleated giant
cells, which are formed by cellular syncytia of HIV-1 infected
macrophages (2, 13). In addition, HIV-1 infection of astrocytes

was detected in patients with HIV-1 associated encephalopathy
(14). It is noteworthy that astrocyte activation and increased glial
fibrillary acidic protein expression do not represent a specific
response to HIV-1 infection, but are associated with other
neurological conditions, such as neurodegenerative diseases (15,
16).

The persistent HIV-1 infection in the macrophages and
microglia causes the releases of the phospholipid ligand PAF,
glutamate, arachidonic acid, quinolinic acid, nitric oxide, and
several pro-inflammatory cytokines including IL-1β, IL-6, TNFα,
and TRAIL: all these factors are involved in neural damage
(12, 17–23).

Persistent CNS inflammation and chronic immune activation
play an important role in the pathogenesis of neurological
diseases (24) where inflammatory mediators, such as neopterin,
quinolinic acid, monocyte chemoattractant protein 1 and
β2-microglobulin (β2m) were found to be increased (25).
Importantly, these markers are also elevated in the CSF from
patients with HAD suggesting that increased immune activation
is related to more severe damage.

Most likely, the complexity of the pathogenetic model is not
related to a one-dimensional and direct pathogenetic event, but
rather to multi-dimensional and complex immunopathological
processes that are governed by viral as well as by host factors (3).

β2-Microglobulin, HLA-C Variants and HIV
Infection
Several old studies reported abnormally high β2m levels in sera
of HIV-1 infected patients with high p24 concentrations and a
reduced number of lymphocytes (26–28). High levels of β2m
were also detected in the cerebrospinal fluid (CSF) of HIV-1
infected patients with ADC (29–32). HIV-infected individuals
without dementia showed a consistent correlation between β2m
levels in plasma and CSF. Contrarily in patients with dementia,
CSF β2m level was found to be increased independently from
that in plasma β2m levels, indicating intrathecal β2m production,
which was proposed to be used as a marker for HIV-1 dementia
(25). This association between β2m high levels and HIV-1
infection has never been fully explained and clarified.

β2m is associated with HLA proteins (A, B, or C) and a small
peptide forming the major histocompatibility complex type I
(MHC-I), which plays an important role in the activation and
modulation of cellular immunity. The interaction between β2m
and HLA in the MHC-I complex stabilizes the structure of β2m
(33).

The immune complex made by HLA-C, β2m, and peptide
expressed on the cell surface tends to dissociate and to generate
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a pool of free-chains molecules devoid of β2m. This higher HLA-
C instability, compared to HLA-A and -B, is caused by the
presence of a specific amino acid sequence in the groove that
binds the peptide (34), which reduces its plasticity and increases
its instability (35).

The binding stability of different HLA-C variants and β2mwas
documented through the analysis of the relationship between free
and β2m associated HLA-C molecules (35). Recently, differences
in specific HLA-C domains were reported to influence the
peptide binding stability (36), supporting the hypothesis of the
existence of HLA-C variants with a higher or a lower binding
stability to β2m.

We previously reported that HLA-C is incorporated on HIV-
1 virions increasing their infectivity (37–39), that the expression
of HIV-1 Env on the cell membrane promotes the formation of
HLA-C molecules as free-chain, no longer bound to β2m (40)
and that HLA-C variants bind more or less strongly to β2m.
We showed that some HLA-C variants may be predominantly
associated with β2m on the cell membrane, while other ones are
predominant as free-chains, dissociated from β2m (41). In the
same study, we reported that some unstable HLA-C variants,
such as C∗03 or C∗07, are also the ones previously described
to have a low expression level, while some stable variants
such as C∗02, C∗06, C∗12, or C∗16, are highly transcribed
and expressed (41). HLA-C expression has been associated
with a different ability to control HIV-1 infection, with high
HLA-C expression levels associated to a better control of
HIV-1 infection, and low HLA-C expression levels associated
with poor HIV-1 control and rapid progression to AIDS (42–
44).

β2-Microglobulin: A Possible Pathogenetic
Role in Hand and Neurodegeneration
β2m is one of the main markers of immune activation and
inflammation in CSF in HAND (25, 45, 46).

In the CNS, β2m is involved in the regulation of brain
development and plasticity of synapses (47–49). High levels
of β2m are potentially neurotoxic, and β2m reduction has a
protective effect in animal models of dementia (50). β2m has
also been reported to be a pro-aging factor impairing cognitive
functions (51).

β2m is responsible for “dialysis-related amyloidosis,” a clinical
condition that is caused by β2m accumulation as insoluble
protein aggregate (52) in joints, bones, and muscles (53).
Studies on fatal hereditary systemic amyloidosis identified a
natural variant of β2m which shows a dramatic decrease
in thermodynamic stability and a remarkable increase in
aggregation propensity (54, 55).

Of interest, high CSF levels of β2m were detected in
neurodegenerative conditions, such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD) (56–59), which are caused by
protein misfolding and abnormal aggregation (60), but the
potential pathogenetic significance of this finding is still unclear.

Symptomatic similarities between HAD/ADC and AD have
been documented (61). It has been shown that the Apo-ε4
haplotype, a known risk factor for AD, enhances the infectivity

of HIV-1 (62) and that HIV-infected patients harboring the Apo-
ε4 allele have excess dementia and peripheral neuropathy (63).
ApoE has been found to stabilize and enhance the deposition of
β2m amyloid fibrils (62, 64–67). In addition, the pathogenesis
and clearance of the amyloid-β peptide (Aβ), the pathological
hallmark feature of AD, may be influenced by HIV-1 infection.
Enhanced amyloidosis has been reported in patients with HAND
(68). Neurofibrillary tangles containing hyperphosphorylated
tau protein are a pathological hallmark of AD. A significantly
higher concentration of tau has been reported in brain tissues
of HAD patients (68–71). The loss of neuroprotective functions
of microglial cells has been suggested to contribute to the
development of AD. A similar phenomenon is observed in HIV-
infected patients since the virus can infect microglial cells, and
loss of neuroprotection might trigger neurodegenerative process,
leading to HAD (72).

After the report of patients with AD pathology and HIV-1
infection, the hypothesis that HIV-1 could create conditions ripe
for AD development, and that a link between the two diseases
does exist, has been considered (73). The view that ADC and
AD share some pathogenetic pathways may pave the way for
future studies comparing the commonalities between the two
conditions.

Inflammaging, Viral Infections, and
Neurodegenerative Diseases
The term “inflammaging” characterizes a widely accepted
paradigm that aging is accompanied by a low-grade chronic up-
regulation of pro-inflammatory responses (74). Inflammaging is
supposed to interact with processing and production of Aβ and
to be important in the prodromal phase of AD (75). Chronic viral
infections may contribute to inflammaging. Infections caused
by cytomegalovirus (CMV) (76), herpes simplex (HSV) I (77–
79), human herpes virus 6 (80), varicella zoster, Epstein-Barr,
influenza, arboviruses, rabies and polyoma viruses, coxsackie
and other enteroviruses, echoviruses (81, 82) have all been
suspected to be associated with increased risk of developing
CNS and neurodegenerative diseases, such as AD (83) and
PD (84). β2m is involved in several viral infections, such as
CMV, HSV, coxsackieviruses, echoviruses, and others (81, 82,
85–88). CMV has the ability to remove β2m from MHC-I
molecules when it binds to cells it will infect (86–88), and to
express an MHC-I homolog that binds and sequesters β2m (89).
A very recent study reports that cell-free particles from the
respiratory syncytial virus (RSV) and HSV type 1 may catalyze
amyloid aggregation in the extracellular environment, suggesting
a new connection between viral infections and neurodegenerative
diseases (90).

We thus hypothesized that some HLA-C variants which more
easily dissociate from β2m will have a higher proportion of free
heavy chains, increasing HIV-1 infectivity and promoting β2m
release, which in turn may contribute to chronic inflammation
and may be involved in the pathogenesis of HAND. Similar
phenomena may also contribute to the pathogenesis of
neurodegenerative conditions such as AD and PD, potentially
triggered by other infectious agents.

Frontiers in Neurology | www.frontiersin.org 3 September 2018 | Volume 9 | Article 791

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zipeto et al. HIV-1-Associated Neurocognitive Disorders

MATERIALS AND METHODS

Participants
With the introduction of cART for HIV-1, patients
developing ADC have become rare; as a consequence, we
were able to collect only a very limited number of subjects.
From a database of almost 1100 HIV-infected subjects followed
since 1985 by the Infectious Diseases Outpatient Clinic, Azienda
Ospedaliera Universitaria Integrata Verona, we retrospectively
selected patients who had an unequivocal diagnosis of ADC.
Among these, only 11 were still available for blood sample
collection and DNA extraction and analysis. We analyzed HLA-
C variants in 11 HIV-1 infected individuals with ADC/HAD
(HIV-ADC group), which was diagnosed using standardized
brain imaging and neuropsychological criteria (91, 92).

This study was carried out in accordance with the
recommendations of the Declaration of Helsinki. The protocol
was approved by the Institutional Review Board of the University
of Verona. All the patients, or their tutors in case of severe
dementia, gave written informed consent to participate in the
study.

The baseline characteristics of the patients (9 men, 2 women)
are shown in Table 1. The patients had a median age of 50
years (interquartile range, IQR 39–58); all of them were naive
to antiretroviral treatment. CD4+ T lymphocyte count and HIV
RNA load were determined at ADC diagnosis. The median
CD4+ T lymphocytes nadir was 50 cells/mm3 (IQR 26-157),
while the median plasmatic zenith HIV-RNA viral load was
71350 copies/mL (IQR 22300-141000). A lumbar puncture was
performed in 9 patients at the time when ADC was diagnosed,
with a median CSF HIV-RNA viral load of 204000 copies/mL
(IQR 70085-511500). The diagnosis of ADC was made using,
in addition to CSF HIV-RNA viral load, brain MRI, mini-
mental state examination (MMSE), and full neuropsychological
evaluation. The most common findings observed on brain
MRI were symmetric periventricular and deep white matter T2
hyperintensity and widespread cerebral atrophy. MMSE was<25
in all ADC patients. A full neuropsychological evaluation was
performed in 4 patients and showed mild-to-moderate dementia.
The severity of dementia in the remaining 7 patients made full
neuropsychological testing difficult.

We collected a control group of 16 HIV-infected patients
(14 men, 2 women; median age: 46.5 years, IQR 35.5-51) with
no neurocognitive disorders and MMSE ≥ 25 (HIV-no-ADC
group), whose baseline characteristics are reported in Table 2.
Gender and age did not significantly differ between patients and
control groups.

Patients were classified according to the CDC 1993
classification system, whereby HIV infection was divided
into three clinical categories (i.e., A, B and C). Category A
included the patients with asymptomatic acute (primary)
infection or persistent generalized lymphadenopathy. Category
C included the patients with AIDS-indicator conditions. The
symptomatic patients, who could not be classified in categories
A or C, were included in B one. HIV positive patients were
further sub-grouped according to the absolute lymphocyte T
CD4+ count (i.e., 1: >500 cells/µL; 2: 200–499 cells/µL; 3:

<200 cells/µL) (93). According to the CDC 1993 classification,
HIV-related neurological complications were described as HIV-
related encephalopathy and associated to category C. Hence,
HIV positive patients with ADC were classified in category C, as
was the case for our 11 HIV-ADC patients (Table 1).

HLA-C Typing
HLA-C alleles were classified as unstable (HLA-C∗01, ∗03, ∗04,
∗07, ∗14, ∗17, ∗18) or stable (C∗02, ∗05, ∗06, ∗08, ∗12, ∗15, ∗16)
according to previous phylogenetic, structural and densitometry
findings (35, 36, 41, 94).

HLA-C typing was carried out at the HLA laboratory of tissue
typing, Azienda Ospedaliera Universitaria Integrata (AOUI) of
Verona. The laboratory is accredited by the European Federation
of Immunogenetics (EFI) since 1999.

DNAwas prepared fromwhole blood using the QIAampDNA
Blood Kit (Qiagen) and HLA-C phototyping was performed by
PCR-SSP using the commercial kit “HLA-C SSP kit” BioRad,
followed by gel electrophoresis for the detection of positive bands
and the interpretation of the data (95).

Data Analysis
We compared HLA-C alleles (stable/unstable) and genotypes
distribution between the ADC group and the population
of northern Italy, low-resolution typing (96). Guerini and
coworkers (2008) described HLA-C allele frequencies in a
large Italian population cohort showing a consistent picture
of their distribution in Italy. These data can be currently
used as reference population for clinical and anthropological
studies. Similarly, we compared the HIV-no-ADC group
with the same reference population. Finally, we compared
the two HIV-infected groups, i.e., HIV-ADC vs. HIV-no-
ADC.

The significance of the association between groups of
categorical data (stable and unstable alleles) was examined using
2 × 2 contingency tables and the Fisher’s exact test, while
quantitative data were examined using the MannWhitney U test.
The Fisher’s exact test is conservative but guarantees type I error
control for small sample sizes.

Genetic associations were conducted using a 2 × 2
contingency table of 2N case-control by allele counts, where N
is the number of individuals tested. The strength of association
was reported as Odds Ratio (OR) with a 95% confidence interval
(CI).

When the statistical significance was tested under the
hypothesis of a specific direction of association (i.e., unstable
alleles are positively associated with ADC), a one-tailed
test was employed. A two-tailed test was instead used
when the association was explored without any expectation
about the direction of the association between the tested
variables. An association was deemed to be statistically
significant by setting a significant level of 5%, that is all
tests showing a nominal p-value < 0.05 were considered
to be statistically significant. Given the exploratory nature
of this study, no correction for multiple testing was
employed.
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TABLE 1 | Baseline characteristics of HIV-1 infected patients with AIDS dementia complex (HIV-ADC group).

