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FOREWORD 
 

 
          The Istituto Pasteur Italia - Fondazione Cenci Bolognetti, the Italian member of the 

Institute Pasteur International Network (33 institutes worldwide), is a private non-profit foundation. It 

was established in 1964 thanks to the bequest and wishes of princess Beatrice Cenci Bolognetti to 

create a Center of Biomedical Research with the same mission and values of Institut Pasteur in Paris.  

 

    The Istituto Pasteur Italia research activity is committed to biomedicine, with a particular 

focus on infectious diseases, drug design, molecular medicine extended to innovative therapies (e.g. 

cancer immunotherapy; therapy of genetic diseases; regenerative medicine). The funding of research 

projects is possible thanks to the income from the donated real estates and to citizens’ donations. In 

2021 the Institute has invested a total of 554.000 Euros to fund high level research projects in the 

affiliated laboratories of the Sapienza University of Rome, in different areas (microbiology, 

virology, molecular genetics, molecular biology, cellular and molecular immunology as well as biology of 

malaria and of food-borne diseases), and also funded research projects on Immunotherapies for 

Cancer and Infectious Diseases carried on at Laboratorio Pasteur Italia, directed by Dr. John 

Hiscott. Moreover the Instituto Pasteur Italia supported young researchers with fellowships (i.e. 

and PhD courses to have experience abroad and to return in Italy).  

 

          The Istituto Pasteur Italia is also involved in a number of collaborative projects with 

Institutes of the International Network of Pasteur such as the Actionnes Concertée International 

Pasteuriennes (ACIP) and the Programmes Transversaux de Recherche (PTR), funded by the Institut 

Pasteur of Paris. 

           The scientific excellence reached over 2021 is demonstrated by high quality publications in peer-

reviewed scientific journals, for a cumulative impact factor: 1.165.889. 

           In addition, a Coronavirus Task force - DrugDesign_SARS2 has been set up since the 

pandemic began and go on. The severity of this global threat to public health highlights the urgency and 

importance of identifying drugs capable of treating this pathology. This project stems from the need to 

combine the skills of various laboratories that are part of the International Network of Pasteur 

Institutes: 1) two laboratories of structural virology and structural molecular biology, a high-capacity 

screening platform (HTS) and one based on employment of nano-antibodies (Pasteur Institute of Paris); 

2) an HTS screening platform specialized in the discovery of antiviral drugs (Pasteur Institute of Lille); 

3) a pharmaceutical chemistry laboratory of Sapienza University of Rome with decades of experience in 

the design of antivirals, affiliated with the Pasteur Italy Institute - Cenci-Bolognetti Foundation; 4) a 

molecular and cellular biology labs in the Biomedical Research Institute Neuromed, devoted to in vitro 

– in vivo experiments. The general idea is to test various libraries of molecules available on different 

platforms (including FDA approved compounds and / or their known metabolites) as quickly as possible.      

           Last but not least, also during the pandemic the Institute has been very active in promoting 

educational programs and scientific communication. The well–established dissemination project for 

secondary schools has been realized through web platforms, in order to ensure health safety measures. 

In May the English version of the monography “Sexually transmitted infections. How to recognize and 

prevent them” has been published for the series of books" I Ragazzi di Pasteur ". The publication is 

addressed to secondary school students and was edited in 2018 by Barbara Suligoi and Maria Cristina 

Salfa (ISS). The booklet in pdf format can be downloaded from the Institute website. 

         This Annual Report documents the results obtained during the year 2021 thanks to the 

enthusiasm and the effort of the Italian “Pasteur” community.  

 

 

 

Luigi Frati      Angela Santoni 

                                    President                         Scientific Director 
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IMMUNOTHERAPIES FOR CANCER AND INFECTIOUS DISEASES 
 

John Hiscott 
 

Istituto Pasteur Italia – Fondazione Cenci Bolognetti 

           john.hiscott@istitutopasteur.it 
  

Pancreatic ductal adenocarcinoma (PDAC) is the most common lethal malignancy, with little 

improvement in patient outcomes over the past decades.  Multiple challenges have hampered the 

efficacy of cancer therapies for PDAC, the most significant being the immunosuppressive 

pancreatic tumor microenvironment. PDAC cells adopt multiple mechanisms to evade and suppress 

antitumor immune responses, essentially establishing a non-immunogenic (or ‘cold’) tumor 

microenvironment (TME), with poor T-cell infiltration and low mutational burden (Muscolini et al, 

CGFR 2020).  

With the support of Associazione Italiana Ricerca sul Cancro (AIRC 2020 – 2024), we are 

investigating the potential of combining oncolytic virotherapy and immune checkpoint inhibitors 

(such as anti-PD1), in the treatment of pancreatic cancer (PDAC). Oncolytic virotherapy represents 

a promising strategy for the treatment of PDAC because OVs selectively kill tumor cells and 

stimulate antitumor immune responses. Because of their oncolytic and immune-stimulating 

properties, OVs are ideal candidates to counteract the pancreatic immunosuppressive TME and to 

design combination therapies that can be exploited in pre-clinical models to improve PDAC 

therapeutic options (Tassone et al, CGFR 2020). With the aim to potentiate OV therapeutic 

efficacy, we previously demonstrated that different agents, including histone deacetylase inhibitors 

(HDIs), were able to improve the susceptibility of resistant cancer cells to VSV infection. More 

recently, we identified the NAD+-dependent histone deacetylase sirtuin 1 (SIRT1) as a viral 

restriction factor that limits VSV∆51 infection and oncolysis in prostate cancer cells (Muscolini et 

al, J. Virology, 2019).  We also demonstrated that HDIs up-regulated the microRNA miR-34a that 

directly regulates the level of SIRT1  

The hypothesis of this project is that combination treatment using a new recombinant VSV, 

designed to increase sensitivity of tumor cells to OV therapy, together with immune checkpoint 

blockade therapy (anti-PD-L1) will lead to increased local inflammation and enhanced adaptive 

immune response, thereby improving the overall response and cure rate in pancreatic cancer 

models.  

 

To achieve these objectives, we propose to:  

1) design and characterize a new recombinant vector – rVSV∆M51-miR-34a – that follows 

directly from recent studies demonstrating that microRNA miR-34a controlled the expression of 

histone deacetylase Sirt1 (1), a restriction factor limiting VSV replication and cell killing.   

2) examine the inflammation, immune infiltration and therapeutic efficacy of the combination of 

VSV oncolytic targeting and immune checkpoint inhibitor treatment in vivo in PDAC models.  



 

 
 

 

 

3) conduct a genome-wide loss-of-function screen to identify novel genes whose loss confers 

resistance of cancer cells to infection by oncolytic viruses. Discovered functions will be tested 

for their capacity to restrict and/or promote VSV-mediated oncolysis. 

 

With all three objectives, significant progress has been achieved in the past year.  

1. Generation of recombinant VSV∆M51-SM34a: Analysis of oncolytic activity.  

We previously demonstrated that induction of microRNA miR-34a by histone deacetylase inhibitor 

SAHA (Vorinostat) inhibited SIRT1 expression and dramatically increased the sensitivity of 

prostate cancer cells to VSV (1). This observation described for the first time a critical host 

restriction factor that modulated VSV oncolytic activity and argued that incorporation of the miR-

34a into VSV51 genome could be a potent mechanism to augment tumor cell elimination. We 

have now generated and rescued a new recombinant VSV51 virus expressing miR-34a and 

characterized its ability to enhance infectivity and tumor cell killing in human PDAC cells. This 

aspect of the project is independently directed by Dr. Michela Muscolini. 

 

A panel of human PDAC cell lines was initially examined for their sensitivity to VSV51 

infection. Level of infectivity, antiviral gene expression and cell death were measured following 

infection at different multiplicity of infection (MOI). A diverse range of resistance was observed 

and selected PDAC cell lines displayed complete resistance – BxPC-3, CFPAC-1 and SW1990 – or 

moderate resistance - Panc10.05 and Su86.86 - to VSV51 infection.  

 

Next, we modified VSV∆M51 to simultaneously express both an enhanced GFP for tracking and 

miR-34a. To ensure expression of miR-34a, the strategy described by Du and colleagues (Du G et al. 

FEBS J. (2006) was adapted where an artificial miRNA-expressing cassette was inserted into a 

chimeric intron introducing a splicing site between the miRNA and GFP sequence, thus improving 

the GFP expression from the same mRNA transcript without affecting the expression of the mature 

miRNA. The new rescued recombinant VSV∆M51-SM34a virus was propagated, virions purified 

and quantified by standard plaque assay. Due to the mutation in the M protein, VSV∆M51 has 

impaired ability to replicate in normal cells with intact antiviral signaling pathways, compared to 

wtVSV. To verify a similar safety profile in the newly generated virus, normal human fibroblasts 

and HUVEC cells were infected with parental wtVSV, VSVM51 and VSVM51-SM34a. The 

infectivity of VSV51-SM34a was comparable to that of VSVM51, and both showed a 

significantly impaired ability to replicate in normal cells compared to WT VSV (Fig. 1A). 
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To demonstrate that expression of miR-34a had a specific effect on the sensitivity of PDAC 

resistant cells to VSV∆M51, resistant CFPAC-1 and Panc10.05 cells were infected at different 

MOIs for 24h with VSV∆M51-SM34a or VSV∆M51. The number of GFP-positive VSV51-

SM34a infected cells was higher compared to VSVM51 infected cells (Fig. 1B-C). Most 

interestingly, analyses of cell death and proliferation at 24 and 48h, showed a reduced cell viability 

of VSV51-SM34a infected cells compared to VSV51 (Fig. 1E).  

As miR-34a is a tumor-suppressive miRNA absent in many cancer stem cells (CSCs) and advanced 

tumors, the effectiveness of therapy with VSV∆M51-SM34a in improving anti-tumoral efficacy 

will be analyzed in vivo and in 3D spheroid-like models. Due to the regulatory function of miR-34a 

on the expression of multiple targets involved in cell cycle, survival, and cancer progression, such 

as c-MYC, CDK6, Bcl2, and CD44, the impact of VSV∆M51-SM34a on these signalling pathways 

will be characterized.  Our analysis has also characterized the mechanisms of apoptosis and 

immunogenic cell death driven by the new recombinant virus (Muscolini et al, manuscript in 

preparation). 

 

2. Evaluate the therapeutic efficacy and immune response of rVSV in the KPC model of 

pancreatic cancer. As part of the strategy to develop novel combination therapies for PDAC, we 

have optimized conditions for infection with VSV∆M51-SM34a in murine tumor models, and 

evaluated  the efficacy of the combination of VSV and immune checkpoint inhibitor (ICI) 

immunotherapy. Because of the Covid-19 pandemic and associated delays in animal protocol 

approval, our initial in vivo experiments were performed in collaboration with the lab of Dr.Nadine 

van Montfoort (Leiden University Medical Center). 

Figure 1: (A) Human 

fibroblasts were infected with 

VSV∆M51-SM34a, or 

VSVM51 or WT VSV. At 

24h post infection (p.i) the 
percentage of both 

VSV∆M51-SM34a and 

VSV∆M51 infected cells is 

strongly reduced compared to 

WT VSV. (B) CFPAC-1 and 

Panc10.05 cells were infected 

with VSV∆M51-SM34a and 

VSV∆M51. At 24h p.i. the 
 

Number of GFP+ VSVM51-SM34a infected cells was 

higher compared to VSVM51 infected cells (C) Crystal 

violet staining performed 48h p.i. showed a reduced cell 

viability upon VSV∆M51-SM34a compared to 

VSVM51infection. 
 