No. Age

range

Infection

route

CDC CLASS

‘93

CD4+ T lymphocyte plasma nadir

(cells/µL, % of lymphocytes)

HIV RNA load

zenith

(copies/ml)

HIV RNA CSF at

ADC diagnosis

(copies/ml)

HLA-C

alleles

HLA-C

stability

1 46-50 BISEX C3 111 (7.3%) 52100 204000 03/04 U/U

2 56-60 IDU C3 50 (4%) 16250 72320 04/16 U/S

3 56-60 BISEX C3 26 (1%) 205000 >500000 04/07 U/U

4 31-35 BISEX C3 157 (7%) 22300 67850 03/07 U/U

5 36-40 BISEX C3 47 (8%) 62300 187000 02/07 S/U

6 36-40 HETERO C3 4 (1%) 98000 230000 06/07 S/U

7 36-40 HETERO C2 286 (17.5%) 11853 3066 07/16 U/S

8 61-65 HETERO C3 18 (9%) 267851 NA 02/18 S/U

9 56-60 IDU C2 468 (40%) NA NA 04/14 U/U

10 51-55 HOMO C3 41 (3%) 80400 523000 07/15 U/S

11 46-50 HOMO C3 56 (4%) 141000 6000000 04/07 U/U

BISEX, bisexual; IDU, injection drug user; HETERO, heterosexual; HOMO, homosexual; NA, not available; U, unstable HLA-C allele; S, stable HLA-C allele.

TABLE 2 | Baseline characteristics of the control group of HIV-infected patients without AIDS dementia complex (HIV-no-ADC group).

No. Age

range

Infection

route

CDC CLASS

‘93

CD4+ T lymphocyte plasma nadir

(cells/µL, % of lymphocyte)

HIV RNA load zenith

(copies/ml)

HLA-C

alleles

HLA-C

stability

1 41-45 HETERO A1 362 (14.1%) 4380 01/07 U/U

2 31-35 HOMO A2 304 (15%) 200000 03/07 U/U

3 21-25 HOMO B3 601 (39%) >10000000 04/12 U/S

4 51-55 BISEX A2 302 (18.2%) 32000 07/12 U/S

5 51-55 IDU A1 328 (20%) 21000 04/12 U/S

6 31-35 HOMO C2 268 (14%) 1328 07/12 U/S

7 56-60 HETERO A1 221 (17%) 253061 06/12 S/S

8 36-40 HOMO A3 60 (7.1%) 191463 07/12 U/S

9 61-65 BISEX A1 713 (17%) 481000 04/15 U/S

10 31-35 BISEX A3 120 (7.4%) 200000 06/07 S/U

11 46-50 HOMO A2 300 (18.8%) 86000 06/12 S/S

12 46-50 BISEX A2 214 (20.2%) 16900 02/12 S/S

13 46-50 HOMO A1 294 (22%) 75200 04/07 U/U

14 56-60 HOMO A2 302 (28%) 30400 02/16 S/S

15 36-40 HOMO A2 391 (14%) 52900 14/15 U/S

16 46-50 HOMO A2 330 (20%) 72000 04/07 U/U

BISEX, bisexual; IDU, injection drug user; HETERO, heterosexual; HOMO, homosexual; U, unstable HLA-C allele; S, stable HLA-C allele.

RESULTS

All 11 HIV-ADC subjects carried unstable HLA-C alleles in
homozygosis (U/U, n = 5) or in heterozygosis (U/S, n = 6), but
none of them was carrying stable alleles in homozygosis (S/S;
Table 1).

Among the 16 HIV-no-ADC subjects, four carried unstable
HLA-C alleles in homozygosis (U/U), 4 stable alleles in
homozygosis (S/S) and eight were heterozygotes (U/S; Table 2).

The HLA-C stable/unstable allele distribution was different
between the HIV-ADC group (stable 27%, unstable 73%)
and the northern Italy population [stable 50%, unstable
50%; Fisher exact test, p = 0.029; OR 2.630 [CI: 1.112-∞];
Table 3].

No differences in alleles distribution were observed when the
HIV-no-ADC group (stable 50%, unstable 50%) was compared
with the northern Italy population [Fisher exact test, p = 0.584;
OR 0.098 [CI: 0.514-∞]; Table 3].

We also compared the HIV-ADC group with the HIV-no-
ADC group, showing a slight difference in stable/unstable HLA-
C alleles distribution [Fisher’s exact test, p = 0.082; OR 2.618
[CI: 0.870-∞]; Table 3]. The two groups differed neither for sex
(Fisher’s exact test, p= 1.000) nor for age (MannWhitney U test,
p= 0.312).

The two HIV-infected groups did not differ for HIV RNA
zenith level (Mann Whitney U test, p = 0.896), while they
were different for CD4+ T lymphocyte nadir (Mann Whitney U
test, p = 0.001). The lower CD4 count in HIV-infected patients
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TABLE 3 | HLA-C alleles distribution (stable, unstable) in HIV-infected patients

with ADC (HIV-ADC), HIV-infected patients without ADC (HIV-no-ADC), and in

northern Italy (96).

HIV-ADC HIV-no-ADC Northern Italy

HLA-C unstable 16 16 771

HLA-C stable 6 16 761

TABLE 4 | HLA-C allele 12 distribution in HIV-infected patients with ADC

(HIV-ADC), HIV-infected patients without ADC (HIV-no-ADC), and in northern Italy

(96).

HIV-ADC HIV-no-ADC Northern Italy

HLA-C*12 0 8 261

HLA-C Others 22 24 1271

with ADC is the consequence of the longer duration of HIV-1
infection with worsening immunodeficiency, which was frequent
in the pre-cART times.

Finally, we analyzed the distribution of the different HLA-C
alleles between the 3 groups.

We found interesting differences on HLA-C subtypes, in
that HLA-C∗12 appeared to be absent in the HIV-ADC group
(0%) when compared either with the reference northern Italy
population (17%, p = 0.038) and with the HIV-no-ADC group
(25%, p = 0.016; Table 4). No difference was observed for the
distribution of HLA-C∗12 between the HIV-no-ADC group and
the northern Italy population (p= 0.237; Table 4).

DISCUSSION

Our results, despite being very preliminary, and derived from
a small sample of patients, may have some implications for
better understanding HAND/ADC pathogenesis and eventually
improve the treatment of this condition.

ADC was common in patients with HIV-1 infection during
disease progression in the pre-cART era (97). The introduction
of cART regimens tackled the onset of ADC in these patients and
reduced the likelihood and severity of HAND, indicating that the
treatment of HIV-1 infection is essential to reduce neurological
damage (98). At variance, the prevalence of less severe HAND
syndromes is 46% of HIV-1-infected people and is expected to
increase in the next years (99). Why HAND prevalence did not
significantly decrease after the introduction of cART (100) is
poorly understood (3).

To answer this question, we hypothesized that the
development of HAND could be associated with the expression
of specific unstable variants of HLA-C and the subsequent CNS
release and deposition of free β2m, which has been reported to be
neurotoxic and to deteriorate cognitive functions (50, 51). To this
aim, from a large database of nearly 1100 HIV-infected subjects,
we retrospectively selected patients who had an unequivocal
diagnosis of ADC, the most severe form of HAND. Only 11

among them were still available for sample collection, DNA
extraction, and analysis.

Our findings showed a higher frequency of unstable HLA-
C alleles in HIV-1 infected patients who developed ADC in
comparison to northern Italy general population. This finding
argues in favor of a possible involvement of β2m in triggering
and/or sustaining the development of neurologic complications
of AIDS. In contrast, the HIV-infected population without ADC
showed the same distribution than the general population of
northern Italy, thus excluding the hypothesis that the higher
frequency of unstable HLA-C alleles is associated with a higher
susceptibility to HIV-1 infection. The present data raise the
question whether patients expressing unstable HLA-C alleles in
the control group did not develop ADC. We speculate that
unstable alleles might predispose to ADC pathogenesis, but other
viral and host factors (e.g., time of infection, HIV subtypes,
immunological response) could contribute to the development
of HAND/ADC. Moreover, the degree of stability vary across
different alleles, and exploring single HLA-C variants may help
better stratify the risk of ADC/HAND.

We observed an unexpected lower frequency of HLA-C∗12,
a stable HLA-C variant, in HIV-ADC subjects. Recent studies
reported a protective role of HLA-C∗12 in HIV-1 infection (101,
102). It would be tempting to speculate that the presence of HLA-
C∗12 might have some kind of protective effect on the risk of
developing ADC inHIV-infected individuals. A study on a higher
number of cases, allowing the analysis of the effect of single HLA-
C alleles on the risk of developing neurological diseases in HIV-1
patients is definitely needed, to confirm this very preliminary but
also very tempting observation.

HIV-1 neurovirulence could contribute to the dissociation of
β2m from HLA-C molecules, as a consequence of the association
of HIV-1 Env with unstable HLA-C variants (40). A three amino
acid position in HIV-1 gp120 glycoprotein was recently reported
to be associated with HAND (99).

The treatment of HAND is still is an issue in the era of cART
(103, 104), as the improvement of neurocognitive symptoms to
cART is variable (105), mild neurocognitive impairment is found
in some patients, and factors predicting a response in single
patients are unknown. Indeed, several studies demonstrated that
cART is not effective on HAND in all HIV-1 positive patients
(106, 107).

It would be reasonable to use antiretroviral drugs with high
CNS penetration/effectiveness score, such as darunavir, abacavir
or raltegravir (108, 109), to reduce the risk of HAND. However,
some antiretroviral drugs are potentially neurotoxic: they may
increase the production of Aβ protein by neurons and reduce
its microglial phagocytosis, leading to the deposition of amyloid
plaques in the CNS (68, 110). If our hypothesis is confirmed
by further studies, an antiretroviral therapy with CNS-targeted
drugs might be considered for patients with unstable HLA-C
variants, paying attention to the possible side effects of some of
them.

Effective cART suppresses HIV-1 replication and increases
the immune system activity, thus determining a beneficial
effect on the CNS through the reduction of HIV viral load,
viral neurotoxic proteins production, and neuroinflammation.
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However, neuroinflammation may still be active as microglial
activation in specific brain areas, including the hippocampus and
temporal cortex, whereas in pre-cART era these changes were
more common in the basal ganglia (111). Chronic inflammation
and other immune mechanisms triggered by viral infection,
rather than direct HIV-1 involvement, may thus play a key role
in HAND pathogenesis.

ADC is rare nowadays due to the cART, and, despite
our efforts, we were not able to recruit a larger ADC
sample. We are fully aware that our data are preliminary
and should be considered with caution. However, they are
appealing and may pave the way for recruiting a larger
population of patients through a multicenter study. If
confirmed in larger populations of patients, these findings
would suggest that HIV-infected patients carrying specific
unstable variants of HLA-C should undergo strict monitoring
of neuropsychological and neurological symptoms to promptly
recognize early HAND stages. Moreover, CSF β2m levels might
be explored as a molecular biomarker to recognize early HAND
stages, given the absence of specific tests for this condition
(112).

The observation we reported may be a starting point to
explore whether some HLA-C variants are associated with
higher risk of CNS viral infection, neuroinflammation and
neurodegenerative disorders (113, 114). HLA-C∗07, which is one
of the most unstable variants (36), was found to be associated
with AD (115). Similarly, very old studies associated HLA-C∗03,
another unstable HLA-C variant, to higher AD risk (116–118).

There are many features in common between HAND/ADC
and AD, including clinical features that overlap between the
two conditions (61). Aβ peptide biogenesis and clearance may
be influenced by HIV-1 infection (119). Increased Aβ amyloid
has been reported in up to 72% of HIV-1 patients with HAND
(68), but also in 38% of those without HIV-1 but no cognitive
symptoms (73, 119). We may speculate that shared pathogenetic
mechanisms in response to neurotropic viral infections (e.g.,
herpesviridae) may contribute to Aβ amyloid deposition in AD
patients without HIV-1 and that neuroinflammation due to β2m
release in patients with unstable HLA-C alleles may accelerate
this phenomenon.

The large number of HIV-infected patients under cART
with a long-life expectancy due to a nearly complete control
of viral load raises concern about their risk of cognitive
dysfunction in the presence of cardiovascular risk factors
(e.g., smoking, hypertension, diabetes, hypercholesterolemia)
(120) that are known to increase also the risk of AD (121).
The presence of unstable HLA-C variants might be explored
as a possible predictor for worse cognitive performance at
older age in HIV-infected patients with cardiovascular risk
factors.

CONCLUSIONS

Our very preliminary data suggests that HIV-1 infected
individuals carrying unstable HLA-C allelic variants may

be at higher risk of CNS complications. Specifically, we
observed that alleles encoding unstable HLA-C variants were
more frequent in HIV-1 infected patients who developed
ADC, the most severe HAND subtype. The identification
of specific variants of HLA-C as risk factors for HAND
can provide a contribution both in the field of personalized
medicine and for the development of new therapies, aimed at
preventing and/or reducing neurocognitive damage in AIDS
patients.

Given the potential commonalities between HIV-induced
aging, neurocognitive decline and AD that represent a promising
future hot research topic (73), our findings might be helpful
for better understanding the pathogenesis, and for identifying
disease-modifying therapeutic strategies to be offered to patients
at higher risk of neurodegenerative disorders at presymptomatic
disease stages.
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Human T-cell leukemia viruses type 1 (HTLV-1) and type 2 (HTLV-2) share a common
genome organization and expression strategy but have distinct pathological properties.
HTLV-1 is the etiological agent of Adult T-cell Leukemia (ATL) and of HTLV-1-Associated
Myelopathy/Tropical Spastic Paraparesis (HAM/TSP), whereas HTLV-2 does not cause
hematological disorders and is only sporadically associated with cases of subacute
myelopathy. Both HTLV genomes encode two regulatory proteins that play a pivotal
role in pathogenesis: the transactivating Tax-1 and Tax-2 proteins and the antisense
proteins HBZ and APH-2, respectively. We recently reported that Tax-1 and Tax-2 form
complexes with the TNF-receptor associated factor 3, TRAF3, a negative regulator
of the non-canonical NF-κB pathway. The NF-κB pathway is constitutively activated
by the Tax proteins, whereas it is inhibited by HBZ and APH-2. The antagonistic
effects of Tax and antisense proteins on NF-κB activation have not yet been fully
clarified. Here, we investigated the effect of TRAF3 interaction with HTLV regulatory
proteins and in particular its consequence on the subcellular distribution of the effector
p65/RelA protein. We demonstrated that Tax-1 and Tax-2 efficiency on NF-κB activation
is impaired in TRAF3 deficient cells obtained by CRISPR/Cas9 editing. We also found
that APH-2 is more effective than HBZ in preventing Tax-dependent NF-κB activation.
We further observed that TRAF3 co-localizes with Tax-2 and APH-2 in cytoplasmic
complexes together with NF-κB essential modulator NEMO and TAB2, differently from
HBZ and TRAF3. These results contribute to untangle the mechanism of NF-κB
inhibition by HBZ and APH-2, highlighting the different role of the HTLV-1 and HTLV-2
regulatory proteins in the NF-κB activation.

Keywords: HTLV, NF-κB, Tax, HBZ, APH-2, TRAF3

INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1) was the first human retrovirus discovered. It is
estimated that 10–20 million people are infected worldwide by this oncogenic virus. The majority
of infected carriers remain asymptomatic, but 5–10% of infected subjects are at risk of developing
either Adult T-cell Leukemia (ATL), a highly aggressive peripheral T-cell malignancy, or a chronic
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neurodegenerative disorder called HTLV-1-Associated
Myelopathy/Tropical Spastic Paraparesis (HAM/TSP) (Kannian
and Green, 2010; Ishitsuka and Tamura, 2014; Bangham
et al., 2015). HTLV-1 is genetically related to HTLV type 2
(HTLV-2), which is associated with lymphocyte proliferation
and rare cases of subacute myelopathy but does not cause
hematological disorders (Araujo and Hall, 2004; Bartman et al.,
2008). The difference in the pathobiology of HTLV-1 and
HTLV-2 might provide important clues to further understand
the mechanisms leading to their distinct clinical outcomes.
HTLV-1 and HTLV-2 express the transactivating proteins Tax-1
and Tax-2, respectively, which can immortalize human CD4+
T-cell (Cheng et al., 2012; Ciminale et al., 2014; Ma et al., 2016).
Both Tax proteins activate viral RNA transcription from the
LTR promoter (Journo et al., 2009), interact and modulate the
expression of a wide range of cellular proteins and deregulate
multiple cellular pathways (Romanelli et al., 2013). Among them,
Tax proteins induce the hyper-activation of NF-κB transcription
factors, thus altering the control mechanisms of cell proliferation
and survival (Harhaj et al., 2007; Kfoury et al., 2012; Fochi
et al., 2018). The mechanism of Tax-mediated NF-κB activation
has been intensively studied in the past years showing that
Tax-1 interacts with the regulatory IKK-γ subunit of IκB kinase
complex, also known as NF-κB essential modulator (NEMO).
This interaction results in the constitutive activation of IKKα

and IKKβ, that leads to degradation of the inhibitor IκB and
activation of the canonical NF-κB pathway (Xiao et al., 2006;
Sun, 2017). Several other factors involved in the persistent
activation of the NF-κB pathway have been found to interact
with Tax-1, including TAB2 (TAK1 binding protein 2), TAX1BP
(Tax1 binding protein 1), NRP/Optineurin, TRAF6 and CADM1
(cell adhesion molecule 1) (Avesani et al., 2010; Journo et al.,
2013; Pujari et al., 2015). It has been demonstrated that persistent
NF-κB activation by Tax-1 induces cell senescence (Kuo and
Giam, 2006; Zhi et al., 2011) and this effect may be counteracted
by the expression of the HTLV-1 antisense protein HTLV-1
bZIP factor (HBZ). HBZ is an inhibitor of the activation of
5′LTR promoter and of Tax-1-mediated transcription. HBZ is
constitutively expressed in most ATL cases and enhances the
proliferation of T-cells in vitro and in vivo (Satou et al., 2006).
The combined action of Tax-1 and HBZ is considered relevant
for the proliferation of HTLV-1 infected cells and persistent
infection (Barbeau et al., 2013; Zhao, 2016). Several studies have
demonstrated that HBZ and Tax-1 exert opposite functions in
the deregulation of cellular signaling pathways that may help the
virus to escape from immune surveillance (Gaudray et al., 2002;
Zhao, 2016; Bangham and Matsuoka, 2017; Baratella et al., 2017;
Karimi et al., 2017). HBZ selectively inhibits the canonical NF-κB
pathway activated by Tax-1 together with the host transcription
factor p65, by repressing the p65 ability to bind DNA (Zhao
et al., 2009). Furthermore, HBZ reduces p65 acetylation and
enhances its degradation through the PDLIM2 E3 ubiquitin
ligase, resulting in the reduction of the expression of several NF-
κB target genes (Zhao et al., 2009; Wurm et al., 2012). Recently,
Ma et al. (2017) have demonstrated that HBZ-mediated NF-κB
inhibition contributes to the suppression of cyclin D1 gene
expression, favoring the G1/S phase transition of the cell cycle.

HTLV-2 also expresses an antisense transcript, encoding
APH-2 (antisense protein of HTLV-2) (Halin et al., 2009), which
is widely expressed in vivo (Douceron et al., 2012). Unlike
Tax-1 and Tax-2, which show a high degree of conservation,
APH-2 shows less than 30% similarity to HBZ and does not
contain a conventional basic leucine zipper domain. APH-2
is likewise able to inhibit Tax-2-mediated viral transcription
by interacting with CREB (Halin et al., 2009; Yin et al.,
2012), but its repressive activity is weaker compared to HBZ.
It was recently reported that APH-2, like HBZ, represses
p65 transactivation. However, APH-2 does not reduce the
level of p65 expression nor induces its ubiquitination (Panfil
et al., 2016). It is not yet established whether APH-2 inhibits
Tax-2-mediated NF-κB activation. Of note, while both Tax-1 and
Tax-2 activate the canonical NF-κB pathway, only Tax-1 activates
the non-canonical one by recruiting NEMO and IKKα to p100
and promoting the release of p52/RelB active heterodimers
into the nucleus (Shoji et al., 2009; Motai et al., 2016). These
different mechanisms still need to be adequately addressed. We
have recently demonstrated that both Tax-1 and Tax-2 interact
with the TNF-receptor associated factor 3 (TRAF3), an adaptor
protein that participates in the crosstalk between the type I
interferon (IFN-I), the mitogen-activated protein kinase (MAPK)
and the NF-κB pathways (Diani et al., 2015). TRAF3 positively
regulates IFN-I production, while it inhibits the MAPK pathway
and the non-canonical NF-κB pathway (Häcker et al., 2011).
TRAF3 is a component of a multiprotein complex containing
TRAF2 and the cellular inhibitor of apoptosis proteins cIAP1
and cIAP2, which restrict the activation of the non-canonical
NF-κB pathway. TRAF3 also participates in the degradation of
the alternative NF-κB inducing kinase NIK (Hauer et al., 2005;
Vallabhapurapu et al., 2008; Zarnegar et al., 2008; Hildebrand
et al., 2011), acting as a negative regulator of the non-canonical
NF-κB pathway (Yang and Sun, 2015). The accumulation of
NIK leads to IKKα activation and p100 processing to yield
p52 (Sun, 2017). We have also demonstrated that the IFN-β
promoter activation is increased when Tax-1 and TRAF3 are
co-expressed with IKKε or TBK1 (Diani et al., 2015). The impact
of TRAF3 on HTLV-mediated NF-κB activation has not yet been
understood. In the present study, we demonstrate that TRAF3
plays a critical role in Tax-mediated NF-κB activation. We further
show that APH-2, unlike HBZ, may form complexes with Tax-2
and key factors of the NF-κB signaling pathway, decreasing p65
nuclear translocation. These results can contribute to highlight
a novel regulatory mechanism of NF-κB activation mediated
by HTLV proteins.

MATERIALS AND METHODS

Cell Lines and Transfection
HeLa, HEK293T, TRAF3 knock-out (TRAF3-KO) and U2OS
cells were maintained in Dulbecco’s modified Eagle’s Medium
(DMEM) supplemented with 10% fetal calf serum (FCS),
L-glutamine (2 mM), and Penicillin G (100 U/L)/Streptomycin
(100 mcg/L). Jurkat T-cells (clone E6-1) were grown to a density
of 5 × 105 cells/mL in RPMI-1640 medium supplemented
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with 10% FCS, L-glutamine (2 mM) and Penicillin G (100
U/L)/Streptomycin (100 mcg/L). All cell lines were grown
at 37◦C in a humidified atmosphere with 5% CO2. For
immunoprecipitation and confocal analysis, 4 × 105 HEK293T
and HeLa cells were seeded in 6-well plates. For transactivation
studies, 2× 105 HEK293T cells were seeded in 12-well plates and
transfected using TransIT R©-LT1 transfection reagent (MIR2300,
Mirus Bio), following the manufacturer’s protocol. For confocal
and transactivation analysis of Jurkat cells, 2 × 106 cells were
transfected by electroporation using the Neon Transfection
System (Thermo Fisher Scientific), applying three pulsations of
10 ms at 1,325 V.

CRISPR/Cas9 Knockout of TRAF3
To induce the TRAF3 knockout, two guide RNA (gRNA)
sequences 5′-AGCCCGAAGCAGACCGAGTG-3′ and
5′-TCTTGACACGCTGTACATTT-3′ were designed to target
exon 1 and exon 2 of the TRAF3 gene, respectively. gRNAs
were selected using online tools1 (Ran et al., 2013). A third
gRNA sequence, 5′-CCAGTTTTTGTCCCTGAACA-3′ was
selected to target exon 1 of TRAF3 gene (Chen et al., 2015).
Potential off−target sites were predicted using the online tool
“CHOPCHOP”2 (Labun et al., 2016). Each selected gRNA was
cloned independently, using the T4 DNA ligase (Promega) into
the BbsI restriction sites of the pSpCas9(BB)-2A-Puro (PX459)
V2.0 vector (#62988, Addgene) and transfected in HEK293T cells
using the TransIT R©-LT1 transfection reagent (MIR2300, Mirus
Bio), following the manufacturer’s protocol. Cells were selected
using 0.5 µg/ml puromycin for 3 days after transfection. Clonal
cell lines were isolated by limiting dilution and the absence of the
TRAF3 protein was tested by western blot using an anti-TRAF3
specific antibody.

Plasmids
pJFE-Tax-1, pJFE-Tax-2B full length expression vectors and
the plasmid constructs expressing Tax-M22 and Tax-1 K1-10R
mutants have been previously described (Turci et al., 2006, 2012).
pFlag-APH-2, pGFP-APH-2, pFlag-HBZ, expression plasmids
were kindly provided by Dr. Sheehy (Marban et al., 2012).
pRSV-RelA/p65, pCMVF-TAB2 and Flag-TRAF3, HA-TRAF3
expression vectors have been previously described (Avesani et al.,
2010; Diani et al., 2015). pEF-p52 was kindly provided by Dr.
Matsuoka. pcDNA3-VSV-APH-2, pSG5M-Tax2-His, His-HBZ
have been previously described (Journo et al., 2013; Dubuisson
et al., 2018). pSpCas9(BB)-2A-Puro (PX459) V2.0 vector was
purchased from Addgene. NF-κB-Luc and phRG-TK plasmids
have been previously described (Bergamo et al., 2017).

Antibodies
The following primary antibodies were used: mouse monoclonal
anti-Flag M2 (F3165, Sigma-Aldrich), rabbit polyclonal
anti-Flag (F7425, Sigma-Aldrich), mouse monoclonal anti-VSV
(V5507, Sigma-Aldrich), rabbit polyclonal anti-VSV (V4888,
Sigma-Aldrich), goat polyclonal anti-His (ab9136, Abcam), rabbit

1http://crispr.mit.edu
2http://chopchop.cbu.uib.no/

polyclonal anti-HA (H6908, Sigma-Aldrich), mouse monoclonal
anti-HA (16B12, Covance), rabbit polyclonal anti IκB-α (#9242,
Cell Signaling), rabbit polyclonal anti-TRAF3 (18099-1-AP,
ProteinTech), mouse monoclonal anti-p65 (C-20) (sc-372, Santa
Cruz), rabbit polyclonal anti-p65 (MAB3026, Merck Millipore),
mouse monoclonal anti-IKKγ (611306, BD Bioscience), rabbit
monoclonal anti-NF-κB2 p100/p52 (#3017, Cell Signaling
Technology), mouse monoclonal anti-β-tubulin (bsm-33034M,
Bioss Antibodies), mouse monoclonal anti-Tax-1 derives from
hybridoma 168-A51 (AIDS research and Reagent Program,
National Institutes of Health), rabbit polyclonal anti-Tax-2
has been previously described (Turci et al., 2012). Horseradish
peroxidase-conjugated secondary antibodies anti-mouse IgG
(31430, Thermo Fisher Scientific) and anti-rabbit IgG (31460,
Thermo Fisher Scientific) were used in western blotting.
The secondary antibodies anti-rabbit488 (ab98488, Abcam),
anti-goat488 (ab150129, Abcam), anti-mouse549 (DI-2549,
Vector Lab), anti-goat TexasRed (705-075-147, Jackson Imm.
Res.), (ab150107, Abcam), anti-rabbit649 (STAR36D649, AbD
serotec) were used in immunofluorescence.