 

 
 

 

 

 Exciting new data have emerged from these studies: 

 

A. Single treatment with VSV∆M51 or oncolytic Reovirus, dramatically delayed tumor 

development in KPC bearing mice;  

B. mice cured of tumors after combination therapy with VSV+PD-1 or Reo+PD-1 were 

resistant to tumor rechallenge.  

 

Immunophenotyping of the tumor infiltrate indicated that OV treatment increased CD4+ and CD8+ 

T cell infiltration. Tetramer analysis revealed increased tumor antigen exposure in the combination 

treatment groups. Altogether, these experiments provide evidence of a potent antiviral response to 

tumors and illustrate that animals successfully treated with the OV+ICI combination develop a 

long-term cell T memory response, a subject of ongoing studies. 

 

3. Identify novel genes involved in resistance of human PDAC cells to OV therapy. 
The final objective of this project was to conduct an unbiased genome-wide knockout screening 

using CRISPR-Cas9 to identify loss-of-function mutations that alter pancreatic cancer cell 

sensitivity to cancer therapy in general, and OV therapy specifically. This aspect of the program is 

clearly ‘high risk, high reward’, but with the dedicated efforts of Dr. Evelyne Tassone, we have 

successfully identified new candidate genes potentially involved in pancreatic carcinogenesis and 

responsiveness to OV therapy. The gegnome wide CRISPR-Cas9 screening was performed on the 

human PDAC cell line CFPAC-1 that emerged from our earlier analyses as highly resistant to 

VSV∆M51 infection (Fig. 2). The newly identified candidates are involved in transcriptional 

control, apoptosis regulation, oxidative metabolism and epithelial to mesenchymal transition 

(EMT).  

 

Four independent screening experiments were performed and NGS were statistically analysed with 

the Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK, v.0.5.9.4) 

computational tool, that measures the occurrence of each sgRNA per sample - corresponding to its 

gene knockout frequency. These analyses resulted in a list of statistically significant enriched and 

depleted sgRNAs between two samples and the list of positively or negatively selected genes 

between the same samples identified by the robust ranking aggregation (RRA) algorithm. The p-

value as well as the false discovery rate (fdr) of the comparison are also given for each 

sgRNA/gene. 

 

Figure 2: Workflow of the 

Genome-wide CRISPR-Cas9 loss-

of-function screening for host 

restriction factors controlling OV 

infection. Puro = puromycin; NGS 

= next-generation sequencing.  
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To validate the top candidate, we generated single knockout cell lines - two Non-Targeting (NT-1 

and NT-2) and two knockout (KO#2 and KO#6) populations. These individual clonal populations 

were infected with VSV∆M51 at different MOIs and after 16h, the number of infected cells in both 

KO populations was increased compared to NT infected cells (Fig. 3A-B). Also, the induction of 

cell death was dramatically augmented compared to control cells. (Fig. 3). Further analyses are 

ongoing to elucidate the mechanisms responsible for the enhanced permissiveness and determine 

the pathways acting downstream of our top candidate genes. During the next phase of the project, 

analysis of the response to OV and combination treatment will be further examined in vivo with 

NSG murine models. Future analyses will examine the role of other high-ranking genes that 

emerged from the screen. 

 

 

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 
 

 

Figure 3. (A-B) NT-1, NT-2, 

KO#2 and KO#6 cells were 

infected with VSV∆M51 and the 

percentage of GFP infected cells 

were enumerated. Cell viability of 

KO infected cells (bottom 
histogram).  (C) The level of 

knock-down of the gene candidate 

was verified in the four cell 

populations. 
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TARGETING MYC TRANSLATION IN COLORECTAL CANCER 

 

GIANLUCA CANETTIERI 
RESEARCH AREA: GENETICS, BIOLOGY AND PATHOPHYSIOLOGY OF EUKARYOTES 

 

 

Department of Molecular Medicine 

gianluca.canettieri@uniroma1.it 

 

Colorectal cancer (CRC) is a major cause of death 

from cancer worldwide. Despite the progresses made 

with early diagnosis and improvement of therapeutic 

protocols, the prognosis in the advanced stages is 

still poor. For this reason, understanding the 

molecular determinants of CRC tumorigenesis 

represents an indispensable step to find novel 

therapeutic opportunities. Several genes and 

pathways have been found mutated in CRC and most 

of them converge on the activation of MYC, thus 

making this oncogene an attractive therapeutic 

target. However, attempts to find direct MYC 

inhibitors have been disappointing, suggesting that 

alternative strategies, aimed at reducing MYC 

expression or activity are preferable options. The 

main goal of this project is to identify new 

approaches to downregulate MYC expression in CRC. 

 

We have found that hypusinated EIF5A, a polyamine-regulated elongation factor, 

promotes growth of colorectal cancer (CRC) cells by directly regulating MYC biosynthesis at 

specific pausing motifs. We have observed that inhibition of EIF5A hypusination with the 

DHPS inhibitor GC7 or through lentiviral-mediated knockdown of DHPS or EIF5A reduces 

the growth of various CRC cells. 

Multiplex gene expression analysis 

revealed that inhibition of 

hypusination impairs the expression 

of transcripts regulated by MYC, 

suggesting the involvement of this 

oncogene in the observed effect. 

Indeed, we have demonstrated that 

EIF5A regulates MYC elongation 

without affecting its mRNA content 

or protein stability, by alleviating 

ribosome stalling at five distinct 

pausing motifs in MYC CDS. Of note, 

we have shown that blockade of 

hypusination axis elicits a 

remarkable growth inhibitory effect 

in preclinical models of CRC and significantly reduces the size of polyps in APCMin mice, a 

model of human familial adenomatous polyposis (FAP). Together, these data illustrate an 

unprecedented mechanism, whereby the tumor-promoting properties of hypusinated EIF5A 

are linked to its ability to regulate MYC elongation and provide a rationale for the use of 

DHPS/EIF5A inhibitors in CRC therapy (Coni et al., Cell Death and Disease, 2020). 
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In a recent work we have shown that, in addition to its critical role in cancer, polyamine 

metabolism is also essential for proper muscle function. Using as a study model D. 

melanogaster, we have demonstrated that CNBP, a protein whose gene is mutated in 

Myotonic Dystrophy type 2 (DM2), promotes the biosynthesis of ODC (ornithine 

decarboxylase), the gatekeeper enzyme of polyamine metabolism. Loss of CNBP resulting 

from the genetic mutation causes severe locomotor defects reminiscent of DM2, associated 

to a decrease of ODC and polyamine content in muscle. Notably, polyamines and ODC are 

also downregulated in muscle of DM2 patients and restoration of their content rescues the 

locomotor defects in flies. Collectively, these observations suggest that polyamines are key 

players in DM2 pathogenesis and that they may represent a potential new therapeutic tool 

for DM2, a disease that still lacks a resolutive therapy. 

(Coni et al. eLIFE 2021, press release from Sapienza and Pasteur Institute). 

 

Our work has also been focused on the role of MTR, a regulator of MYC expression that is 

essential for the growth of CRC. Our data indicate that MTR promotes MYC expression by 

inhibiting PRDM1, an oncosuppressor that inhibits MYC at transcriptional level. 

We have found that MTR links intestinal microbiota to CRC tumorigenesis through the 

LPS signaling. In particular, our work has led to the discovery that the interaction between 

LPS and TLR promotes intracellular Ca++ entry, followed by Calcineurin-mediated  MTR 

dephosphorylation and nuclear entry, with consequent activation of the PRDM1-MYC axis. 

We have generated mice with homozygous conditional deletion of MTR and have induced 

intestinal tumorigenesis with AOM/DSS. Our data show a robust reduction of intestinal 

tumors in MTR KO mice compared to controls and an essential role of MTR in mediating 

the response to intestinal microbiota and inflammation. (Coni et al. Manuscript in 

preparation). 
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CHARACTERIZATION OF THE ROLE OF SEPARASE IN THE REGULATION OF 

LAMINS AND RAD50 
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Department of Biology and Biotechnology “C. Darwin” 

 giovanni.cenci@uniroma1.it 

 
Summary 

Defective DNA repair and perturbation of nuclear architecture can threaten genome integrity. 

The comprehension of molecular mechanisms that underlie these effects can help to 

understand how cells prevent genome instability, which is a prevalent feature of several 

human genetic diseases including cancer. During the two years of funding, we have unraveled 

an unforeseen function of Separase, a conserved endo-peptidase that resolves sister chromatid 

cohesion through cleavage of cohesins, in maintaining nuclear architecture and chromosome 

integrity. We found that Separase interacts with Lamins and the Rad50 DNA repair factor. 

Interestingly both factors accumulate upon depletion of Separase in Drosophila cells 

indicating that Separase is required to maintain a proper turnover of these proteins. We 

exploited a combination of genetic and molecular approaches in both Drosophila and human 

cells to study this regulation. We are confident that our results, which highlight new and 

conserved functions of Separase beyond cohesion cleavage, will reveal new insights on the 

regulation of genome maintenance.  

 

Results 

Molecular Analysis of Sse-Lamins interaction on Drosophila 

Separase, which is a conserved endo-peptidase that resolves sister chromatid cohesion at 

the metaphase-anaphase transition through cleavage of cohesion, plays a crucial role in 

regulation of chromosome segregation. It is therefore not surprising that the premature 

cleavage of the cohesin complex by early activation of Separase or by increased Separase 

activity results in the accumulation of abnormal chromosome number leading to aneuploidy 

that ultimately can represent a promoting factor for different human tumors (1, 2). Recent 

work has shown that Separase is also needed for a wide range of mitotic events, including 

spindle dynamics, centriole duplication and cytokinesis(3). Interestingly, we have also 

reported that Separase plays a conserved role in telomere protection very likely by regulating 

the levels of Heterochromatin Protein 1 (HP1) both in Drosophila and human cells (4) (work 

supported by the previous Istituto Pasteur/Cenci Bolognetti grant). Interestingly, this SSE 

capping role is independent of regulation of cohesins and chromatid separation, although it 

requires a functional catalytic site reinforcing the view that separase serves other functions 

beyond cohesion cleavage. Moreover, we have recently observed that Drosophila Separase 

interacts with and regulates Lamin C (the ortholog of human LMNA/C) and Rad50 (a member 

of the MRN complex), two crucial and conserved factors required for proper nuclear envelope 

organization and DNA Damage Response, respectively. Consistently, Separase mutants show 

aberrant nuclear morphology and accumulation of Lamin C as well as frequent chromosome 

breaks and increased levels of Rad50. This suggests that Separase may also play a role in 

nuclear architecture and DNA repair. Intriguingly, both Lamin C and Rad50 harbor Separase 

cleavage consensus motifs, thus leading to the hypothesis that Separase has also evolved an 

unanticipated function as Lamin and/or Rad50 peptidase. 

It is known that HP1 affects lamin regulation. Thus, we first investigated whether 

decreased HP1 protein level in Sse mutants could account for lamin perturbation. To this aim, 

we restored HP1 expression in Sse mutant by introducing a Red Fluorescent Protein tagged 

HP1 (RFP-HP1) encoding construct through meiotic recombination. Western blotting analysis 

on larval brains from control Or-R, Sse mutants and recombinant Sse-RFP-HP1 showed that 



lamin perturbation is not rescued by increasing HP1 expression thus indicating that Separase 

regulates lamins in a HP1 independent manner. In addition, we found that Lamins depletion 

in larval neuroblasts does not affect HP1 protein level, suggesting that Separase acts in a 

direct way on both HP1 and lamins to regulate their cellular levels. These results indicate 

that increased level of Lamin C in Sse mutants is directly linked to the loss of Separase 

activity. Collectively these data indicate that Separase acts as a positive regulator of HP1 and 

negatively regulates lamin C protein levels. 