Co-immunoprecipitations
HEK293T cells were harvested 24 h after transfection with 1 µg
of each expression vector. Cells were lysed in non-denaturing
buffer (10 mM Tris–HCl pH 7.5, 5 mM EDTA, 150 mM NaCl, 1%
TritonX-100) supplemented with protease inhibitors Complete
Protease Inhibitor Cocktail EDTA-free (Roche). Lysates were
sonicated twice for 5 s, frozen at −80◦C for 1 h and
then centrifuged for 30 min at 14000 rpm at 4◦C. Proteins
were subjected to co-immunoprecipitation with the appropriate
primary antibodies overnight at 4◦C. Immunocomplexes were
linked to magnetic beads of Dynabeads Protein G or A
(LifeTechnologies) for 30 min at 4◦C. The beads were then
washed 3 times and resuspended in elution buffer containing
NuPAGE loading buffer (LifeTechnologies) and 0.25 mM DTT.

Western Blotting
Total protein concentration in cell lysates was determined
by Bradford Coomassie brilliant blue assay (Sigma-Aldrich).
Equal amounts of cellular proteins were resolved in SDS
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a PVDF membrane (GE Healthcare). Membranes were first
saturated in TBS solution containing 5% non-fat milk and
0.1% Tween20, and then incubated with specific primary and
secondary antibodies. Anti-β-tubulin was used as loading control.
Bound antibodies were revealed using ECL prime western
blotting detection reagent (GE Healthcare), according to the
manufacturer’s instructions. Densitometry analysis of western
blot protein bands was performed using the GelQuant. NET
software provided by http://biochemlabsolutions.com.

Luciferase Reporter Assay
Luciferase functional quantitative assay was performed as
previously described (Bergamo et al., 2017). Briefly, HEK293T,
TRAF3-KO and Jurkat cells were transfected with 500 ng of
the NF-κB-Luc reporter plasmid together with the appropriate
expression vectors or an empty vector. Transfection efficiency
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was normalized using 100 ng of phRG-TK plasmid (Renilla
luciferase vector). TNF-α-induced NF-κB-activation was
analyzed following transient expression of a NF-κB-luciferase
reporter vector and cell stimulation with 25 ng/mL TNF-α for
18 h. Luciferase activity was assayed 24 h post-transfection using
the Dual-Luciferase reporter assay system (Promega). Levels of
Firefly and Renilla luciferase were measured with a 20/20n Single
Tube Luminometer (Promega). Experiments were repeated
at least three times and luciferase activity was measured after
deduction of the activity levels with the promoter alone.

Fluorescence Microscopy
HeLa, HEK293T, TRAF3-KO, U2OS and Jurkat cells were
transfected with 1 or 2 µg of each appropriate expression
vector; p65 protein nuclear translocation was analyzed following
25 ng/mL TNF-α cell stimulation for 20 min. Cells were
seeded on cover glasses and 24 h post-transfection HeLa,
HEK293T, TRAF3-KO, and U2OS cells were fixed with 4%
paraformaldehyde/PBS, whereas Jurkat cells were fixed with
formalin (HT5011, Sigma-Aldrich), for 20 min. Cells were
then permeabilized with 0.5% Triton X-100/PBS for 20 min,
blocked with a 5% milk/PBS solution and incubated with
appropriate primary and conjugated secondary antibodies.
The cover glasses were then mounted in DAPI-containing
Fluoromount-G (Southern Biotech). For confocal analyses, slides
were examined under a LSM800 (Carl Zeiss MicroImaging)
confocal microscope equipped with 63× 1.4 plan apochromat
oil-immersion objective using the ZEN software. For
epifluorescence imaging, slides were examined under an
AxioImager.Z1 microscope (Zeiss) using the Methamorph
software. To quantify p65 nuclear translocation, the ratios of the
nuclear/total p65 mean brightness staining were calculated using
ImageJ software. RGB profiles were calculated using the RGB
profiler plugin.

RNA Isolation and Quantitative
Real-Time PCR
Total RNA was extracted from HEK293T and TRAF3-KO cells
using TRIzolTM (Invitrogen), according to the manufacturers’
recommendations. RNA was quantified by NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific) and absorbance
ratio at 260/280 and 260/230 were measured. Total RNA
(1 µg) was reverse transcribed at 50◦C for 45 min using oligo

dT primers and the SuperScriptTM III First-Strand Synthesis
System (Invitrogen).

PCR reactions were performed using the Power SYBR R©

Green PCR Master Mix (Applied Biosystems) and ran on CFX
ConnectTM Real-Time Detection System (Bio-Rad). Primer pairs
for TNF Alpha Induced Protein 3 (TNFAIP3/A20), Apoptosis
Regulator Bcl-2 (BCL2), Interleukin 6 (IL-6), and Ribosomal
Protein Lateral Stalk Subunit P0 (RPLP0) gene expression
analysis are listed in Table 1. PCR cycles included an initial
step of 10 min at 95◦C required for enzyme activation, followed
by 40 cycles of amplification: denaturation for 15 s at 95◦C,
annealing and extension for 60 s at 60◦C. The relative fold change
values were calculated using the 2−11Ct method (Livak and
Schmittgen, 2001). RPLP0 was used as internal reference gene.

Statistical Analyses
All data are presented as the means± standard deviation from at
least three independent experiments. Statistical significance was
assessed by the Student’s t-test. Differences were considered to
be significant when P < 0.05 (∗), and strongly significant when
P < 0.01 (∗∗), and P < 0.001 (∗∗∗).

RESULTS

TRAF3 Is Required for an Efficient
Activation of NF-κB Mediated by Tax
It has been shown that ATL cells exhibit high expression levels
of NIK, a positive regulator of the NF-κB pathway and that
NIK turnover is regulated by protein complexes that contain
the E3 ubiquitin ligase TRAF3 (Chan and Greene, 2012).
Based on our previous data showing that TRAF3 interacts with
both Tax-1 and Tax-2 (Diani et al., 2015), we investigated the
contribution of TRAF3 in the modulation of NF-κB mediated by
the viral regulatory proteins. We produced TRAF3-KO HEK293T
cell lines introducing insertion/deletion (indel) mutations by
transfection of TRAF3 RNA-guided Cas9 nuclease expressing
plasmid. TRAF3-KO clones were first characterized for their
ability to activate an NF-κB promoter. Using the luciferase
reporter assay, we first found that in the absence of any
stimulus, the basal NF-κB promoter activity was increased
50 folds in TRAF3-KO cell lines as compared to wild type
cells (WT) (Figure 1A). The luciferase activity was restored
by the rescue of TRAF3 expression in transfected TRAF3-KO

TABLE 1 | qRT-PCR primer sequences.

Gene Accession no. Primer sequence (5′ -≥ 3′) PCR product
(pb)

TNFAIP3 (A20) NM_001270507.1 F: CTGGGACCATGGCACAACTC
R: CGGAAGGTTCCATGGGATTC

182

BCL2 NM_000633.2 F: GATGTGATGCCTCTGCGAAG
R: CATGCTGATGTCTCTGGAATCT

92

IL6 NM_000600.4 F: TACATCCTCGACGGCATCTC
R: TGGCTTGTTCCTCACTACTCT

247

RPLP0 NM_001002.4 F: ACATGTTGCTGGCCAATAAGGT
R: CCTAAAGCCTGGAAAAAGGAGG

127
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FIGURE 1 | TRAF3 is required for an efficient activation of NF-κB mediated by Tax. (A) Luciferase levels were measured from HEK293T (WT) and TRAF3-KO cells
transfected with phRG-TK renilla vector (control for transfection efficiency) and NF-κB-luciferase reporter expressing vector. (B) Luciferase levels were measured from
HEK293T (WT) and TRAF3-KO cells transfected with phRG-TK renilla vector, NF-κB-luciferase reporter and increasing amount of Flag-TRAF3 expressing vector.

(Continued)
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FIGURE 1 | Continued
(C) HEK293T (WT) and TRAF3-KO cells were lysed and immunoblot analysis was performed to compare the levels of endogenous IκB. The amount of IκB was
measured relative to the amount of β-tubulin. (D) HEK293T (WT) and TRAF3-KO cells were stained with anti-p65 (green signal) primary antibody. Nuclei were stained
with DAPI (blue signal). Scalebar, 10 µm. Total cells and nuclei of cells (n = 10) indicated by a number from 1 to 10 in white were delineated using ImageJ software,
and the mean brightness ratio of the nuclear RelA/p65 staining was calculated and presented as box-plot. (E) Immunoblot analysis of p100/p52 proteins expression
levels in HEK293T (WT) and TRAF3-KO cells. (F) HEK293T (WT) and TRAF3-KO cells were transfected with phRG-TK renilla vector, NF-κB-luciferase reporter and
p65, Tax-1, Tax-2, or TRAF3 expression plasmids. Cell lysates were collected and luciferase levels were measured. Immunoblot analysis was performed to detect of
TRAF3, p65, Tax-1 and Tax-2 (N.S. = not significant). (G) RNA from HEK293T (WT) and TRAF3-KO cells were analyzed by qRT-PCR for NF-κB-related transcripts.
The values were normalized to RPLP0 and the results were expressed as relative fold change of expression levels. (H) HEK293T (WT) and TRAF3-KO cells were
transfected with Tax-1 encoding vector and stained with anti-p65 (green signal) and anti-Tax-1 (red signal) primary antibody. Nuclei were stained with DAPI (blue
signal). Total cells and nuclei were delineated using ImageJ software, and the mean brightness ratio of the nuclear p65 staining was calculated (right
panel). Scalebar, 10 µm. P < 0.05 (∗) and P < 0.01 (∗∗).

cells (Figure 1B). The basal activation of NF-κB in TRAF3-KO
cells was further confirmed by analyzing IκB protein level. As
expected, we measured a reduced amount of IκB (30% decrease)
in TRAF3-KO cells as compared to WT cells (Figure 1C).
When the basal endogenous p65 distribution was analyzed in
TRAF3-KO cells, the presence of p65 in the nucleus, even
if limited to a weak signal, was observed (Figure 1D). The
mean brightness ratio of the nuclear p65 staining was increased
1.5 fold in the TRAF3-KO cells compared to the WT. This
indicates that the canonical NF-κB pathway is constitutively
although partially activated in the absence of TRAF3. To define
if the alternative NF-κB pathway is also activated in the absence
of TRAF3, the processing of the p100 protein was analyzed.
As shown in Figure 1E, accumulation of p52 was detectable
in the TRAF3-KO cell line, but not in the WT cells. These
results showing that the depletion of TRAF3 enables detectable
translocation of p65 into the nucleus, as well as p100 processing,
suggest that both the canonical and non-canonical NF-κB may be
partially activated.

When we analyzed the NF-κB activation induced by the
expression of p65 in TRAF3-KO cells, we unexpectedly measured
a limited induction compared to WT cells (about 9-fold
decrease). A similar dramatic reduction of NF-κB induction by
Tax-1 or Tax-2 was observed in TRAF3-KO cells compared to WT
cells (about 5-fold and 6-fold decrease, respectively) (Figure 1F).
Reconstituted TRAF3 expression restored the efficiency of
p65- and Tax-mediated activation. In order to explore the
mechanism that impairs the full activation of NF-κB mediated
by p65 in the absence of TRAF3, we analyzed TNF-α-mediated
induction of the NF-κB promoter in TRAF3-KO cells. After
TNF-α stimulation, we measured a significant NF-κB activation
in TRAF3-KO cells, although lower when compared to WT cells
(Supplementary Figure 1A). When we analyzed p65 nuclear
translocation induced by TNF-α, we observed p65 nuclear
translocation in WT and TRAF3-KO cells (Supplementary
Figure 1B), indicating that the NF-κB pathway was activated,
although the resulting transcriptional activity of p65 was reduced.

To explore the possibility that in TRAF3-KO cells the basal
activation of NF-κB may lead to the expression of NF-κB target
genes that control p65 activity by negative feedback loops, we
analyzed the expression of A20 and BCL2 genes, which are
well known negative regulators of NF-κB (Grimm et al., 1996;
Pujari et al., 2013). We found that both genes were significantly
more expressed in TRAF3-KO cells compared to WT suggesting

that limited p65-mediated induction of NF-κB in TRAF3-KO
cells can be due to negative feedback mechanisms (Figure 1G).
Furthermore, the results showed an increased expression of
IL-6, an NF-κB target gene (Libermann and Baltimore, 1990)
(Figure 1G) compared to the WT cells.

In agreement with the results showing that Tax-1 mediated
NF-κB activation is impaired in TRAF3-KO cells, we observed
that Tax-1 failed to induce endogenous p65 nuclear translocation
in transfected cells (Figure 1H). Taken together, these results
strongly suggest that NF-κB hyper-activation by Tax is strictly
dependent upon TRAF3 expression.

HBZ and APH-2 Interact With p65 and
Suppress the NF-κB Pathway
Since our results indicate that TRAF3 is involved in Tax-induced
NF-κB hyper-activation, and it is known that HBZ and APH-2
interfere with NF-κB signaling, we aimed to analyze whether the
antisense proteins might interfere with TRAF3 functions. Before
analyzing the specific interplay of HBZ and APH-2 with TRAF3,
we first aimed at precisely comparing their ability of antagonize
Tax-induced NF-κB activation.