Our preliminary results indicated that Drosophila Separase (SSE) is able to precipitate 

Lamin C (the Drosophila A-type lamin) from neuroblast protein extracts. In addition, GST-

pulldown experiments revealed that GST-SSE pulls down bacterially purified 6HIS-Lamin C 

indicating that both proteins physically interact in a direct manner. Furthermore, 

immunostaining of salivary gland nuclei revealed that SSE localizes around the nuclear 

envelope and that this localization is coincident with that of lamin C. We assessed whether a 

functional relationship occurred also between SSE and the Drosophila B-type lamin, Lamin 

Dm0. Our WB analysis revealed that loss of SSE reduces Lamin Dm0 levels indicating that 

SSE regulates Drosophila A-type and B-type lamins in an opposite manner. In addition 

sqRNA analyses showed that this reduction is not due to a general decrease of lamin Dmo 

transcripts, which do not change in Sse mutants with respect to control. Consistently, 

immunostaining on polytene nuclei showed that Lamin Dmo localization on nuclear rim is 

affected upon depletion of SSE suggesting that the alteration of nuclear membrane 

morphology previously seen in Sse mutants can also depend on a lamin Dmo misbehavior in 

addition to the accumulation of Lamin C. We have also verified whether a physical interaction 

occurred between SSE and Lamin Dmo. To this aim we performed a GST pulldown 

experiment from larval brain extracts using GST-SSE as bait. This assay revealed that SSE 

could indeed physically interact also with LaminDm0 indicating that SSE-dependent 

regulation of Drosophila lamins relies on the formation of a well-established SSE-lamin 

protein complex. In the same experimental set up we have also observed that Pim (the 

Drosophila Securin that we have shown to interact with Lam C) does not bind to lamin Dmo. 

We are currently investigating the molecular bases of these different interactions. 

To get further insights on the involvement of Separase in Lamin regulation, we 

performed MS analysis of total protein extracts from Drosophila Separase mutant larvae. 

From the 4622 proteins derived from comparing three replicates of Sse mutants with control, 

we found ~ 900 differentially expressed proteins: 402 proteins with a log2 fold change higher 

than 0.4 (upregulated) and 482 proteins with a log2 fold change lower than -0.4 

(downregulated). Functional enrichment analysis on up-regulated proteins showed 

enrichment for proteins involved in the muscle system. In contrast, as expected from the role 

of Separase in cell cycle and DNA replication, down-regulated proteins are enriched for factors 

involved in mitotic cell cycle regulation and chromatin organization. Post-filtering functional 

enrichment analysis on up-regulated proteins of the Separase mutant, confirmed the 

enrichment for proteins involved in muscle structures and in fiber organization. To gain 

further insights into a functional correlation between differentially expressed proteins, a 

network pathway enrichment analysis among proteins belonging to the GO categories “Muscle 

Structure Development” (GO:0061061) and “Chromatin Organization” (GO:0006325) was 

performed using the STRING tool. A k-means-based clustering algorithm has been applied to 

the network, to better identify the distinct pathways. Interestingly, Lamin C was identified as 

the key node connecting the two different pathways since, on one side, it functionally interacts 

with Muscle LIM protein (Mlp84B) while, on the other side, interacts with LamDm0. 

Our previous results showing that i) Lamin C harbors different putative Separase 

cleavage sites, ii) anti-Lamin C antibody recognizes fragments whose sizes are consistent with 

the presence of Separase cleavage sites, and iii) Lamin C full size increases upon loss of 

Separase, led us to postulate that Sse could indeed cleave Lamin C. We extensively tried to 

perform in vitro Separase cleavage assay in S2 cells adapting the procedure previously 

described for yeast Separase and cohesins (5). Unfortunately, for still unknown reasons, the 

assay did not appear to work on S2 cells and the aim of assessing whether Lamin C is a direct 
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target for Separase-mediated proteolysis remains unaddressed. However, we have generated a 

tagged Lamin C (that harbored the V5 and FLAG tags at the N- and C-terminus, respectively) 

that provided useful information when expressed in S2 cells. Reciprocal Co-Ips with either 

anti V5 or anti-FLAG antibodies unambiguously revealed that Lamin C is normally cleaved in 

Drosophila cells yielding the 44kDa and 26kDa fragments, consistently with the presence of 

only one EXXR potential Separase cleavage site at position 401. This finding further supports 

our hypothesis that Lamin C cleavage physiologically occurs in the cells, restricts the number 

of potential Separase cleavage site in Lamin C to one and confirms that Separase could be 

directly involved in Lamin C processing. Interestingly, the EXXR cleavage site at position 398-

401 is also conserved in human LMNA (position 382-386) and its mutation is found in some 

AD-EDMD patients (R386K)(6).  

Finally, we have generated a V5-Rad50-FLAG recombinant protein that we expressed in 

S2 cells. Western Blot analysis showed that this protein, unlike lamin C, is not subjected to an 

obvious processing when Separase is either present or depleted. However, we found that levels 

of V5-Rad50-FLAG dramatically increased upon siRNA-mediated Separase depletion 

indicating that the Rad50 recombinant protein could provide substantial information to 

address how Separase regulates Rad50.  

 

Analysis of interaction between human ESPL1 and Lamin A and B1. 

In collaboration with Bertrand group (INSERM, Paris) we have analyzed the 

interactions between ESPL1 and both lamins A/C and B1 in both primary and transformed 

human fibroblast cells by performing proximity ligation assay, an approach that could detect 

in cellula interaction in close vicinity (<40 mm). We found that ESPL1 interacts with both 

lamin A and lamin B1 as assessed by in situ PLA dots. Interestingly, overexpression of lamin 

B1 strongly increased the number of ESPL1-lamin B1 PLA dots, further corroborating the 

interaction. These interactions were also confirmed by co-immunoprecipitation. Pull-down of 

endogenous ESPL1 precipitates both lamin A and lamin B1. Reciprocally, pull-down of 

endogenous lamin B1 or lamin A precipitates ESPL1. Of note, as lamins and separase are 

DNA-binding proteins, experiments were performed on cell extracts pretreated with 

benzonase to digest DNA, indicating that the observed interactions are not due to DNA 

bridges between these proteins. These data indicate that ESPL1 forms complexes with lamin 

A and lamin B1. Whether both lamins are found in same complexes with ESPL1 remains to be 

determined as well as the impact of the deregulation (up and down) of lamin A on lamin B1-

ESPL1 interaction by means of expression plasmids or siRNA specific to lamin A and vice 

versa. Interestingly, the interaction between lamin A and ESPL1 is affected by lamin B1 

depletion, suggesting a role of lamin B1 in this interaction. 

We are currently testing if these interactions are cell cycle dependent by coupling PLA 

with immunofluorescence of specific markers of cell cycle phases. Intriguingly, we observed 

interactions of lamin A and ESPL1 at the spindle poles during mitosis indicating that 

dysregulation of lamin A-ESPL1 interaction may have an impact on mitosis. Moreover, 

overexpression of ESPL1, induced a delocalization of the interaction between lamins and 

ESPL1 at the nuclear periphery and also outside from nucleus, as well as around the mitosis. 

Proteolytic activity of separase has been reported to arise in cytoplasm during interphase and 

at the vicinity of centrosomes and chromosomes during mitosis (7), suggesting that increased 

PLA interactions upon overexpression of separase may reflect an increased cleavage of lamins 

by ESPL1. 
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In this study we demonstrated that two human herpesviruses more strictly linked to human 

cancer, Epstein-Barr Virus (EBV) and Kaposi Sarcoma Herpes Virus (KSHV), were able to 

reduce autophagy, through a variety of strategies either in immune cells, impairing immune 

response, and in cells from which their-associated tumors arise. Regarding immune response, 

the autophagic process is known to be required for differentiation of monocytes into dendritic 

cells or into macrophages and contribute to antigen presentation by APC besides promoting 

the direct degradation of microrganisms, through a selective form of it called xenophagy. Bulk 

macroautophagy and in particular mitophagy, devolved to the elimination of damaged 

mitochondria that produce high level of ROS and mediate DNA damage, is also an important 

process able to counteract cancer onset. As autophagy was found to be dysregulated by EBV 

and KSHV infection this effect contributes to both immune dysfunction as well as oncogenesis. 

Indeed autophagy restoration counteracted these pathological effects of gammaherpesvirus 

infection. As a consequence of autophagy impairment, ER stress increased in the infected 

cells, activating the Unfolded Protein response (UPR). This response, through the activation of 

pathways such as STAT3, promoted the release of pro-inflammatory, immune suppressive and 

pro-angiogenic cytokines such as IL-6 and VEGF. It is known that the chronic inflammation 

such as that induces by persisting viruses promotes the onset of many different diseases 

including cancer. The dysregulation of cytokine production induced by oncoviruses could thus 

favor cancerogenesis and alter immune response, which indirectly also increases cancer risk. 

Interestingly, EBV and KSHV not only induced immune dysfunction by counteracting DC or 

macrophage differentiation but also by shewing macrophage polarization into M2 or TAM, 

cells known to support tumors instead of fighting it. Moreover, the activation of ER stress and 

UPR increased DNA damage and by leading to the downregulation of several proteins 

involved in the DNA repair pathways, particularly in the Homologous Repair (HR) pathway. 

Interestingly, DNA damage itself contributes to dysregulate cytokine secretion, further 

promoting inflammation. Another important aspect that our study highlighted is that ER 

stress could be transferred from cancer cells to DC, which resulted in an impairment of the 

capacity of these cells to present antigens to T lymphocytes. We identified PGE2, a molecule 

involved in inflammation and immune dysfunction as a mediator of such transfer. 

As an additional mechanism through which we found that gammaherpesviruses induce 

immune suppression, also correlated with the induction of ER stress, was the up-regulation on 

the surface of monocytes/macrophages of the immune checkpoint inhibitor PD-L1. This 

molecule is known to induce T cell exhaustion, preventing the immune function of cells 

playing a key role in the anti-cancer immune response. Regarding cancer, differently from 

first steps of cancerogenesis, autophagy usually represents a mechanism of survival for 

established cancers. Indeed, cancer cells, including lymphoma cells carrying 

gammaherpesviruses, hyperactivate autophagy to face the stress to which they undergo due 

infection but also to their rapid growth. Indeed, in these cells, we found that autophagy 

inhibition was per se a strategy to impair their survival and further potentiated the cytotoxic 

effect of several chemotherapies, including the target therapies effective against 

gammaherpesvirus-associated cancers. UPR could be also manipulated to reduce cell 

proliferation of these cancer cells, as it represents another adaptive response that helps cancer 

cells to survive, i.e. by up-regulating ER chaperones or promoting mRNAs as well as protein 

degradation. Interestingly, UPR is interconnected with DNA repair pathways, another 



adaptive mechanism essential for cancer cell survival, especially in the course of treatments 

with DNA damaging agents. We demonstrated that inducing ER stress and inhibiting UPR 

was a strategy able to impair DDR and vice versa, inhibiting DDR could unbalance UPR 

towards cell death. Our findings thus strongly support the recent emerging evidences 

unveiling a strong interplay between these adaptive responses. In conclusion, our studies are 

helping to elucidate how interfering with autophagy, ER stress/UPR, DDR and the cross-talk 

between these responses may represent a promising strategy to prevent and treat aggressive 

cancers, including those associated to human gammaherpesvirus.  
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Background and aims 

 

The ampliconic region of the MSY includes eight near-identical inverted repeats, palindromes 

P1-P8, considered to be in a ‘pseudo-diploid’ state. Although these structures originated in a 

non-recombining context, they evolved a strong self-recombinational activity in the form of 

non-allelic gene conversion, by which their arm-to-arm similarity exceeds 99.9%. Palindromic 

sequences contain many genes essential for sperm production and evolved independently on 

the constitutively haploid sex chromosomes of several taxa. Thus, it has been hypothesised 

that gene conversion is a mechanism necessary to counteract new possibly deleterious 

variants by retaining the ancestral state of gene sequences, in order to preserve their 

functionality over time. However, it is not clear if the bias towards the ancestral state really 

exists, and little is known about the dynamics of gene conversion in the ampliconic region of 

the MSY. Moreover, it is still unclear if differences in the conversion dynamics among 

different palindromes exist. Indeed palindrome P8 showed evidence of X-to-Y gene conversion, 

but the interaction between Y-Y and X-Y recombination has never been clarified.  