HEK293T cells transfected with increasing amounts of Tax
proteins in the presence or absence of HBZ or APH-2 were
analyzed by luciferase assay (Figures 2A,B). As expected, when
HBZ was present together with low levels of Tax-1, the NF-κB
activation was significantly reduced (Figure 2A, lanes 2 vs. 5),
whereas no HBZ inhibitory effect was evident when Tax-1 was
expressed at high levels in transfected cells (Figure 2A, lane
3 vs. 6). APH-2 effect on Tax-mediated NF-κB activation was
then analyzed (Figure 2B). Similar to HBZ, APH-2 inhibited
Tax-2-induced NF-κB activity, but unexpectedly and unlike
Tax-1, high expression of Tax-2 did not restore the activation
of NF-κB (Figure 2B). Of note, this inhibitory effect of APH-2
was evident despite the fact that APH-2 was less expressed than
HBZ in transfected cells, as previously reported (Panfil et al.,
2016; Dubuisson et al., 2018). Because APH-2 appeared to be
more potent than HBZ in the inhibition of Tax-mediated NF-κB
activation, the effect of HBZ and APH-2 expression on the
NF-κB promoter activation mediated by p65 over-expression
was then compared in HEK293T cells. The inhibition was
statistically significant for both proteins and reached similar
levels (Figures 2C,D). The results were also reproduced in Jurkat
cells in the presence of APH-2 (Supplementary Figure 2A).
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FIGURE 2 | HBZ and APH-2 interact with p65 and suppress the NF-κB pathway. HEK293T cells were transfected with phRG-TK renilla vector, NF-κB-luciferase
reporter, Flag-HBZ and increasing amounts of Tax-1 (A) or Flag-APH-2 and increasing amounts of Tax-2 expression plasmids (B) (N.S. = not significant). HEK293T
cells were transfected with phRG-TK renilla vector, NF-κB-luciferase reporter, p65 expression plasmid, and increasing amounts of Flag-HBZ (C) or Flag-APH-2 (D)
expression vectors. Cell lysates were collected and luciferase levels were measured (Top). Immunoblot analysis was performed to detect the expression levels of the

(Continued)
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FIGURE 2 | Continued
transfected proteins (Bottom). (E,F) HEK293T cells were transfected with p65 or p52, Flag-APH-2, or Flag-HBZ expression vectors. Tagged proteins were
immunoprecipitated with an anti-Flag antibody and the presence of the p65 or p52 proteins was examined by western blot. (G) Jurkat cells were transfected with
VSV-APH-2 and Tax-2 expression vectors. Samples were stained with anti-VSV, anti-Tax-2 and anti-p65 primary antibodies to detect APH-2 (green signal), Tax-2
(red signal), and endogenous p65 (magenta signal), respectively. Total cells and nuclei were delineated using ImageJ software, and the mean brightness ratio of the
nuclear p65 staining was calculated (right panel). Values obtained in non-transfected cells were then subtracted from those for APH-2, Tax or APH-2+Tax-expressing
cells. Scalebar, 10 µm. (H) TNF-α expression was analyzed by qRT-PCR from RNA of HEK293T cells transfected with VSV-APH-2 and Tax-2. The values were
normalized to RPLP0 and the results were expressed as relative fold change of expression levels. (I–K) HEK293T and Jurkat cells were co-transfected with Flag-HBZ
and increasing amount of Tax-1 or with Flag-APH-2 and increasing amount of Tax-2. Immunoblot analysis was performed to compare the levels of endogenous IκB
in the presence of the viral regulatory proteins. The amount of IκB was measured relative to the amount of β-tubulin. P < 0.05 (∗), P < 0.01 (∗∗), and P < 0.001 (∗∗∗).

To further compare the mechanism of NF-κB inhibition by
both antisense proteins, we then analyzed the interaction of
HBZ and APH-2 with the transcription factors p65 and p52 by
immunoprecipitation. Figure 2E shows that p65 was detected
in complexes with both proteins, indicating that both antisense
proteins interact with the classical transcription factor p65.
When HBZ and APH-2 interaction with p52 was analyzed, it
revealed that HBZ was present in complex with p52, unlike
APH-2 (Figure 2F). These results suggested that HBZ and
APH-2 share the ability to form complexes with p65, but they
differ in their interaction with p52, the final effector of the
alternative NF-κB signaling. Given that p65 translocates into
the nucleus when Tax is expressed, the cellular localization of
p65 in the presence of APH-2 and/or Tax-2 was analyzed. The
results showed that endogenous p65 localized in the cytoplasm
in the presence of APH-2 (Figure 2G). Interestingly, it was
found that the co-expression of APH-2 and Tax-2 resulted in
their cytoplasmic co-localization and in the impairment of p65
nuclear translocation (5-fold decrease) (Figure 2G). The same
results were observed in U2OS cells (Supplementary Figure 2B).
We performed qRT-PCR analysis in the presence of Tax-2 and
APH-2, analyzing the expression of TNF-α as an example of an
NF-κB target gene. In the presence of APH-2 and Tax-2, TNF-α
expression was reduced more than 10-fold (Figure 2H). We
then analyzed the effect of HBZ and APH-2 on IκB degradation,
which allows p65 nuclear translocation and which is known to
be induced by Tax (Harhaj and Harhaj, 2005). As expected, the
expression of IκB was reduced to about 40% in the presence of
Tax-1 and 80% in the presence of both Tax-1 and HBZ proteins
(Figure 2I), whereas in the presence of both APH-2 and Tax-2
proteins, an increase in IκB expression was observed (Figure 2J).
A similar result was obtained in Jurkat cells (Figure 2K).
Taken together, these results suggest that while HBZ and APH-
2 both inhibit Tax- and p65-mediated NF-κB activation, they
may differ in their inhibition mechanism. APH-2 may inhibit
p65 translocation by affecting IκB degradation, thus limiting
Tax-2-mediated NF-κB activation.

APH-2 Is Recruited to Cytoplasmic
Structures in the Presence of Tax-2
To investigate how APH-2 might inhibit NF-κB activity upstream
of IκB degradation, we analyzed APH-2 subcellular localization.
Indeed, it has previously been reported that while Tax-1
does not interact with HBZ, Tax-2 does interact with APH-2
(Zhao et al., 2009; Marban et al., 2012). Given the different

cellular distribution of Tax-1 and Tax-2 (Meertens et al., 2004;
Bertazzoni et al., 2011), it is possible that HBZ and APH-2 differ
in the mechanism of NF-κB inhibition due to their differential
recruitment by host factors in subcellular compartments. To
test this hypothesis, HEK293T cells were transfected with Tax-1
or Tax-2 and Flag-HBZ or Flag-APH-2 expressing vectors, and
the presence of Tax in the immunocomplexes precipitated with
an anti-Flag antibody was analyzed (Figure 3A). The results,
as expected, confirmed that Tax-2 formed complexes with
APH-2, but no interaction of Tax-1 with HBZ was observed.
Confocal microscopy analyses in transfected HeLa cells showed
that HBZ alone localized in the nucleus and that when Tax-1
was co-expressed with HBZ, no co-localization was observed
(Figure 3B). Interestingly, the co-expression of APH-2 and Tax-2
resulted in APH-2 redistribution and its co-localization with
Tax-2 in cytoplasmic structures (Figure 3C). This result was
also reproduced in Jurkat cells (Figure 3D). To ensure that
recruitment of APH-2 in cytoplasmic structures is a property of
Tax-2 but not of Tax-1, HEK293T cells were transfected with both
APH-2 and Tax-1, or with both HBZ and Tax-2 vectors and their
intracellular localization was analyzed by fluorescent microscopy.
We observed that Tax-1 and APH-2 did not co-localize in the
cytoplasm (Supplementary Figure 3A). In the presence of HBZ,
Tax-2 was mainly distributed in the cytoplasm and HBZ in
the nucleus (Supplementary Figure 3B). Taken together, these
results suggest that HBZ and APH-2 differ in their subcellular
distribution when Tax proteins are expressed and that the
cytoplasmic co-localization occurs only in the presence of Tax-2
and APH-2. This might explain how HBZ and APH-2 differ in
the mechanism of NF-κB inhibition.

APH-2 Is Present in Cytoplasmic
Complexes With TAB2, NEMO, and Tax-2
We have previously shown that Tax-2 co-localizes in the
cytoplasm with the NF-κB pathway factors TAB2, NEMO and
p65 (Avesani et al., 2010). Given that APH-2 co-localizes with
Tax-2 in the cytoplasm, we speculated that APH-2 may be
recruited in complexes containing these NF-κB factors. To test
this hypothesis, the co-localization of APH-2 with TAB2 and
NEMO in Jurkat cells was analyzed by confocal microscopy
(Figure 4). The results showed a redistribution of TAB2 in
cytoplasmic structures in the presence of Tax-2 and APH-2.
TAB2 partially co-localized with APH-2 in the absence of
Tax-2 (Figure 4A). APH-2 co-localized with NEMO only in
the presence of Tax-2 (Figure 4B). The co-localization of
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FIGURE 3 | APH-2 is recruited to cytoplasmic structures in the presence of Tax-2. (A) HEK293T cells were transfected with Tax-1 and Flag-HBZ or Tax-2 and
Flag-APH-2 expression vectors. Tagged proteins were immunoprecipitated with an anti-Flag antibody and the presence of Tax protein was examined by western
blot. (B,C) HeLa cells were transfected with Tax-1 and Flag-HBZ or Tax-2 and GFP-APH-2 expression plasmids. Cells were stained with anti-Flag and anti-Tax-1
primary antibodies to detect HBZ (red signal) and Tax-1 (green signal), respectively; anti-Tax-2 primary antibody was used to detect Tax-2 (red signal) whereas APH-2
is fused to a GFP protein (green signal). (D) Jurkat cells were transfected with VSV-APH-2 and Tax-2 vectors. Cells were stained with anti-VSV, anti-Tax-2 primary
antibodies to detect APH-2 (green signal) and Tax-2 (red signal), respectively. Co-localization of Tax-2 signal with APH-2 signal was calculated using Mander’s
coefficient (M1 = 0.91; M2 = 0.76). Nuclei were stained with DAPI (blue signal). Enlargements are shown next to the “Merge” panel. The intensity of fluorescence
along the white line drawn on the merged images is plotted in the diagrams. Scalebar, 10 µm.

Tax-2 and APH-2 with NEMO was also reproduced in U2OS
cells (Supplementary Figure 4A). Taken together, these results
suggest that in the presence of Tax-2, APH-2 localized in the
cytoplasm with TAB2 and NEMO.

HBZ and APH-2 Interfere With TRAF3
Functions
Since the antisense proteins HBZ and APH-2 both repress
NF-κB activity, we investigated the possible recruitment of
HBZ and APH-2 in cytoplasmic complexes containing TRAF3.
We analyzed TRAF3 distribution in the presence of viral
antisense proteins by confocal microscopy in Jurkat cells. We
found that HBZ (green signal) and TRAF3 (magenta signal)
did not co-localize, whereas TRAF3 partially co-localized with
APH-2 in the cytoplasm (Figure 5A). We confirmed that
TRAF3 is present in immunocomplexes containing APH-2 by
co-immunoprecipitation (Figure 5B). Furthermore, we detected
TRAF3 in complexes containing both APH-2 and Tax-2
(Figure 5B). We analyzed by confocal microscopy TRAF3
distribution in the presence of APH-2 and Tax-2, and we
found that APH-2 (green signal), TRAF3 (magenta signal) and
Tax-2 (red signal) co-localized in the cytoplasm (Figure 5C).
Co-localization of Tax-2 and APH-2 with TRAF3 was also
observed in U2OS cells (Supplementary Figure 4B). This

indicates that APH-2, but not HBZ, could modulate Tax-2
induced NF-κB activation by associating with Tax-2 and
TRAF3 complexes.

To assess whether HBZ may deregulate the NF-κB pathway
by affecting the expression of TRAF3, as it was previously
shown with p65, HEK293T cells were transfected with increasing
amounts of HBZ and the expression levels of TRAF3 was
evaluated. The results demonstrated a reduction of the expression
of TRAF3 protein in the presence of HBZ and APH-2
(Figure 5D). A reduced expression of endogenous TRAF3 was
also found in the presence of increasing amounts of HBZ and
APH-2 (Supplementary Figures 5A,B). These results suggest
that TRAF3 may be involved in the mechanisms of NF-κB
deregulation mediated by HTLV proteins and that its expression
may be altered by both HBZ and APH-2 proteins.