By analysing the genetic diversity of P6, P7 and P8 palindromes, during past years we 

demonstrated that Y-Y gene conversion is not a mechanism biased towards the ancestral state 

of variants, instead it seems to be a mechanism driven by the GC-fixation bias. Then, we 

found that Y-Y gene conversion may also lead to the irreversible loss of genetic material from 

palindrome arms by fixing deletions, as observed in palindrome P6.  

During 2021, we explored the complex evolutionary dynamics of palindrome P8 in both arms 

and spacer, in order to highlight any differences in the evolution among singleton 

palindromes. Two remarkable features of P8 are that it is the only singleton palindrome 

containing genes (VCY) and portions of each arm share an elevated sequence similarity with 

four gametologous sequences of the X chromosome, spanning from ~7 to ~15 kb. 

 

Results 

 

We performed a high-depth (>50×) targeted next-generation sequencing (NGS) of palindrome 

P8 in 157 samples, which cover the most divergent evolutionary lineages of the human Y 

chromosome. We reconstructed a stable Y phylogeny of samples to explore gene conversion in 

an evolutionary context and we found 72 Paralogous Sequence Variants (PSVs) which 

increased the possibility to identify gene conversion events occurring during the recent human 

history. By mapping these events across our phylogeny, we found 41 gene conversion events 

which show no bias towards the retention of the ancestral state of sequences, but a significant 

bias towards the fixation of GC nucleotides was observed.  

In this study we resolved the complex structure of palindrome P8, which covers a genomic 

region of about 79 kb on the long arm of the Y chromosome (ChrY:16093532-16172355, 

assembly: GRCh37/hg19). More specifically, it is characterized by a length of 38,006 bp for the 

proximal arm (ChrY:16093532-16131537) and 37,404 bp for the distal one (ChrY:16134952-

16172355), separated by a central spacer of 3,414 bp (fig. 1). From the alignment of the P8 

arms, based on the reference sequence (GRCh37/hg19), it is possible to divide each arm into 

two separated portions with different Y-Y sequence similarity. At the outer boundaries of the 

palindrome, we identified two peculiar arm-segments, hereafter called Additional Flanking 

Regions (AFRs), covering ~2.8 kb on the proximal arm and ~2.2 kb on the distal one (fig. 1). 



These portions exhibit a sequence similarity (90.8%) significantly lower (p < 0.00001, Fisher 

exact test) than the rest of the palindrome arms, which show the highest Y-Y identity 

(99.997%) observed among all the human MSY palindromes. The lower arm-to-arm similarity 

in the AFRs could be attributed to a limited activity of intra-chromosomal gene conversion in 

this part of the palindrome. 

Since portions of each arm share an elevated sequence similarity with four gametologous 

sequences of the X chromosome, for subsequent analyses we divided the P8 palindrome arms 

into three discrete class of sequences: the AFR, a XY gametologous region (g-XY, containing 

the VCY gene) and a non-gametologous one (fig. 1). 

 

 
 
 

  Fig. 1: Structure of palindrome P8 (based on the reference sequence - GRCh37/hg19. 

 

By exploiting the mutation rate of the Y chromosome tree previously estimated, we obtained 

an average Y-Y gene conversion rate for palindrome P8 of 1.52 × 10-5 conversions per base per 

year, ranging between a minimum value of 1.44 × 10-5 and a maximum value of 1.60 × 10-5 

events per base per year. This value is significantly higher than the rate estimated for P6 

palindrome (6.01 × 10-6, p < 0.0001), and points that, on average, each base of the P8 

palindrome is involved in Y-Y conversions about 2 times every 105 years. We also calculated 

an arm mutation rate of 8.81 × 10˗10 (SD = 0.45 × 10˗10) mutations per base per year, that was 

significantly higher (p = 0.0096) than the one calculated for the arms of P6 (6.18 × 10-10) (fig. 

2). Interestingly, the mutational events seem to be unevenly distributed along P8 arms, with 

an increased number of mutations in the portion of the palindrome arms which shares a 

sequence identity with the four gametologous regions on the X chromosome. Thus, we 

recalculated a new mutation rate in the g-XY region, corresponding to 11.12 × 10-10 (SD = 0.57 

× 10-10) mutations per base per year, and a significantly lower rate of 6.25 × 10-10 (SD = 0.32 × 

10-10) mutations per base per year in the non-gametologous one (p = 0.0125). It is worth noting 

that the mutation rate of the non-gametologous region is consistent with the mutation rate 

previously calculated for palindrome P6 (p = 0.9560) (fig. 2), suggesting that this P8 portion 

evolves through the same mechanisms as P6. On the contrary, the higher mutation rate in the 

g-XY portion may suggest that the X-to-Y gene conversion may have a mutagenic effect on this 
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part of the palindrome. Finally, we used the 5 variants identified in P8 spacer to estimate a 

mutation rate for this region and we found an average of 9.0 × 10-10 mutations/base/year (SD = 

0.47 × 10-10), which was consistent with P6 spacer mutation rate (9.16 × 10-10 p = 0.9709, test 

of comparison of two rates) (fig. 2). 

Although it is widely recognized that X-to-Y gene conversion may shape the genetic diversity 

of the VCY genes, the extent of this molecular process in the evolution of the entire 

palindrome has yet to be clarified. Within the g-XY regions we identified a total of 15 PSVs 

that have been introduced through the action of X-to-Y gene conversion and a minimum 

number of 21 independent X-to-Y gene conversion events. These events occurred in the g-XY 

region excluding the AFR portion, which seems to evolve exclusively through the action of 

mutational pressure. 

It should be noted that the PSVs introduced by inter-chromosomal gene conversion are 

unevenly distributed, being significantly (p < 0.00001) accumulated in the VCY gene (7/41 – 

converted PSVs/Total PSVs) compared to the remaining part of the g-XY region (13/849 – 

converted PSVs/Total PSVs). This result suggests that although X-to-Y gene conversion is 

active on the entire g-XY region, it is significantly stronger on the VCY gene with respect to 

the rest of the palindrome. 

Accordingly, we calculated a X-to-Y gene conversion rate for the whole g-XY region and we 

obtained an average rate of 1.01 × 10-8 (SD = 5.22 × 10-10) events per base per year (fig. 2), that 

represents the probability per year that a site is involved in a X-Y gene conversion event. 

Similarly, we selectively calculated the X-to-Y gene conversion rate for the VCY genes, 

resulting in a value of 6.013 × 10-8 (SD = 3.12 × 10-9) events per base per year (fig. 2). This 

value resulted to be significantly different (p < 0.0001) and one order of magnitude higher 

than the rate calculated in the remaining g-XY region (excluding VCY) (5.57 × 10-9  SD = 2.88 

× 10-10). Thus, although the X-to-Y gene conversion is ongoing over the entire g-XY region, it is 

strongly active in the VCY/VCX gene family in a form of concerted evolution. 

 

 
     Fig. 2: Comparison of the evolutionary forces acting on the P8 palindrome. 
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Introduction  

 

Vitamin B6 plays a fundamental role in physiology and virulence of microorganisms, as well as 

in human health and disease. The aim of our research activity is to clarify some crucial but 

obscure aspects of vitamin B6 metabolism in bacteria and humans. The term vitamin B6 refers 

to six interconvertible vitamers, pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM) and their 

phosphorylated forms, which play essential biological functions, the best-known of which is 

the catalytic activity of pyridoxal 5’-phosphate (PLP), an essential cofactor for dozens of 

enzymes. Because of its aldehyde group, PLP is a very reactive molecule that readily combines 

with thiols and amines; therefore, it is potentially toxic, and its cellular concentration must be 

kept at a low level. At the same time, large amounts of the cofactor are needed to saturate 

PLP-dependent enzymes and satisfy cell needs. How these requirements are met is something 

yet largely unknown. Pyridoxine 5’-phosphate oxidase (PNPO), pyridoxal kinase (PDXK) and 

the PLP-binding protein (PLP-BP in humans and YggS in bacteria) are the main candidates 

as regulators of vitamin B6 metabolism. In addition to these proteins, also the MocR-like 

transcription factors (MocR-TFs) may play an important role. This is a family of bacterial 

proteins having a DNA-binding domain and a PLP-binding domain. In E coli, two MocR-TFs 

are present, YdcR and YjiR, whose function is still unknown. Understanding how all these 

proteins are involved in PLP homeostasis and how PLP is delivered to the apoenzymes that 

require it as cofactor is the main target of our research project. Our findings may be also 

important to understand vitamin B6 metabolism in humans, where the homeostatic unbalance 

of PLP is responsible for severe neurological disorders and is implicated in cardiovascular 

diseases and cancer. 

 

Main findings of the first, second and third year of the project 

 

We carried out a detailed kinetic characterisation of E. coli PNPO (ePNPO), an FMN-

dependent enzyme converting PNP and PMP to PLP, which led to the discovery of an 

allosteric feedback inhibition mechanism by which PLP levels control the activity of this 

enzyme (Barile et al 2019, J. Biol. Chem. 294, 15593–15603). This mechanism is evidently an 

important component of vitamin B6 regulatory network. Following this observation, we 

identified the allosteric site of ePNPO, which is located at the interface between the subunits 

and is mainly circumscribed by three arginine residues (Arg23, Arg24 and Arg215) that form 

an “arginine-cage”, efficiently trapping PLP. The crystal structure of the PNPO-PLP complex 

(solved by our collaborator Andrea Ilari, CNR) shed light on the allosteric mechanism of the 

enzyme. Site directed mutagenesis studies focused on the “arginine cage” validated the 

identity of the allosteric site and provided an effective means to modulate the allosteric 

properties of the enzyme (Barile et al. J. Biol. Chem. 296, 100795). 

We also turned our attention to human PNPO and the molecular basis of neonatal epileptic 

encephalopathy, a severe and rare disease caused by mutations of the PNPO encoding gene. 

We concentrated on missense mutations G118R, R141C, R225H, R225C, R116Q/R225H and 

X262Q, finding that they lead to a substantial alteration of the kinetic parameters of the 

reaction catalysed by the enzyme (increased KM and decreased kcat). R141C, X262Q and 

R116Q/R225H also have lower thermal stability. The affinity for the FMN cofactor is 



drastically decreased by R141C and X262Q mutations (Barile et al 2021, Sci. Rep. Aug 

12;10(1):13621). 