DISCUSSION

Dysregulation of the NF-κB pathway can induce alterations of
physiological cellular responses and can lead to oncogenesis (Park
and Hong, 2016). It has been demonstrated that persistent NF-κB
activation derived from Tax expression induces cell senescence,
and the inhibitory effect of the antisense protein HBZ on NF-κB
may represent an adaptation of HTLV-1 that contributes to
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FIGURE 4 | APH-2 is present in cytoplasmic complexes with TAB2, NEMO, and Tax-2. Jurkat cells were transfected with VSV-APH-2, Tax-2 and Flag-TAB2
expression vectors. Samples were stained with anti-VSV, anti-Tax-2, anti-Flag and anti-NEMO primary antibodies to detect APH-2 (green signal), Tax-2 (red signal),
TAB2 (magenta signal), and NEMO (magenta signal), respectively (A,B). Nuclei were stained with DAPI (cyan signal). The intensity of fluorescence overlapping the
white line drawn on the merged images is plotted in the diagrams. Scalebar, 10 µm.

viral persistence and, in the long term, to ATL development
(Giam and Semmes, 2016). It has also been reported that the
inhibition of the NF-κB pathway results in the induction of
apoptosis of ATL cells (Watanabe et al., 2005). The HTLV

regulatory proteins interaction with canonical NF-κB factors
leading to NF-κB dysregulation has been intensively investigated,
but limited information is available about the interaction with
factors that play a critical role in the non-canonical pathway
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FIGURE 5 | HBZ and APH-2 interfere with TRAF3 functions. (A) Jurkat cells were transfected with Flag-HBZ or VSV-APH-2 expression vectors. Samples were
stained with an anti-TRAF3 and anti-Flag or anti-VSV primary antibodies to detect TRAF3 (magenta signal) and HBZ or APH-2 (green signal), respectively. (B)
HEK293T cells were transfected with HA-TRAF3, Tax-2 and Flag-APH-2 expression vectors. Tagged proteins were immunoprecipitated with an anti-Flag antibody
and the presence of the TRAF3 protein was examined with an anti-HA primary antibody, by western blot. (C) Jurkat cells were transfected with VSV-APH-2 and
Tax-2 expression vectors. Samples were stained with anti-VSV, anti-Tax-2 and anti-HA primary antibodies to detect APH-2 (green signal), Tax-2 (red signal), and
TRAF3 (magenta signal), respectively. Nuclei were stained with DAPI (cyan signal). The intensity of fluorescence overlapping the white line drawn on the merged
images is plotted in the diagrams. Enlargements are shown bottom the “Merge” panel. Scale bar, 10 µm. (D) HEK293T were co-transfected with HA-TRAF3 and
increasing amount of Flag-HBZ or Flag-APH-2. Immunoblot analysis (top) was performed and the amount of TRAF3, HBZ and APH-2 was measured relative to the
amount of β-tubulin (bottom).

(Schmitz et al., 2014; Fochi et al., 2018). We focused our attention
on TRAF3, a ubiquitin ligase that controls the expression levels
of the NIK kinase and that has been demonstrated to be
abnormally expressed in freshly isolated ATL cells (Watanabe,
2017). TRAF3-deficient mice display increased non-canonical
NF-κB activation as well as increased B cell survival, suggesting
that TRAF3 may act as a negative regulator of the NF-κB signaling
in vivo (Gardam et al., 2008). It has been demonstrated that
TRAF3 knockout results in NIK stabilization, inducing p100
processing (Liao et al., 2004; He et al., 2006). In TRAF3-deficient
cell lines, we found that the NF-κB pathway is activated and
that both a partial nuclear distribution of the transcriptional
factor p65 and p100 processing are taking place. These results
confirm that TRAF3 is a negative regulator of the NF-κB
pathway, but it may also participate to the functional regulation
between the two NF-κB pathways. We also found that p65 and
TNF-α partially induced NF-κB activation in TRAF3-KO cell
lines. This effect may be explained by negative feedback loop
mechanisms derived by the expression of NF-κB target genes

acting as negative regulators. This hypothesis is supported by
the qRT-PCR analyses of A20 and BCL-2 genes in TRAF3-KO
cells, showing that they are over-expressed as compared to
WT cells. It is known that A20 mediates a negative regulation
of the canonical NF-κB pathway (Pujari et al., 2013) and
BCL-2 overexpression specifically represses NF-κB-dependent
transactivation by attenuating the transactivation potential
of p65 (Grimm et al., 1996). These results are consistent
with previous data showing that TRAF3 depletion causes an
accumulation of distinct subsets of NF-κB inhibitors, including
A20 (Bista et al., 2010).

We have previously shown that Tax interacts with TRAF3
and here we demonstrate for the first time that the TRAF3
factor is required for an efficient NF-κB activation by both
Tax-1 and Tax-2.

Unlike Tax-1, Tax-2 cannot induce p100 processing to p52, but
can activate the canonical NF-κB pathway as well as Tax-1 (Xiao
et al., 2001; Higuchi et al., 2007). We found that Tax-mediated
activation of NF-κB is impaired in TRAF3-deficient cells and
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that it is restored only after rescuing TRAF3 expression.
A similar essential role of TRAF3 has been demonstrated for
the Epstein-Barr virus-encoded oncoprotein latent membrane
protein 1 (LMP1). In fact, LMP1 alone can transform rodent
fibroblasts and activate NF-κB (Cahir McFarland et al., 1999),
but in the absence of TRAF3, LMP1-induced activation of JNK,
p38, and NF-κB are impaired (Xie et al., 2004). It has been
also demonstrated that the vFlip protein expressed by Kaposi’s
sarcoma-associated herpesvirus (KSHV/HHV8) activates NF-κB
interacting with the IKK complex and the TRAF2/3 complex
(Field et al., 2003). Interestingly, we found that TRAF3 is
required not only for Tax-1, but also for Tax-2 NF-κB activation,
supporting a mechanism in which TRAF3 may be involved in
the association with factors that cooperate in the canonical and
non-canonical NF-κB pathway.

We report here a reduction of TRAF3 expression in the
presence of the antisense proteins. We would have expected an
activation of the non-canonical NF-κB pathway, but we have not
observed an accumulation of p52 in the presence of HBZ (data
not shown). This result is in agreement with data demonstrating
a lowered expression of p100 in the presence of HBZ that leads
to lowered amounts of the non-canonical transcription factor
p52 (Zhi et al., 2011). The HBZ effect in the non-canonical
NF-κB activation still remains controversial since Zhao et al.
(2009) suggest that HBZ inhibits selectively the canonical NF-κB
pathway in the presence of Tax-1.

Zhao et al. (2009) and Panfil et al. (2016) demonstrated
that both HBZ and APH-2 interact with p65 and reduce
p65-mediated NF-κB promoter activity. We show here that
HBZ and APH-2 may exert a different molecular mechanism
in the down-modulation of the NF-κB pathway. We found
that HBZ is less efficient in dampening Tax-mediated NF-κB
activity compared to APH-2 and that co-expression of HBZ
and high levels of Tax-1 results in restoring NF-κB activation,

whereas APH-2 maintains its inhibitory effect despite high
expression levels of Tax-2. We also observed that APH-2 inhibits
p65-induced NF-κB activation in both HEK293T and Jurkat
cell models. This is in contrast to the previous report showing
that APH-2 inhibits the p65-induced NF-κB activation only
in HEK293T cells (Panfil et al., 2016). This discrepancy may
be due to differences in the efficiency of cell transfection, as
declared by the authors.

By analyzing the subcellular distribution of the protein
complexes formed by Tax and the host interacting proteins,
we observed that APH-2, but not HBZ, is recruited in the
cytoplasmic structures containing NEMO and TAB2. We have
also demonstrated that the co-expression of Tax-2 and APH-2
results in the accumulation of the NF-κB inhibitor IκB and in
a partial impairment of p65 nuclear translocation, whereas IκB
expression is reduced when Tax-1 and HBZ are co-expressed.
From the results obtained, we propose a model in which the
recruitment of HBZ and APH-2 within the protein complexes
formed by Tax follows different patterns. While APH-2 is
partially retained in the cytoplasmic compartments, HBZ
translocates more efficiently into the nucleus, thus inhibiting
the transcription factor activity of p65 (Figure 6). This model
is also supported by the results of Marban et al. (2012)
that demonstrate a redistribution of APH-2 in the cytoplasm
in the presence of Tax-2, preventing APH-2 from activating
AP-1 transcription.

Our results clearly demonstrate that TRAF3 is required
for NF-κB dysregulation mediated by Tax, thus representing
a novel factor recruited by the viral regulatory proteins to
alter cell pathways. In fact, TRAF3 not only acts on NF-κB
pathway, but also plays significant roles in the immunity-related
signal transduction (Häcker et al., 2011). Cells lacking TRAF3
are defective in IFN-I responses activated by different TLRs
(Oganesyan et al., 2006). The induction of IFN-I elicits the

FIGURE 6 | Molecular model for HTLV-1 and HTLV-2 regulatory proteins HBZ and APH-2 on Tax-mediated NF-κB activation and TRAF3 interaction. In the presence
of Tax-1, HBZ inhibits p65 action in the nucleus competing with Tax-1. The recruitment of APH-2 in Tax-2-cytoplasmic complexes containing TRAF3 limits the p65
nuclear translocation.
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activation of the antiviral cellular gene expression that coincides
with the inhibition of viral replication. The key role of TRAF3
in promoting antiviral signaling is supported by a recent
study demonstrating that the deletion of TRAF3 in adult
mice attenuated their host defense against vesicular stomatitis
virus (VSV) infection (Xie et al., 2019). In the non-canonical
NF-κB pathway, TRAF3, in concert with TRAF2, cIAP1 and
cIAP2, promotes the constitutive degradation of NIK that in
turn serves as negative regulator of IFN (Jin et al., 2014;
Parvatiyar et al., 2018). A feedback inhibition mechanism has
been also proposed to induce TRAF3 degradation, affecting IFN
production and NIK accumulation (Nakhaei et al., 2009). Recent
evidence demonstrates that the HTLV antisense proteins interact
with IRF-1, a transcriptional regulator of IFN-I pathway. In
particular, APH-2 enhances IRF-1 DNA binding and steady-state
expression levels, whereas HBZ interacts with IRF-1 and
causes its degradation (Panfil et al., 2016). The loss of IRF-1
expression has been observed in several cases of leukemia
(Alsamman and El-Masry, 2018). It is reasonable to think
that the recruitment of APH-2 and Tax-2 in complexes with
TRAF3 may positively affect IFN response. This hypothesis
could be linked to the demonstration that in rabbits, the lack
of APH-2 increases the infection rate of HTLV-2 mutants
in comparison to HTLV-2 WT (Yin et al., 2012). Further
studies will be required to analyze the interplay of TRAF3
and the HTLV antisense proteins in deregulating the type
I IFN induction.

CONCLUSION

In summary, we demonstrated that TRAF3 cell factor is required
for Tax-mediated NF-κB activation. Our findings allow to further
understand the roles of host factors that may be targeted
by HTLV regulatory proteins and participate in the crosstalk
between IFN and NF-κB pathway. We also found that APH-2
is more effective than HBZ in the inhibition of Tax-mediated
NF-κB activation. We suggest that the recruitment of APH-2
in Tax-2-cytoplasmic structures with NF-κB factors that affect

the p65 nuclear translocation may explain the different effects of
APH-2 and HBZ. This work allows to shed light on the role of
HTLV-induced NF-κB pathway activation and ultimately in the
identification of potential therapeutic targets.
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Abstract: Ectopic expression of RUNX2 has been reported in several tumors. In melanoma cells, the
RUNT domain of RUNX2 increases cell proliferation and migration. Due to the strong link between
RUNX2 and skeletal development, we hypothesized that the RUNT domain may be involved in the
modulation of mechanisms associated with melanoma bone metastasis. Therefore, we evaluated
the expression of metastatic targets in wild type (WT) and RUNT KO melanoma cells by array and
real-time PCR analyses. Western blot, ELISA, immunofluorescence, migration and invasion ability
assays were also performed. Our findings showed that the expression levels of bone sialoprotein
(BSP) and osteopontin (SPP1) genes, which are involved in malignancy-induced hypercalcemia, were
reduced in RUNT KO cells. In addition, released PTHrP levels were lower in RUNT KO cells than
in WT cells. The RUNT domain also contributes to increased osteotropism and bone invasion in
melanoma cells. Importantly, we found that the ERK/p-ERK and AKT/p-AKT pathways are involved
in RUNT-promoted bone metastases. On the basis of our findings, we concluded that the RUNX2
RUNT domain is involved in the mechanisms promoting bone metastasis of melanoma cells via
complex interactions between multiple players involved in bone remodeling.

Keywords: RUNX2; RUNT domain; PTHrP; bone; metastasis

1. Introduction

Skeletal metastases occur when cancer cells from a primary tumor invade the bone. Generally, bone
metastases are associated with breast, prostate and lung cancers [1]. Bone metastases were also found in
patients affected by malignant melanoma (MM) [2]. Bone invasion by cancer cells disrupts the balance
between osteoblasts and osteoclasts. Therefore, osteoblastic, osteolytic or mixed-bone metastases may
result, depending on the phenotype of the target cell [3,4]. However, both osteoblasts and osteoclasts are
affected by cancer cells in skeletal metastases. Once cancer cells invade the bone, patient survival chances
decrease. In addition, as pathological fractures, pain, hypercalcemia and bone marrow aplasia occur in
patients with skeletal metastases, quality of life worsens considerably. Therefore, a multidisciplinary
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approach aiming to prevent skeletal metastases and identify more effective treatments is necessary [5].
In addition, new studies should be performed to deeply understand which molecular pathways
are involved in the interaction between cancer cells and the bone microenvironment. This aim
is particularly relevant since the molecular mechanisms involved in the metastatic progression of
melanoma are complex. In, M.M.; mutations in transcription regulators, such as BRAF, MITF, KIT,
NRAS, PTEN and P53, as well as in TERT, occur frequently [6]. Several studies demonstrated the
involvement of RUNX2, the master transcription factor of osteogenic differentiation, in the development
of melanoma [7,8]. In fact, besides inducing osteogenic differentiation through mesenchymal stem
cell commitment to pre-osteoblasts, RUNX2 is involved in many cellular transformation pathways,
such as apoptosis, epithelial–mesenchymal transition (EMT), angiogenesis and metastatic processes [7].
RUNX2 overexpression has been reported in breast cancer, pancreatic cancer, prostate cancer, lung
cancer, ovarian epithelial cancer and melanoma. In previous studies, we identified RUNX2 as a stemness
marker for cancer [9,10] and observed higher levels of RUNX2 expression in thyroid cancer patients
with bone metastases [11]. RUNX2 appears to be involved in the osteolytic process [7,12]. Importantly,
the bone sialoprotein (IBSP) and osteopontin (SPP1) coding genes, which are regulated by RUNX2, play
important roles in bone metastases derived from osteotropic cancers [13]. In particular, BSP is associated
with adhesion, proliferation, invasion, angiogenesis and metastasis [13,14]. Similarly, the SPP1 (secreted
phosphoprotein 1 )gene product, OPN(osteopontin), was observed in bone metastases [15]; it was also
reported that reduced expression of SPP1 in melanoma cells is associated with a lower incidence of
bone metastases [16]. Importantly, overexpression of parathyroid hormone-related protein (PTHrP)
was observed in tumors with metastasized bone tissue [17]. In particular, PTHrP exerts its role in cancer
progression and metastases in autocrine (enhancing proliferation, survival and apoptosis resistance),
paracrine (inducing RANKL(Receptor Activator of Nuclear Factor Kappa B Ligand) expression in
osteoblasts to activate bone resorption) and intracrine (promoting survival, anoikis evasion and cell
invasion) manners [17]. PTHrP was demonstrated to be regulated by RUNX2 [18] in head and neck
squamous cell carcinoma, and it was also shown that transient exposure to PTHrP increases VEGFR2
expression through pERK stimulation [19]. In addition, RUNX2 promotes esophageal carcinoma by
activating the AKT and ERK signaling pathways [20]. Recently, we demonstrated that the RUNT
domain, namely the RUNX2 DNA binding domain, is involved in different pathways leading to
melanoma transformation [21]. Considering that RUNX2 induces osteogenic genes expression through
the RUNT DNA binding domain, we hypothesized that the RUNT domain might also be responsible
for the bone tropism of cancer. With this aim, we analyzed the effects of RUNT domain in melanoma
cells, focusing on the modulation of metastatic gene expression and the activity of factors that promote
osteotropic ability.

2. Materials and Methods

2.1. Cell Cultures

We used A375 (American Type Culture Collection; ATCC: CTRL-1619TM) and MELHO
(DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen) human melanoma cells. The
RUNT KO cells were obtained using CRISPR/Cas9 as we previously described [21]. Cell lines were
cultured under 5% CO2 and in RMPI (1640 (Roswell Park Memorial Institute) growth medium
(Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Sigma-Aldrich),
supplemented with antibiotics (1% penicillin/streptomycin) and 1% glutamine. All cell lines were
tested negative for mycoplasma using the LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich).

Once 80% confluence was reached, cells were harvested, washed and counted using a Burker
haemocytometer for all experiments.
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2.2. Construction of RUNX-2 Expression Vector

The RUNX-2 gene was cloned into the pcDNA3 vector as previously described [22,23]. Briefly,
the full-length human RUNX-2 open-reading frame (accession number NM_001024630 transcript
variant 1) was amplified by polymerase chain reaction (PCR) from the pCMV6 Runx-2 Myc-DDK
plasmid (OriGene Technologies, Inc. Rockville, MD, USA#:RC212884,) using the forward primer
Runx2F-EcoRV (5′- gcggatatcTTCGCCTCACAAACAACC-3′) and the reverse primer Runx2R-XhoI
(5′-ggacctcgagATATGGTCGCCAAACAGAT-3′); underlined nucleotides represent the restriction

sites. The amplified fragment was inserted in the pCRTM2.1 cloning vector(Invitrogen, Thermo
Fischer Scientific, Waltham, MA, USA), then excised by EcoRV/XhoI digestion and finally cloned
in pcDNA3-Flag-HA vector (Addgene, Watertown, MA, USA, #10792, Watertown, MA, USA). The
cloned fragment was sequenced at the BMR Genomics facility (http://www.bmr-genomics.it). RUNX-2
expression was validated by Western blot.

2.3. Exogenous PTHrP Supplementation

The exogenous PTHrp peptide (PeproTech, Rocky Hill, NJ, USA) was added to A375, 3G8, MELHO
and 1F5 melanoma cells seeded into 24-well plates at a concentration of 100 µg and incubated for 24 h.
Treated cells were then harvested to perform expression analyses.

2.4. AKT and ERK Inhibition

A375 and MELHO melanoma cells were plated in 96-well plates at a density of 1000 cells per well
and incubated overnight. Cells were then treated with ERK1/2 and AKT inhibitors (SCH772984 and
GSK690693, Selleckchem, Houston, TX, USA) for 24 h at a final concentration of 2 µM in RPMI1640
10% FBS. Cultured media were collected to perform ELISA assays, while cells were stored for gene
expression analysis.

2.5. PCR Array

PCR arrays were performed using a TaqMan™ Human Tumor Metastasis Array (Thermo Fisher
Scientific, Waltham, MA USA) according to the manufacturer’s instructions. The amplification reaction
and the results analysis were carried out using a QuantStudio™ 3 Real-Time PCR System equipped
with QuantStudio® Design and Analysis desktop software (Thermo Fisher Scientific).

2.6. Real-Time RT-PCR

Total RNA extraction and RT were performed as previously reported [21]. PCRs were performed
in a total volume of 25 µl using 20 ng of cDNA for each sample. Real-time PCR was performed
using TaqMan Universal PCR Master Mix (Thermofisher Corporation, Waltham, MA, USA) and
TaqMan pre-designed probes for each gene (VEGFA, Hs00900055_m1; VEGFR, Hs01052961_m1;
CD31, Hs01065279_m1; IBSP, Hs00173720, OPN, Hs00167093_m1). Gene expression for MMP9 (FW
AGACCTGGGCAGATTCCAAAC, RV CGGCAAGTCTTCCGAGTAGT, Sigma-Aldrich) was tested
using the Power SYBR® Green PCR Master Mix (Thermo Fisher Scientific). Gene expression was
normalized to the housekeeping β2-microglobulin (β2M, Hs99999901_s1) gene, and the relative fold
expression differences were calculated. TaqMan SDS analysis software was used to analyze the Ct
values. Three independent experiments with three replicates for each sample were performed.

2.7. Western Blot Analysis

RIPA buffer was used for protein extraction (Thermo Fisher Scientific) and protein concentrations
were determined by BCA assay (Thermo Fisher Scientific). Protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using mini-PROTEAN®

TGXTM precast gradient 4–20% gels (BioRad, Hercules, CA, USA) and transferred onto polyvinylidene

http://www.bmr-genomics.it
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difluoride (PVDF) membranes (Thermo Fisher Scientific). PVDF membranes were then probed with
the primary and secondary antibodies reported in Table 1.

Table 1. Antibodies used in this study.

Antibody Ab Dilution Origin Secondary Antibody

BSP (Bone Sialoprotein) II 1:1000 (Cell Signaling, 5486) Anti-rabbit (Cell Signaling, 7074)
AKT (C67E7) 1:1000 (Cell Signaling, 4691) Anti-rabbit (Cell Signaling, 7074)

p_AKT (193H12) 1:1000 (Cell Signaling, 4058) Anti-rabbit (Cell Signaling, 7074)
ERK (13F5) 1:1000 (Cell Signaling, 4695) Anti-rabbit (Cell Signaling, 7074)

p_ERK (D13.14.4E) 1:2000 (Cell Signaling, 4370) Anti-rabbit (Cell Signaling, 7074)

PTHrP (1D1) 1:1000 (SantaCruz Biotech.,
Dallas, TX, USA) Anti-mouse (Cell Signaling, 7076)

β ACTIN (BA3R) 1:5000 (Thermo Scientific) Anti-mouse (Cell Signaling, 7076)

Signals were detected using a chemiluminescence reagent (ECL, Millipore, Burlington, MA, USA),
and images were acquired using an LAS4000 Digital Image Scanning System (GE Healthcare, Little
Chalfont, UK). Densitometric analyses were performed using the ImageJ software, and the relative
protein band intensity was normalized to β-actin and expressed as the optical density (OD) ratio. The
data were obtained from three independent experiments.

2.8. Immunofluorescence

Cells were fixed and processed according to the manufacturer’s protocols. BSP primary antibodies
(Abcam, Cambridge, UK) were diluted (as reported in the datasheet) in Antibody Dilution Buffer and
incubated overnight at 4 ◦C. The slides were then incubated with the Alexa Fluor® 488 anti-rabbit
(Cat. #A-11034) secondary antibody, and nuclear staining was performed by using ProLong™ Gold
Antifade Mountant with DAPI (Thermo Fisher Scientific). Images were captured using a Leica DM2500
microscope (Leica Microsystem, Wetzlar, Germany). In particular, four different fields were measured
for each sample in three independent experiments, and each field contained approximately 80–100
total cells.

2.9. Migration to Bone Ability

To assess bone tropism, we first compared cells’ ability to migrate in the presence or absence of a
bone fragment. Therefore, cells were seeded on a 6-well plate at a density of 500,000 per well. After
adhesion, half of each well was scratched using a cell scraper, and the relative migration distance (RMD)
was calculated in the absence or presence of a bovine bone slice (Nøddevænget 3, DK-7300 Jelling,
Denmark) placed at the same distance in all samples. Cultures were carried out for 2 days using DMEM
(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS and Glutamax (all from Thermo
Fisher Scientific) at 37 ◦C and 5% CO. The migration ability assay was conducted with an EVOS™ FL
Auto Imaging System (Thermo Fisher Scientific) under time-lapse protocol for 48 h. Distances between
the cell front and the bone slice or the signed blank space for every well were measured at the beginning
and at the end of each experiment. Relative migration distances (RMDs) were calculated using the
following formula: RMD = (t0–t1)/t0, where t0 is the distance between the cell front and the bone slice
at time zero of the assay and t1 is the same distance at the end, as previously reported [21]. The RMD of
WT cells was normalized to the RMD of RUNX2 KO cells to evaluate the role of RUNX2 in migration in
the presence or absence of bone fragments. In addition, we performed experiments with the transwell
system to further analyze migration and evaluate invasion ability, as previously described [24]. For
both migration and invasion assays, 1 × 104 cells were seeded onto the upper chamber of transwell
plates of 8 µm diameter (Corning Incorporated, NY) in the presence of RPMI supplemented with 1%
FBS for 24 h (migration assay) or 48 h (invasion assay). The invasion assays were performed by coating
the upper chamber with Matrigel. The lower chamber was filled with medium with or without bone
fragments (Noddevaenget 3, DK-7300 Jelling, Denmark). After 48 h, cells adherent to the upper surface
of the membrane were removed. Thereafter, cells in the membrane underside were fixed with 4% of
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paraformaldeide and stained with DAPI(4′,6-diamidino-2-phenylindole). Cells were then visualized
under a Leica DM 2500 (Leica Microsystem, Wetzlar, Germany) to take pictures and to evaluate the
number of adherent cells. Cells were counted in ten random fields at 40X magnification.

2.10. ELISA

For PTHrP protein detection, we performed an ELISA (Fine Biotech Co Ltd., Wuhan, China).
WT and RUNT KO cell lines were plated onto 96-well plates at a density of 10,000 cells/well. After
3 days of culture, the medium was collected and centrifuged at 1000 g for 20 min at 4 ◦C. Standards
were prepared following the manufacturer’s instructions. Samples and standards were plated into the
ELISA microplate, and the assay was conducted according to the manufacturer’s instructions.

2.11. Bioinformatics Analysis

RUNX2, PTHrP, AKT and ERK proteins were submitted to the STRING portal (https://string-db.org)
for independent inspection related to their predicted connections.

2.12. Statistical Analysis

Student’s paired t-test was used to compare the variation of variables between two groups.
Differences were considered statistically significant at p < 0.05. Experiments were performed at least
three times. Statistical analyses were performed using SPSS (Statistical Package for Social Science) for
Windows, version 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. RUNX2 RUNT Domain Empowers RUNX2 Metastatic Ability in Melanoma Cells

Figure 1A shows a schematic representation of the RUNT domain coding region within the RUNX2
cDNA. By using the CRISPR/Cas9 technology, we partially deleted the RUNT domain or knocked out
the whole RUNX2 gene containing the RUNT domain in A375 and MELHO melanoma cells (Figure 1A).
Therefore, we obtained a lower and null RUNX2 proteins in KO-A375 and KO-MELHO, respectively
(Figure 1B).
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Figure 1. (A) Location of the RUNT coding domain within RUNX2 cDNA as reported in RefSeq
NP 00101019801.3 (B) Western blot showing RUNX2 in A375, KO-A375, MELHO and KO-MELHO
melanoma cells.

Then, we evaluated the metastatic gene expression profile in A375 and RUNX2 RUNT KO (RUNT
KO) melanoma cells by using a Human Tumor Metastasis Array. The data showed lower expression of
several genes involved in the metastatic process in RUNT KO cells compared to A375 cells (Figure 2A

https://string-db.org
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and Table S1). To validate these findings, we performed real-time PCR assays for four selected
lower expressed genes, namely, platelet and endothelial cell adhesion molecule 1 (CD31), matrix
metallopeptidase 3 (MMP3), matrix metallopeptidase 9 (MMP9) and vascular endothelial growth factor
A (VEGFA) in WT (A375 and MELHO) and RUNT-KO (KO-A375 and KO-MELHO) melanoma cells.
The investigated genes were downregulated in both RUNT-KO cell lines, with the exception of MMP3
expression, which was unchanged in KO-A375 (Figure 2B). Gene expression was restored in all KO
cells upon resetting the RUNT domain (Figure 2B). Similarly, expression levels of CD31 and VEGFA,
which are genes involved in metastatic processes, were reduced in RUNT KO cells (Figure 2B), thereby
confirming the array data.
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Metastasis Array. (B) The downregulation of gene expression in RUNT-KO cells compared to wild type
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We then tested RUNT domain influence in driving melanoma cell migration to the bone by
analyzing the expression of IBSP and SPP1 genes. As shown in Figure 3A, the expression levels of IBSP
decreased in RUNT-KO cells. We also observed a reduced number of BSP-positive cells (Figure 3B) as
well as reduced BSP protein expression in RUNT-KO cells (Figure 3C) compared to WT cells. SPP1
gene expression levels were also reduced in RUNT-KO cells (Figure 3D), which was rectified by RUNT
re-expression. Interestingly, the expression of CD44, an osteopontin receptor which is considered a
stemness marker in several kinds of cancers, was also reduced in RUNT-KO cells (Figure 3E).
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Figure 3. (A) Gene expression of the bone metastatic gene IBSP is lower in RUNT KO cells than in WT
melanoma cells. Accordingly, there is a lower percentage of BSP-positive cells (B) and lower levels of
the BSP protein (C) in RUNT KO cells compared to WT melanoma cells. Gene expression levels of the
bone metastatic genes SPP1 (D) and CD44 (E) are lower in RUNT KO cells than in WT melanoma cells.
(* p < 0.05; # p < 0.01); magnification 40X.