In collaboration with Fiammetta Vernì (Sapienza University of Rome) and using Drosophila 

as an animal model, we investigated whether PDXK variants present in the human 

population may impact on DNA integrity and be predictive of an increased cancer risk. In 

Drosophila, mutations in the pdxK gene cause chromosome aberrations (CABs) and increase 

glucose content in larval haemolymph. Both phenotypes are rescued by the expression of WT 

human PDXK. We expressed, in dPdxk1 mutant flies, four PDXK human variants that were 

predicted to be damaging: D87H, V128I and H246Q listed in databases, and A243G found in a 

genetic screening of patients with gestational diabetes. Differently from human WT PDXK, 

none of the variants was able to completely rescue CABs and glucose content elicited by the 

dPdxk1 mutation. Analysis of D87H, V128I, H246Q and A243G proteins revealed reduced 

catalytic activity and reduced affinity for substrates, which justify this behaviour. Although 

these variants are rare in the human population and carried in heterozygous condition, our 

findings suggest that in certain diseases in which PLP levels are reduced, the presence of 

these PDXK variants could threaten genome integrity and increase cancer risk (Mascolo et al 

2019, Sci Rep. Oct 2;9(1):14188). 

We also carried out studies on YggS from E. coli, whose regulatory function in PLP 

homeostasis is recognised but not understood. Docking studies (carried out by our collaborator 

Martin K. Safo) on YggS and serine hydroxymethyltransferase (SHMT, a PLP-dependent 

enzyme) suggested a possible model of interaction between the proteins to form a complex. On 

the basis of this information, we produced mutant forms of YggS (E134A/K229A) and SHMT 

(D89K/K354A), and set up a novel discontinuous assay to monitor PLP transfer from YggS to 

apo-SHMT. Experiments in which either wild type or mutant forms of holo-YggS and apo-

SHMT were mixed in equimolar amounts showed that PLP transfer takes place with the same 

kinetics, excluding an involvement of the mutated residues in the PLP transfer mechanism. 

When holo-YggS was incubated with increasing PLP phosphatase concentrations (catalysing 

the hydrolysis of free PLP), the amount of PLP transferred to SHMT drastically decreased. It 

was clear that a very high PLP phosphatase concentration completely abolished PLP transfer, 

excluding the possibility of a channelling mechanism and suggesting that PLP transfer takes 

place through dissociation from YggS followed by association to SHMT. A yggS E. coli strain 

was characterized with respect to its growth capability in liquid medium. A much more 

pronounced toxicity of 4-deoxypyridoxine (4DP), a metabolic poison that is considered a 

vitamin B6 antagonist, with respect to the WT strain (BW25113) was observed. Knock out 

strains lacking one of the genes involved in vitamin B6 metabolism (pdxH, pdxJ, pdxB, pdxK, 

pdxY, yggS and ybhA) were also characterized.  Comparison of growth curves showed that 

pdxH, pdxJ and pdxB are essential for PLP biosynthesis, as the corresponding KO strains are 

not able to grow unless supplemented with B6 vitamers. The expression level of all genes 

under different growth conditions were measured by RT-qPCR. All genes were maximally 

expressed during the exponential growth phase and neither PL nor PN had any significant 

effect on the expression level of all genes. These results indicate that PLP homeostasis is very 

efficiently controlled at the level of enzyme activity, so as to maintain the cellular 

concentration of this cofactor constant, even when PL or PN are supplied from the extra-

cellular environment. 

During the first year of the project, we carried out a detailed survey of the literature on MocR-

TFs (Tramonti et al. 2018, FEBS J. 2018, 285 pp. 3925-3944). In order to clarify the role of 

YggS in vitamin B6 metabolism, we furthered our studies on the toxic effect of 4DP on the E. 

coli yggS strain. Initially, we carried out in vitro studies using purified recombinant PDXK 

and PNPO. We observed that PDXK catalyses the conversion of 4DP into its phosphorylated 

form (4DPP) using ATP. In this respect, 4DP acts as a substrate analogue and at the same 

time as a competitive inhibitor of PDXK. We also observed that 4DPP acts as a competitive 

inhibitor of PNPO. Moreover, we found that 4DPP competes with PLP to bind to SHMT, a 

model apo-PLP-dependent enzyme. Therefore, the toxic effect of 4DP most probably results 



“Anna Tramontano” Research Projects 
 

 

39 

from the combined inhibition of both PDXK and PNPO, which causes a decrease of PLP levels 

in the cell, and the binding of 4DPP to the apoenzymes that causes their inactivation. Next, 

we addressed the question of why the yggS strain is more sensitive to 4DP than the WT 

strain. We measured by RT-qPCR the relative expression of a number of vitamin B6 

metabolism genes (pdxH, pdxJ, pdxK, pdxY, pdxB, pdxI), of PLP phosphatase (ybhA) and of 

the MocR-TF genes (ydcR and yjiR) in WT and ΔyggS. We found that pdxK, pdxI, ybhA and 

yjiR are overexpressed (the lplT and mraY genes were used as housekeeping genes). The 

overexpression of PDXK (that converts 4DP into 4DPP), YbhA (that hydrolyses PLP) and PdxI 

(that converts PL into PN) are expected to cause a more marked decrease of PLP levels and 

inactivation of PLP-dependent enzymes, and therefore explains the sensitivity of the ΔyggS 

strain to 4DP. It also suggests that YggS might function as PLP sensor in the cell. The 

absence of YggS in the yggS strain may simulate a status of low PLP levels to which the cell 

responds by increasing the expression of PLP salvage pathway genes (pdxK, pdxI and ybhA). 

The yjiR MocR-TF might be involved in this response. Concerning the PLP binding properties 

of YggS, we produced and purified the K36A form of YggS, in which the active site Lys residue 

is replaced by an Ala residue. Surprisingly, we observed that this mutant protein is still able 

to bind PLP as a Schiff base with a relatively high affinity (Kd = 200 nM, compared to 1 nM 

measured with WT YggS), indicating that an alternative Lys residue may replace K36 in its 

PLP-binding function. We produced a series of single and multiple mutants involving five Lys 

residues located near the active site. Mass spectrometry, UV-VIS spectrophotometry, 

differential scanning fluorimetry and circular dichroism studies on these mutants 

demonstrated that, when K36 is mutated, PLP can still bind at the active site and efficiently 

form a Schiff base with alternative Lys residues (K38, K233 and K234). This peculiar feature 

may have a functional importance in PLP transfer and homeostasis. Our collaborator Valerie 

De Crecy-Lagard is characterising the in vivo properties of all mutants we produced.  

 

Main findings of the fourth year of the project 

 

A comprehensive review on the recent literature concerning all genes and proteins involved in 

E. coli vitamin B6 metabolism has been carried out and published (Tramonti et al. 2021 

EcoSal Plus, 9(2) pp 1-9). This was a very good starting point to focus our research on the 

most important, unknown aspects of vitamin B6 metabolism. 

We also devoted attention to PdxR, a well-characterised member of MocR-TF. In the recent 

past, our group had contributed to the understanding of the mechanism of action of this 

transcriptional activator, which regulates the expression of PLP synthase and therefore the 

biosynthesis of pyridoxal 5’-phosphate. However, so far no structural information is available 

about protein-DNA interactions of PdxR and MocR-TFs in general. Therefore, we started a 

collaboration with Beatrice Vallone and Linda Celeste Montemiglio (Department of 

Biochemical Sciences, Sapienza University of Rome and Istituto di Biologia e Patologia 

Molecolari, CNR) in order to solve the structure of the complex between PdxR and its DNA 

promoter region, using the Cryogenic Electron Microscopy (Cryo-EM) technique. The 

preliminary results are very encouraging and give us hope that we will be able to solve the 

structure of the holo-protein (containing PLP) in complex with a 45 bp double strand DNA 

fragment containing the inverted repeats recognised by PdxR. Two different conformations of 

the protein can be distinguished, probably giving important insight into the mechanism of 

protein-DNA recognition and binding. 

We recently cloned the gene encoding PdxI from E. coli, an enzyme that catalyses the 

reduction of pyridoxal to pyridoxine using NADPH. The pdxI gene has been recently identified 

by another group, but no functional, regulatory and structural data on the enzyme are 

available, although it is probably an important player of vitamin B6 recycling pathway. We 

have expressed and purified the recombinant enzyme to homogeneity and started a detailed 

characterisation of its catalytic properties. 
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The overarching aim of this project is to contribute to and exploit data from the “Anopheles 

gambiae 1000 Genome project” (Ag1000G; www.malariagen.net/projects/ag1000g) which 

provides a large-scale open data resource on natural genetic variation in malaria vectors of 

Anopheles gambiae complex. The Ag1000G Project forms part of the Malaria Genomic 

Epidemiology Network (MalariaGEN) (https://www.malariagen.net), a data-sharing 

community of researchers investigating how genetic variation in humans, mosquitoes, and 

malaria parasites can inform the biology, epidemiology, and control of malaria. The present 

project was built on the first results from whole genome data on 765 specimens of the two 

major Afrotropical malaria vectors species, A. coluzzii and A. gambiae, sampled across Africa 

(Ag1000G Consortium, Nature 2017) and on larger samples made available afterwards. We 

exploited Ag1000G genomic resources in order to develop and validate: 1- novel molecular 

tools to overcome the limitation of current approaches in identifying signatures of 

introgression between A. coluzzii and A. gambiae; 2- PCR-tools for karyotyping 2Rc 

paracentric chromosomal inversion in the two species. In addition, we: 3- revealed presence of 

high frequencies of A. coluzzii and A. gambiae hybrids in Côte D'Ivoire; 4- studied the 

genomics of populations in the putative high-hybridization zone at the far-west of the two 

species range: 5 & 6- investigated physiological and behavioural entomological factors 

potentially affecting malaria epidemiology in Burkina Faso, where WHO-recommended mass 

distribution of Long-Lasting Impregnated Nets (LLINs) has achieved a lower impact on 

malaria burden than in most other tropical countries. 

1- Novel genotyping approaches to easily detect genomic admixture between the 

major Afrotropical malaria vector species, Anopheles coluzzii and An. gambiae. The 

main aim of this study was to develop novel, easy-to-implement tools for genotyping An. 

coluzzii and An. gambiae-specific Ancestral Informative Markers (AIMs) identified by the 

Ag1000G project. First, we took advantage of this large set of data in order to develop a 

multilocus approach to genotype 26 AIMs on all chromosome arms valid across the species 

range. Second, we tested the multilocus assay on samples from Guinea Bissau, The Gambia 

and Senegal, three countries spanning the westernmost hybridization zone, where 

conventional species diagnostic is problematic due to the putative presence of a novel “hybrid 

form” (see point 4). The multilocus assay was able to capture patterns of admixture reflecting 

those revealed by the whole set of AIMs and provided new original data on interspecific 

admixture in the region. Third, we developed an easy-to-use, cost-effective PCR for genotyping 

two AIMs on chromosome-3 among those included in the multilocus approach, opening the 

possibility for advanced identification of species and of admixed specimens during routine 

large scale entomological surveys, particularly, but not exclusively, at the extremes of the 

range, where WGS data highlighted unexpected autosomal admixture. We envisage that the 

two selected autosomal SNPs become complementary diagnostic markers for A. coluzzii and A. 

gambiae in order to overcome biases in the characterization of the vectorial system, an 

information that may impact vector control if the admixed populations will turn out to differ 

http://www.malariagen.net/projects/ag1000g
https://www.malariagen.net/


from pure ones in relation to their capacity to transmit malaria or respond to vector control 

measures (Caputo et al., Molecular Ecology Resources, 2021, 21, 5).  