3.2. The RUNT Domain Increases PTHrP Levels in Melanoma and Activates AKT and ERK Pathways

As PTHrP expression is regulated by RUNX2, we measured PTHrP levels in WT and RUNT-KO
melanoma cell culture media. Interestingly, we observed a significant reduction in PTHrP concentration
in RUNT KO cells media compared to the WT cell media (Figure 4A), as well as a reduction in intracellular
PTHrP levels (Figure 4B) in both cell lines.
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Figure 4. Both released (A) and intracellular (B) levels of parathyroid hormone-related peptide (PThrP)
are lower in RUNT KO cells than in WT cells. The addition of exogenous PTHrP restores gene expression
levels in both KO-cell lines (C). (D) VEGFR2 gene fold expression is lower in RUNT-KO cells than
in WT cells. Re-expression of the RUNT domain restores VEGFR2 gene expression in both cell lines.
(* p < 0.05; # p < 0.01; $ p < 0.001).

In order to confirm the RUNT domain role in inducing PTHrP expression, we cultured KO cells in
the presence of exogenous PTHrP (+exPTHrP). As shown in Figure 4C, all investigated genes related
to metastatic ability were upregulated in KO cells treated with exogenous PTHrP. In addition, we
analyzed the expression of VEGFR2, which is associated with increased expression of PTHrP in other
cancers. As shown in Figure 4D, downregulation of VEGFR2 expression was observed in RUNT KO
cells. Restoration of the RUNT domain re-established VEGFR2 gene expression.

Considering the modulatory role of VEGFR2 in the ERK pathway, we then looked for ERK pathway
modifications in KO cells. The observed reduced levels of ERK and pERK proteins expression in RUNT
KO cells compared to WT cells suggested an activating role of the RUNT domain (Figure 5A). ERK and
AKT pathways are strongly associated with oncogenic transformation, therefore we investigated the
role of the RUNT domain in AKT pathway modulation. As shown in Figure 5B, protein expression
levels of both AKT and pAKT were lower in RUNT KO cells than in WT cells in both cell lines.
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3.3. RUNX2 Regulates AKT and ERK in a Reciprocal Way

To evaluate the interaction between RUNT and AKT/ERK signaling pathways, we treated WT cells
with either AKT or ERK inhibitors. Our data showed that the inhibition of AKT and ERK pathways did
not affect RUNX2 gene expression (Figure 6A). However, the inhibition of the AKT and ERK pathways
heavily reduced the expression of RUNX2-downstream genes, namely SPARC (Osteonectin), and OCN
(Osteocalcin), thus demonstrating the effects of their inhibition on RUNX2 transcriptional activity
(Figure 6B,C).

Importantly, inhibition of both the AKT and ERK pathways reduced the amount of PTHrP
released in the WT melanoma cell medium (Figure 6D). Accordingly, bioinformatic analyses showed
a fine interaction between these molecular factors (Figure 6E). For the first time in melanoma, we
also observed interaction and reciprocal activation between RUNT/RUNX2 and AKT/ERK signaling
(Figure 6F).

3.4. Osteotropism is Reduced in RUNT KO Melanoma Cells

At first, we evaluated the migration ability of cells either in the presence or in absence of bone
fragments in vitro. In particular, we calculated the levels of the relative migration distance of WT
versus RUNX2 KO cells in the presence or absence of bone fragments. We observed that RMD levels of,
W.T.; normalized with the RMD of RUNX2 KO cells, were higher in the presence of bone fragments
(Figure 7). Therefore, the expression of the RUNT domain increases more cell migration in the presence
of bone.
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Figure 6. RUNX2 gene expression is not affected by AKT or ERK inhibitors (A) in WT melanoma
cells. However, downstream target genes of RUNX2, namely Osteonectin (SPARC) (B) and Osteocalcin
(OCN) (C) are downregulated by AKT or ERK inhibitor treatment. Both AKT and ERK inhibitors
reduce the amount of PTHrP released by WT melanoma cells (D). Bioinformatics analyses show the
interactions occurring (E). The reciprocal interaction and activation of RUNT/RUNX2 with AKT and
ERK signaling (F). (* p < 0.05; # p < 0.01; $ p < 0.001).Cells 2020, 8, x FOR PEER REVIEW 11 of 17 
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To further analyze the role of the RUNT domain in driving melanoma cell migration to bone
fragments, we tested the migration and invasion ability of WT and RUNT-KO melanoma cells,
respectively, in a transwell system. The migration ability in the absence of bone fragments was lower
for RUNT-KO cells compared to WT (Figure 8A). In the presence of bone fragments, the ability to
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migrate was strongly increased in WT cells, while a comparatively lower ability to migrate was recorded
for RUNT-KO cells (Figure 8B). However, the ability to migrate was restored in RUNX2-transfected
RUNT KO cells (RUNT-KO++) (Figure 8B). Similarly, the invasion ability was higher in WT compared
to RUNT-KO cells and the re-expression of RUNT restored this ability in both RUNT-KO cell lines
(Figure 8C).
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Figure 8. The ability to migrate was higher in WT compared to RUNT-KO cells (A). In addition, the
presence of bone fragments increased migration (B) and invasion (C) abilities, which were greater in WT
compared to RUNT-KO cells. Restored expression of RUNT domain in RUNT-KO cells re-established
these abilities. Magnification 10X (* p > 0.05; # p > 0.01).
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4. Discussion

The bone microenvironment regulates complex and relevant processes such as hematopoiesis,
osteogenesis and osteolysis [1]. Various studies demonstrated that different molecular mechanisms are
involved in promoting cancer cells residency in bone through chemotaxis in bone niches [25]. Most
bone metastases occur when prostate, breast and lung primary tumors spread to the bone [26,27].
However, other primary tumors can induce bone metastases [27]. A retrospective study evaluating
98 MM patients reported that bone metastases occurred in 17.3% of cases [2,28]. Recently, radiographic
imaging revealed the presence of bone metastases in 4.1% of patients at all stages of MM and in 17.2% of
MM patients with metastatic disease [29]. However, as isotope bone scans may produce false-negative
results [30], the actual frequency of bone metastases in metastatic MM should be considered to be
higher. In post-mortem studies, bone metastases were found in 48.6% of patients with metastatic
MM [31].

Transcription factor RUNX2 is the master gene of osteogenic differentiation. Its expression is high
in pre-osteoblasts and in early osteoblasts, but decreases in mature osteoblasts [32]. However, RUNX2
is involved also in cellular transformation and appears upregulated in different solid tumors [9].
RUNX2 is ectopically expressed in melanoma and plays an important role in progression [7,8,33,34].
It belongs to the RUNX family, which includes also RUNX1 and RUNX3. These are RUNT-related
heterodimeric transcription factors consisting of a DNA-binding “A” subunit and a non-DNA-binding
“B” subunit, which enhances its affinity with DNA [35]. Among other domains, RUNX2 protein has
a conserved 128-amino acid RUNT domain encoded by exons 2 to 4, which is necessary for DNA
binding and heterodimerization with the non-DNA binding “B” subunit [32].

RUNX2 involvement in regulating the epithelial–mesenchymal transition (EMT) process has
been demonstrated in melanoma [14]. Recently, we demonstrated that the RUNX2 RUNT domain
affects EMT by increasing the expression of N-cadherin and reducing the expression of E-cadherin [21].
In addition, we found that the RUNT domain also promotes EMT by upregulating the expression of
vimentin [21]. This is a noteworthy finding, considering vimentin correlation with high tumor growth
rate, invasiveness and poor prognosis [35].

In lung cancers, RUNX2 overexpression was shown to promote EMT via direct regulation of
vimentin along with other proteins [36,37]. Recently, it was demonstrated that RUNX2 participates in
the transcriptional regulation of vimentin [38]. Yet, specific mechanisms related to RUNX2-dependent
transcriptional regulation of vimentin need to be further explored in detail.

We demonstrated that the RUNT domain promotes melanoma cell proliferation and migration [21].
Accordingly, being aware of the strong association between RUNX2 and bone remodeling agents, we
hypothesized that the RUNX2 RUNT domain is involved in mechanisms that promote bone metastasis
in melanoma cells. With the aim to understand the molecular mechanisms modulated by RUNX2
RUNT domain in promoting bone metastasis, we performed gene expression analyses and cell signaling
investigations in vitro. We obtained RUNT KO melanoma cell lines using CRISPR/Cas9-mediated
gene editing. In RUNT KO melanoma cells, reduced expression of genes involved in metastatic
processes (e.g., CD31, MMP9 and VEGFA) was observed, and genes involved in promoting bone
metastasis, such as IBSP (coding for bone sialoprotein) and SPP1 (coding for osteopontin) [15], were
downregulated. Notably, in RUNT KO melanoma cells, the expression of CD44 was also reduced.
CD44 was identified as a receptor for hyaluronic acid, as well as for osteopontin, collagens and matrix
metalloproteinases [39]. CD44 is a stemness marker associated with cancer metastatic progression [39].
The intracellular domain of CD44 can act as a co-transcription factor for RUNX2, inducing MMP-9
expression in breast carcinoma cells [40]. Recently, Senbanjo et al. demonstrated that RUNX2 complexes
with the CD44 intracellular domain, thus inducing the expression of metastasis-related genes and
increasing migration ability, as well as the formation of tumorspheres in prostatic cancer cells [41].
Notably, targeting of osteopontin or its receptors (e.g., CD44 and Integrin αvβ3) was suggested as a
strategy to reduce carcinogenesis [42]. Gupta and coworkers demonstrated that Integrin αvβ3 and
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CD44 are involved in prostate cancer patients bone loss by promoting osteoclastogenesis through the
RUNX2/Smad 5/receptor activator of NF-κB ligand pathways [43].

We also observed a reduced expression of PTHrP, an autocrine/paracrine ligand involved
in malignancy-induced hypercalcaemia and skeletal metastatic lesions, in RUNT KO cells [17].
Interestingly, the addition of exogenous PTHrP in KO-cells restored the expression of metastatic genes.
It was demonstrated that ectopic expression of RUNX2 increases PTHrP expression in neck and lung
cancers [18]. In addition, since the ERK/pERK and AKT/pAKT pathways are associated with both
RUNX2 and PTHrP expression, we investigated the modulation of these pathways in WT and RUNT
KO melanoma cells. Interestingly, we found that both ERK/pERK and AKT/pAKT signaling processes
were affected, entailing lower expression in RUNT KO melanoma cells. These findings suggested that
the RUNT domain is involved in PTHrP expression through the regulation of these pathways, thus
promoting bone metastasis. Bioinformatic analyses confirmed the RUNX2 interaction with AKT and
ERK signalling. However, for the first time, we demonstrated that a reciprocal activation between the
RUNX2 and AKT/ERK pathways occurs in melanoma. In fact, by treating WT melanoma cells with
AKT or ERK inhibitors, we observed reduced activity of RUNX2, although RUNX2 gene expression
was not affected. RUNX2 activity reduction due to inhibition of AKT or ERK signaling decreased
PTHrP production in melanoma cells in turn. Therefore, we concluded that RUNX2 is involved in
mechanisms that promote bone metastasis.

To evaluate the involvement of RUNX2 in osteotropic mechanisms, we performed in vitro
experiments by using bone fragments as previously described by Mannavola and coworkers [24].
Employment of bone fragments was also reported by Templeton and coworkers to evaluate bone
colonization of breast cancer cells [44]. Our data showed that RUNX2 KO cells exhibited statistically
significant reductions in migration and invasion to bone fragments compared to WT cells. The
re-expression of RUNT by transfecting KO cells with RUNX2 expression vectors restored cells’ ability
to migrate and invade bone fragments. This finding supports the transcriptional role of the RUNT
domain in binding its downstream target genes, such as IBSP and SPP1, which are involved in bone
metastasis promotion [45,46]. As discussed above, we observed reduced expression of SPP1 in RUNX2
KO cells. Osteopontin, an SPP1 gene product, was demonstrated to be involved in different steps of
carcinogenesis, such as cell mobility, neoangiogenesis, invasion, intravasation and extravasation, as
well as bone metastasization [45,47]. In summary, our findings, including reduced osteopontin, bone
sialoprotein and CD44, supported RUNX2 involvement in promoting melanoma cell osteotropism.
One limitation of our study may be the lack of an in vivo model. However, the purpose of this study
was to deepen our understanding of the role of RUNX2 in modulating the molecular mechanisms that
promote bone metastasis. Our results showed that RUNX2 is involved in the expression modulation of
key genes. SPP1, bone sialoprotein and molecules that enhance bone metastasis, such as PTHrP, are
significant examples which could stimulate further studies. In particular, the employment of animal
models could be helpful to evaluate the role of the immune system or the angiogenesis process in the
metastatic niche.

Finally, since our results showed that the RUNT domain affects the expression and the activity of
various molecules involved in bone metastasis, we conclude that RUNX2, via the RUNT domain, may
promote bone metastasis of melanoma through a complex scenario affecting different and strongly
associated pathways.
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