2- A PCR‑RFLP method for genotyping of inversion 2Rc in Anopheles coluzzii. 

Genotyping of polymorphic chromosomal inversions in malaria vectors of An. gambiae complex 

is important, both because they cause cryptic population structure that can mislead vector 

analysis and control and because they influence epidemiologically relevant eco-phenotypes. 

The conventional cytogenetic method of genotyping is an impediment because it is labour 

intensive, requires specialized training, and can be applied only to one gender and 

developmental stage. In past years – in the frame of a NIH-funded project in collaboration 

with the group of prof. Nora Besansky (Notre-Dame University, IN, USA) - we developed a 

strategy that exploited Ag1000G data to identify tag SNPs predictive of inversion orientation 

for all 6 common inversion polymorphisms in A. coluzzii and A. gambiae and developed an 

algorithm capable of in silico inversion genotyping based on SNPs called from whole genome 

resequencing data (Love et al. G3 2019; 2020). This is a rapid and powerful approach 

assuming that whole genome sequence data are already available or will be produced for other 

reasons. However, it does not satisfy experimental designs in which genomic sequence data 

are not otherwise required, and where its procurement would be cost-prohibitive. We thus 

developed a highly specific PCR‑RFLP assay for karyotyping the 2Rb inversion, which is 

widely present in both species and has been associated to environmental variables (Montanez-

Gonzalez et al. Parasite & Vectors, 2020). This year, we developed highly specific PCR‑RFLP 

assays for karyotyping a second widespread inversion (i.e. 2Rc) in A. coluzzii. Using a set of 

tag single-nucleotide polymorphisms (SNPs) strongly correlated with inversion orientation, we 

identified those that overlapped restriction enzyme recognition sites and developed four PCR-

RFLP assays that distinguish alternative allelic states at the tag SNPs. We assessed the 

performance of these assays using mosquito population samples either cytogenetically 

karyotyped or genotyped, using two complementary high-throughput molecular methods 

based on tag SNPs. Of four assays tested, two were concordant with the 2Rc cytogenetic 

karyotype 90% of the time in all samples. We recommend that these two assays be employed 

in tandem for reliable genotyping: by accepting only those genotypic assignments where both 

assays agree, >99% of assignments are expected to be accurate (Raquel Montanez-Gonzalez et 

al., Parasites and Vectors, 2021, 14(1). Development of a similar molecular karyotyping 

approach for inversion 2Ru is in pregress. 

3- Characterization of A. coluzzii and A. gambiae Côte D'Ivoire (West-Africa). We 

genetically and ecologically characterized An. gambiae and An. coluzzii populations from two 

villages of Côte D'Ivoire, lying in the coastal forest belt and 250 km inland in the Guinean 

savannah mosaic belt, respectively. Results reveal high frequencies of both species in both 

study sites and high frequencies of hybrids (4–33%) along the whole year of sampling. 

Consistently with observations for the well-known high hybridization zone at the far-west of 

the species range, hybrid frequencies were higher in the coastal village and highest when the 

two species occurred at more balanced frequencies, supporting the “frequency-dependent 

hybridization” ecological speciation theory. Pilot PCR-genotyping (see point 1) revealed 

signatures of genomic admixture in both chromosome-X and −3. Coupled with previous reports 

of hybrids in the region, the results point to the coastal region of Côte D'Ivoire as a putative 

regions of high hybridization. Preliminary characterization of parameters relevant for malaria 

transmission and control (e.g. possibly higher sporozoite rates and indoor biting preferences in 

hybrids than in the parental species) highlight the possible relevance of the breakdown of 

reproductive barriers between An. gambiae and An. coluzzii not only in the field of ecological 

evolution, but also in malaria epidemiology and control. (Accepted for publication in: Infection, 

Genetics and Evolution) 
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4- Population genomics of A. coluzzii (CO) and A. gambiae (GA). The whole genomes of 

1,190 adult female mosquitoes sampled from in 13 African countries were sequenced on the 

Illumina HiSeq 2000 platform at the Wellcome Sanger Institute in the framework of Ag1000G. 

The data resource includes high-confidence SNP calls at 57 million variable sites, genome-

wide copy number variation calls, and haplotypes phased at biallelic SNPs (Ag1000G 

Consortium, 2020). These data provide a unique resource for the study of population genomics 

and evolutionary biology in eukaryotic species with high levels of genetic diversity under 

strong anthropogenic evolutionary pressures. We exploited data from West Africa in order to 

clarify the evolutionary history at the western extremes of the two species range, where we 

previously hypothesized the presence of a “hybrid form” (Vincente et al., Scientific Reports 

2017). More in detail, we focused our analyses on chromosome-3 and –X euchromatic regions 

in 3 populations from far-west (hereafter FW-pops: 2 populations from the Gambia, GM1 and 

GM2, and one from Guinea Bissau, GW) and in 10 populations from western (5 CO and 5 GA) 

Africa. Evidence, so far, are as follows: i) PCA clearly separates GM2 and GW (characterized 

by GA-specific Ancestry Informative Markers, AIMs) and to a lesser extent GM1 

(characterized by CO-specific AIMs) from all other populations; ii) Bayesian clustering 

analyses (ADMIXTURE and TESS3r) identify a taxon genetically distinct from CO and GA 

present in all 3 FW-pops; iii) mean Fst values between all FW-pops and GA (0.027-0.035) are 

in the range of those between CO and GA western populations, while only GM2 is highly 

differentiated (0.028) from CO; iii) genome-wide Fst values show a highest peak of 

differentiation between FW-pops and GA and CO in the centromeric region of chromosome-2L; 

iv) F3 statistics does not support the hypothesis that FW-pops are the results of historical 

admixture between west-African CO and GA; v) Patterson statistics suggest gene-flow 

between FW-pops and CO (not with GA). Further analyses are in progress to better 

understand the nature of the FW-taxon and its phylogenetic relation with the other members 

of the An. gambiae complex. Nevertheless, it is relevant to note that this represent the first 

finding of adult mosquitoes with a distinct genetic background from the other species of the 

complex and that parallel studies have highlighted that the FW-pops do not share most of the 

genomic patterns associated to insecticide resistance typical of CO and GA across their range 

(manuscript in preparation). 

5- Contrasting evolutionary patterns of SAP2 and kdr-mediated resistance 

mechanisms in Anopheles coluzzii in Central Burkina Faso. Malaria vector control is 

primary based on pyrethroid insecticides treated bed nets (LLINs) which are periodically 

distributed in endemic countries through WHO-recommended mass distribution campaigns.  

Despite LLINs have contributed to the 68% of the 663 million clinical cases prevented in the 

last 15 years in Africa, Burkina Faso is among the sub-Saharan countries continuing to carry 

a high share of the global malaria burden. One of the major factors accounting for this 

scenario is the physiological resistance to pyrethroids widespread in the major malaria 

vectors, either as mutation in the insecticide target site (sodium channel gene) and/or as 

metabolic and cuticular resistance. L1014F mutation is the commonest target site mutation in 

A. gambiae and A. coluzzii. In addition, a novel mechanism of insecticide resistance has been 

described in the two species in the country consisting in the overexpression of SAP2 protein 

which acts sequestering pyrethroids in mosquito legs. In A. coluzzii population of west 

Burkina Faso, a selective sweep upstream the SAP2 locus was observed associated to a steady 

increase in a 5 SNPs haplotype potentially mirroring the increasing resistance to pyrethroids 

after LLIN introduction occurred in 2010 at country level. We are investigating the allelic 

frequencies of L1014F mutation and SAP2 associated SNPs in A. coluzzii specimens collected 

from 2011 to 2019 in a village of the Central region of Burkina Faso. We observe an increase 

in frequency from 2011 to 2019 of 4/5 SAP2-related SNPs, significant for SNP4 (from 0.17 to 



0.30; χ2 =6.5, p=0.039), which closely mirrors the insights from western Burkina Faso. 

Interestingly, a concurrent decrease of the L1014F allele (from 0.72 to 0.53; p<0,05) is also 

observed. Giving the known fitness cost associated L1014F mutation it can be assumed that, 

in the study area, the reduction in frequency of this mutation might be counterbalanced by 

SAP2 resistance, thanks to an early sequestration of the insecticide before reaching the target 

site. Further analyses are in progress to confirm/confute hypothesis. 

6- Deep analysis of host seeking activities in malaria vectors accounts for high level 

of residual transmission despite extensive LLIN coverage in Burkina Faso. We aim to 

contribute to the understanding of the possible impact of changes in vector behaviours in 

response to LLINs (i.e. increased zoophagy, outdoor biting and/or altered biting rhythms) and 

in their interactions with human activities and net usage on this epidemiological scenario. In 

previous studies, conducted within 5 years after LLIN introduction in Goden village in 

Burkina Faso, we defined a scenario of marked zoophily in the dominant vector species (A. 

coluzzii and A. arabiensis) despite sporozoite (SR=6.1%) and entomological inoculation 

(EIR=1.4 infective bites/person/hour, ibph) rates in the range observed in pre-intervention 

settings. Results of GAM analysis of Human Landing Catches (HLC) conducted in 2020 in 

Goden during the whole mosquito biting period (4pm-8am) alongside a survey on human 

habits and net usage, show: 1) SR=1.1%; 2) a roughly homogeneous plateau of intense biting 

activity from 10pm to 5am (mean 37.4 mosq/person/hour) and a non-negligible biting pressure 

before and after this time window (6.6), with no difference indoors and outdoors. Under an 

unrealistic scenario of full human exposure, the mean EIR during the 16h-HLC is 4 ibp. 

However, adjusting human exposure according to LLIN usage as estimated based on 

questionnaires, the mean EIR drops to 0.6 ibp. Interestingly, 0.14 ibp occurs before 8pm and 

after 6am when 100% of inhabitants are awake and thus fully exposed to bites. This shows 

how interaction between human activities and vector host-seeking pressure contributes to a 

non-negligible gap in LLIN protection. We expect that this interplay between human and 

vector behaviour may represent one of the main factor accounting for residual malaria 

transmission in other epidemiologically similar settings characterized by high vector density 

and insecticide resistance. 
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HEDGEHOG/GLI SIGNALING REGULATORY NETWORKS IN COLORECTAL 

CANCER STEM CELLS 

 

ELISABETTA FERRETTI 
RESEARCH AREA: GENETICS, BIOLOGY AND PATHOPHYSIOLOGY OF EUKARYOTES 

 

Department of Experimental Medicine 

elisabetta.ferretti@uniroma1.it 

 

Colorectal cancer (CRC) is a heterogeneous disease that, despite advances in the molecular 

mechanisms underlying oncogenic features, represents one of the leading causes of cancer-

related morbidity and mortality. Stemness properties within CRC are pivotal features linked 

to cancer aggressiveness and drug resistance, therefore driving CRC relapse. 

The Hedgehog-GLI (HH-GLI) signalling is a key developmental pathway and its deregulated 

activation has been described in several types of cancer including CRC. Our project aims to 

characterize the HH-GLI signalling in CRC stemness features in order to shed light on its 

putative role in drug resistance. 

Given the heterogeneity of CRC, we used both KRAS-driven and BRAF-driven CRC cell 

models. To efficiently target HH-GLI pathway, we compared two different drugs, Arsenic 

Trioxide (ATO) and GANT61 in both models. We evaluated GLI1 levels and proliferation 

impairment, and we selected ATO treatment for KRAS-driven CRC and GANT-61 for BRAF-

driven CRC.  

While we started our experiments in 2D culture we decided to develop new cellular models. 

With this aim we successfully set up monotypic 3D organoids CRC models and concentrated 

experiments on these models. Organoids were produced by seeding 1500 cells per well and let 

them grow for 7 days. Cells were mixed with 33% growth factor reduced phenol red-free 

Matrigel (Corning). Cultures were grown using a flat-bottom 24-well microplate in advanced 

DMEM-F12 (Gibco, Cat. No. 12634010) supplemented with Epidermal grow factor and 

Fibroblast grow factor at final concentration 20ng/µl.  

We compared GLI1 expression levels in organoids respect to 2D monolayer and we observed 

that GLI1 levels were higher in organoids. Moreover, since epithelial-to-mesenchymal (EMT) 

is a crucial feature for metastatic spread, we evaluated levels of EMT marker, c-MET, in 

organoids and monolayers. Our results showed that c-MET is expressed at higher levels in 

organoids. 

We then treated organoid with chemotherapeutic drug 5-fuorouracil and we investigated 

whether it affected HH-GLI signalling and behaviour of organoids. 

We performed live imaging experiments on GFP-labelled organoids. To this end, we infected 

CRC cells with PLKO lentiviral particles carrying pTWEEN-GFP vector. GFP positive cells 

were selected by  puromycin and used for organoids growth.  

Augmented motility and migration capacity are features of EMT, thus we performed in vivo 

live imaging in GFP-labelled CRC organoids at basal state and after 5-FU treatment.  

Organoids showed limited cellular movements and interaction with the surrounding 

extracellular matrix (i.e. Matrigel) without treatment. Organoids exposed to 5-FU showed 

increased motility and, interestingly, we observed cells able to lose contact and detach from 

the organoid of origin, acquiring migratory capabilities. This data confirmed that 

chemotherapy induced aggressive features. We then investigated if HH-GLI inhibition was 

able to prevent 5-FU-driven aggressiveness in CRC organoids. We treated BRAF mutant 

organoids with 5-FU, GANT61, and their combination. Our results showed that organoids 

treated with 5-FU were unchanged, while those treated with GANT61 were smaller than 

control group, and the combination of 5-FU and GANT61 strongly impaired organoid growth.  

Gene expression analysis showed that EMT and cancer stem cell markers c-MET, CD133 and 

ABCG2 levels significantly increased after chemotherapy treatment, and they were impaired 

by HH-GLI1 inhibition and the combination of 5-FU and GANT61.  To better investigate EMT 

we performed whole-mount immunofluorescence staining for the mesenchymal marker 



Vimentin, and we observed that it was up-regulated in 5-FU treated organoids, decreased 

with GANT61 and were strongly impaired in the combined treatment. We performed the same 

experiments in organoids from KRAS mutant CRC cells. Organoids were treated with 5-FU 

and ATO alone and in combination. Treatment with 5-FU alone did not affect growth of 

organoids, while those treated with ATO were significantly smaller. The association of 5-FU 

and ATO greatly impaired organoids growth.  Stemness was evaluated and levels of c-MET, 

CD133a and ABCG2 were significantly decreased in the combined treatment of 5-FU and 

ATO. Mesenchymal features were also investigated by the immunofluorescence of the EMT 

marker Vimentin, whose levels increased after 5-FU treatment and appeared reduced when 

organoids were treated with ATO alone or in combination with 5-FU. Noteworthy, Actin, 

revealed by phalloidin staining, underwent a unique rearrangement in 5-FU treated 

organoids, where cells lost their specific pseudopodia probably due to a modification in the cell 

polarity. Altogether, our results showed that chemotherapy treatment (i.e. 5-FU) induces 

activation of HH-GLI pathway in CRC and that the concomitant treatment of 5-FU and HH-

GLI inhibition successfully counteract stemness features driven by 5-FU treatment, including 

EMT activation and ABC transporters up-regulation. 

All these results are reported in a manuscript that we are preparing for submission. 

Interestingly, ATO is FDA approved for the therapy of adult patients with acute promyelocytic 

leukaemia (APL). A phase I trial investigating the co-administration of ATO and 5-

Fluorouracil/Leucovorin in patients with advanced/relapsed colorectal cancer showed that 

ATO was well tolerated and that in some patients it was associated with down-regulated 

thymidylate synthase expression, indicating a therapeutic response, and increased survival; a 

later study investigated GLI1 levels in biopsies from the said clinical trial and found that it 

resulted to be down modulated after ATO administration. Of note, data on the mutational 

status of enrolled patients are not available (Kerl K., et al., 2014; Ardalan B., et al., 2010; Li 

B., 2015). 

In conclusion, our results demonstrate a mechanism of chemoresitance in BRAF and KRAS 

mutant CRC cell models, sustained by HH-GLI signalling, and the inhibition of both is crucial 

to revert the resistant phenotype. The crucial role of HH-GLI1 in multi-drug-resistance 

phenomena in colorectal cancer was clearly demonstrated and further investigations are 

needed to deepen the knowledge of signalling pathways regulating chemoresistance 

mechanisms. 
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HARNESSING REPLICATION STRESS TO UNDERSTAND AND TACKLE MYCN-

DEPENDENT TUMORS 

 

GIUSEPPE GIANNINI 
RESEARCH AREA:  MOLECULAR GENETICS OF EUKARYOTES 

 

Department of Molecular Medicine 

giuseppe.giannini@uniroma1.it 

 

Genome integrity needs to be preserved for the propagation of genetic information. To this end, 

an integrated set of molecules senses and repairs DNA damages, while signaling for cell cycle 

checkpoints and/or apoptosis. Dysfunction of these machineries promotes accumulation of DNA 

lesions and/or aberrant DNA damage responses (DDRs), causing cell death or genetic instability 

and tumorigenesis. DDR-defective syndromes due to mutations in DDR genes (e.g., ATM, TP53, 

BRCA1/2, NBS1, WRN, BLM, FA genes) are associated with genomic instability and inherited 

predisposition to cancer, plus developmental/degenerative disorders of the nervous system, which 

appears particularly vulnerable to DNA distress. 

Activation of many oncogenes results in replication stress (RS), “a systemic state that leads to 

collapse of DNA replication forks” (according to T. Helazonetis), and a primary source of 

endogenous DNA damages. The DDR initiated by oncogenic stress may eventually end up in cell 

death or senescence, preventing cell transformation, and thus representing an anticancer barrier. On 

the other end, pharmacological inhibition of specific DNA repair mechanisms is synthetic lethal 

with loss of function mutations in DNA repair genes sometimes occurring in cancer cells. This 

approach is being successfully used to induce cancer cell specific death (i.e., the use of PARP 

inhibitors in BRCA defective tumors), raising an apparent paradox: DNA repair pathways might be 

both essential tumor suppressors and/or targets for anti-cancer therapies. 

A better understanding of whether and how this apparent paradox impinge on developmental and 

neoplastic diseases of the nervous system may offer great opportunities for their comprehension and 

possibly for their therapy and represents the main focus of our most recent and ongoing work. 

 

Our project had essentially two main aims. On one side, we wanted to test whether MYCN 

dependent RS can be targeted for therapeutic purposes in MYCN-dependent tumors such as MYCN 

amplified neuroblastoma and SHH-type medulloblastoma. On the other side we wanted to improve 

our understanding of the neurological features of patients affected by DDR-defective syndromes 

associated to MRE11/RAD50/NBS1 (MRN) complex dysfunction, such as the Nijmegen Breakage 

Syndrome.   

We had shown that MYCN induces RS and replication-born DNA damage (Petroni et al., Mol 

Cell Oncol 2015; Petroni et al., 2016 Cell Death&Diff). At the same time, it controls the expression 

of a complex pattern of DNA damage/repair proteins to restrain the deleterious consequences of RS. 

In particular, we demonstrated that induction of each component of the MRN complex by MYCN is 

required to control oncogene-dependent RS, in primary cerebellar granule cell progenitors (GCPs), 

but also in neuroblastoma cells (Petroni et al., 2016 Cell Death&Diff; Petroni et al., 2018 Cell 

Death&Dis). This provided a proof of principle that RS can be exploited for the therapy of tumors 

bearing activated MYC-oncogenes, such as neuroblastoma and medulloblastoma. To follow up on 

this theme, we also evaluated the effects of PARP inhibitors in this context. Indeed, we showed that 

by trapping PARPs onto damaged DNA, the PARP inhibitor olaparib further raise MYCN-

dependent RS, evoking a CHK1-driven S-phase checkpoint, which prevents mitotic entry with 

broken DNA, in MYCN-driven tumors. Inhibition of the CHK1-driven S-phase checkpoint 

anticipated and increased the rate of mitotic catastrophe induced by olaparib (Colicchia et al. 

Oncogene, 2017), suggesting that a combination of the two drugs (that is PARP and CHK1 

inhibitors) could achieve relevant anticancer effect in MYCN-driven tumors. This appeared as an 

interesting therapeutic opportunity for MYCN-driven childhood tumors, since PARP inhibitors are 



in clinical routine for the treatment of specific tumors of the adult, and both PARP and CHK1 

inhibitors are being tested in advanced clinical trials in children. Using a panel of MYCN-amplified 

and MYCN single copy neuroblastoma cell lines and primary mouse SHH-type medulloblastoma 

cells, we showed that this drug combination synergistically and effectively kills SHH/MYCN-

driven tumors by rising RS and DNA damage, in vitro. Then, we confirmed these data in vivo in 

subcutaneous and orthotopic MYCN-amplified xenografts of human neuroblastoma, and in a 

spontaneous SHH-type medulloblastoma mouse model, observing no major toxicities (Di Giulio et 

al. Oncogene 2021). These data highlight the combination of PARP and CHK1 inhibitors as a new 

potential chemo-free strategy to treat MYCN-driven tumors, which might be promptly translated 

into clinical trials. (see also https://www.uniroma1.it/it/notizia/un-approccio-terapeutico-chemio-

free-il-trattamento-dei-tumori-infantili). 

 

Of interest, the highest activity of the drug combination was detected in a MYCN amplified cell 

line (IMR-32) carrying the putatively pathogenic p.Val2716Ala ATM mutation. Since PARPi are 

synthetic lethal with ATM loss in 11q-deleted neuroblastoma, and since ATM loss of function has 

been previously correlated with increased sensitivity to PARP or CHK1 inhibitors, we asked 

whether ATM was involved in the responses to PARPi/CHK1i combination in MYCN amplified 

neuroblastoma. CRISPR/Cas9-based genetic correction of mutant ATM showed that this mutation 

did not fully abolish ATM kinase function and was irrelevant for the biological responses to 

PARPi+CHK1i combination (Di Giulio et al. Oncogene 2021). This data prompted us to further 

investigated on the role of ATM in the response to the drug combination in neuroblastoma. As 

expected from the literature, ATM loss of function obtained by genetic (RNA interference) or 

pharmacological approaches, sensitized non-MNA neuroblastoma cells to PARPi+CHK1i. 

Unexpectedly, ATM knock-out by CRISPR/Cas9 revealed that ATM is required for the 

proapoptotic effect of the combination, in MYCN amplified neuroblastoma cells. While these data 

shed light on the involvement of the ATM kinase in shaping neuroblastoma cell responses to 

PARPi/CHK1i combination depending on their genetic background, the molecular mechanisms for 

this are currently not known and are being investigated. 

 

With reference to the second line of research, which focuses on the role of the MRN complex in 

cerebellar development and tumorigenesis, we developed and examined new animal models 

generated by crossing a mouse with Shh-constitutive activation in the neural tissue (ND2-SmoA1 

mouse) with a NBN KO model. Surprisingly, we obtained evidence for a dual role for NBS1, 

depending on its genetic state in the animal model. Indeed, monoallelic loss of NBS1 facilitates 

SmoA1 induced medulloblastoma development. Morphological observation and RNA profiling 

indicated that medulloblastoma developing in NBS1 monoallelic deleted and in WT mice did not 

differ significantly, suggesting that mechanism/s enhancing cancer proneness in the former 

genotype operates at early stages of transformation. To test this hypothesis, we resorted to use S-

cNS, the novel model of granule cell progenitors (GCPs) neurospheres we recently described 

(Petroni et al. Scientific Reports, 2019). The analysis of S-cNS developed form WT and NBS1 

monoallelic deleted cerebella indicated that NBS1 full content is not only necessary for optimal 

DNA repair and maintenance of genomic stability, but also to limit the clonogenic potential of 

GCPs. Moreover, the increased clonogenic ability associated with monoallelic NBS1 defect depend 

at least partially by an unpredicted regulation of the Notch pathway due to NBS1 monoallelic 

deletion. Interestingly, although generally rare in medulloblastoma, monoallelic pathogenic 

mutations in components of the MRN complex can be found more frequently in SHH-type 

compared to other medulloblastoma subgroups, further supporting the idea of an haploinsufficient 

role of NBS1 in SHH-type medulloblastoma development.  

 

In sharp contrast, NBN biallelic KO completely suppressed SmoA1 phenotype, preventing SHH-

type medulloblastoma development and SHH-dependent postnatal cerebellar development. 

https://www.uniroma1.it/it/notizia/un-approccio-terapeutico-chemio-free-il-trattamento-dei-tumori-infantili
https://www.uniroma1.it/it/notizia/un-approccio-terapeutico-chemio-free-il-trattamento-dei-tumori-infantili
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Consistently, MRE11 inhibition inhibited the growth of medulloblastoma xenografts, in mice. 

While this might be partially explained by the deleterious loss of MRN function in controlling 

MYCN-dependent RS (as we previously described in Petroni et al., Cell death&Diff, 2016 and 

Petroni et al., Cell Death&Dis 2018), our preliminary evidences also suggest that NBS1 defect is 

epistatic on SHH pathway. Indeed, GCPs explanted from the SmoA1-NBN-KO model show 

impaired Shh-pathway activation in vivo and in vitro. Generation of an additional mouse model 

with GCP-specific and tamoxifen inducible NBS1 KO clearly indicated that NBS1 is essential for 

activation of the SHH pathway in GCPs in a cell autonomous manner.  

Further studies are ongoing to define the molecular mechanisms underpinning the epistatic 

relationship between NBS1 and the SHH pathway. 

 

The data presented are graphically summarized in Figure 1. The manuscript describing this work 

was recently submitted for publication. 

 

 
 

 

Figure 1. The dual role of NBS1 in SHH-MB 

In SmoA1 cancer prone GCPs, NbnKO causes reduced 

proliferation and increased cell death, ultimately leading 

to inhibition of MB development due to activation of the 

DDR and impairment of the SHH pathway. Whether 

these two events are linked or fully independent is 

currently not known. On the other hand, Nbn hemizygosis 

causes DDR activation and a Notch-dependent increase in 

clonogenic capability, favoring GCP transformation. 

These results, collectively, indicate a gene dosage-

dependent function of Nbn in SHH-driven tumorigenesis. 
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DEVELOPMENT OF NOVEL PEPIDE-BASED FORMULATIONS AND NANO/BIO-
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World health received an incalculable benefit from the discovery of antibiotics. However, the 

current outlook for maintaining their advantage(s) looks increasingly bleak and seriously 

threatens all branches of modern medicine. The World Health Organisation list of “priority 

bacterial pathogens” includes resistant bacteria of the Gram-negative Pseudomonas 

aeruginosa and the Gram-positive Staphylococcus aureus spp, which represent ~10-20% of 

isolates in EU/EEA population. The ability of these microorganisms to persist in hostile 

conditions is primarily associated with their tendency to transform from a drug-tolerant 

planktonic to a more dangerous and treatment-resistant sessile life form, called biofilm. They 

can easily colonize host tissues which are most exposed to the external environment, such as 

the respiratory tract, the ocular surface, and the skin. 

Interestingly, nature represents one of the primary sources of bioactive compounds. Among 

these, antimicrobial peptides (AMPs) are a promising class of alternative molecules to fight 

drug-resistant bacteria being able to perturb the cell membranes rather than to interact with 

intracellular targets as for antibiotics. We hypothesized that a threshold number of cell-bound 

peptide molecules is required to cause bacterial killing. Based on cell-binding results, we 

predicted and observed a specific trend for the cell-density dependence of AMP activity. This 

phenomenon, called inoculum effect (IE) has important consequences for the therapeutic 

efficacy of drugs, because bacterial loads vary by several orders of magnitude in clinically 

relevant infections. While the IE is well characterized for traditional antibiotics, very little is 

known for other antimicrobial compounds. Since AMPs are important players of the innate 

immunity, the characteration of their IE contributes to our understanding of infections 

dynamic and host-microbiota interactions. In most cases, we found that the IE for AMPs is 

significant for cell densities above the standard inoculum of 5 × 105 cells/mL, while for lower 

densities the active concentrations of AMPs (MIC) remain essentially constant, with values in 

the micromolar range. We ruled out that cell-density phenotypic effects, proteolytic 

degradation, and experimental artifacts such as peptide adsorption to container walls or 

sequestration by medium components are possible causes for the observed behaviour. Due to 

the binding equilibria to bacteria and host cells, AMP selectivity depends on the relative 

concentrations of the two cell types. In our model the threshold of bound molecules needed for 

killing is assumed to be the same for all cells in the bacterial population. Unlike traditional 

antibiotics, AMPs have a very narrow concentration range of intermediate efficacy that is the 

window between concentrations that have no effect and concentrations that result in complete 

killing. Our studies have indicated that the threshold of bound AMP molecules needed for 

bacterial killing is within the range of 106 to 108 molecules per cell and this number 

corresponds to a complete coverage of all bacterial membranes or even exceeds this limit, 

suggesting binding of these molecules to other cellular components, presumably in the 

intracellular compartment which would become accessible for binding to AMPs that can enter 

the cells once the membrane is permeabilized. This could contribute to the IE, by reducing the 

number of peptide molecules available for bacterial killing. The IE effect can be explained by 

assuming that at high cell densities more cells need more peptide molecules; in contrast, at 

low cell densities most of the peptides remain free in solution and the fraction of cell-bound 

peptides decreases proportionally. As a consequence the MIC remains constant. 



Interestingly, similar results have been found also for AMPs inhibiting intracellular targets, 

rather than perturbing the membrane. This has highlighted the importance of cell density for 

the clinical utility and selectivity of AMPs.  

 

During 2021 our research group has devoted particular attention to the frog skin AMPs 

temporins and their activity mainly against the Gram-positive S. aureus Interestingly, the 

pharmacodynamic and pharmacokinetic properties of bioactive peptides can be modulated by 

introducing conformational constraints such as intramolecular macrocyclizations, which can 

involve either the backbone and/or side chains. We aimed at increasing the α-helicity content 

of temporin L (TL), by the employment of diverse side-chain tethering strategies, including 

lactam, 1,4-substituted [1,2,3]-triazole, hydrocarbon, and disulfide linkers. This approach led 

to a library of cyclic analogues that were biologically assessed for their antimicrobial, 

cytotoxic, and antibiofilm activities.  

Specifically, cyclizing amino acids were introduced at various positions, (i+4 and i+7 ) to 

primarily detect the suitable stapling positions that would result in proper conformational 

stabilization and optimal antimicrobial profile. Interestingly, replacement of Ser6 and Gly10 in 

Pro3, DLeu9-TL peptide (TL-0) with Lysi -Glui+4 led to the production of a cyclic peptide (TL-C) 

which resulted to be more active than the parent linear peptide TL-0 against S. aureus, with a 

concentration causing 50% biofilm eradication equal to 25 M, and with the lowest 

cytotoxicity. As demonstrated by circular dichroism (CD) spectroscopy in sodium dodecyl 

sufate (SDS) to mimic the anionic character of bacterial membranes, the peptide showed a 

higher helical content than the linear counterpart (Figure 1). Furthermore, this peptide was 

also found to display the highest antibiofilm activity  

 

 
 

 

 

Figure 1 
A, primary structure of TL-0 peptide and its cyclic analogs. B, Antibiofilm activity of TL-0 and TL-C 

peptides against S. aureus 25923 and (C) CD spectra showing an alpha-helical structure in SDS 

micelles (blue line) compared to water (black line) 

 

 

 



“Anna Tramontano” Research Projects 
 

 

55 

NMR studies have indicated that TL-C peptide adopts an amphipathic structure which is 

mandatory for the antimicrobial activity. The bridge is located just in between the two 

opposite faces of the amphipathic -helix. In addition, this cyclic peptide was found to be more 

stable; 50% TL-C was present after 90 min incubation with serum, while the original peptide 

was completely degraded. 

Overall, we discovered a new cyclic antimicrobial and antibiofilm peptide, suitable for the 

development of next cyclic analogues of this class of AMPs 

 

During the last year, the COVID-19 pandemic has amplified the urgent need also for the 

discovery of broad-spectrum antiviral therapies. Most current antivirals are directed to inhibit 

specific viruses with the objective of interfering with a precise step in the replication cycle. We 

initially evaluated the antiviral activity of TL and TL-0 as well as additional analogs, for their 

activity against a wide panel of viruses comprising enveloped, naked, DNA and RNA viruses. 

We discovered a significant inhibition activity against herpesviruses, paramyxoviruses, 

influenza and coronaviruses, including SARS-CoV-2. Moreover, we further modified the best 

candidate by lipidation and demonstrated a highly reduced cytotoxicity with improved 

antiviral effect. We also proceeded our previous studies on the characterization of the antiviral 

activity of temporin G on other enveloped viruses, e.g. influenza and herpes simplex. The 

peptide significantly inhibited the early life-cycle phases of influenza virus.  

 

At the same time, through a cheminformatics approach, we clustered an in-house library of 

natural products and their derivatives based on a combination of fingerprints and 

substructure search. We identified the anthranoid ferruginin A as a novel antimicrobial 

compound. We tested its ability to inhibit and kill a panel of Gram-positive and Gram-

negative bacteria, and compared its activity with that of two analogues, vismione B and 

ferruanthrone. Furthermore, the capability of these three anthranoids to disrupt 

staphylococcal biofilm was investigated. Ferruginin A showed a potent activity against both 

the planktonic and biofilm forms of Gram-positive bacteria (i.e. S. aureus and S. epidermidis) 

and had the best therapeutic index compared to the other analogues. Based on these data, we 

edited a special issue on Frontiers in Chemistry (2021) entitled Secondary Metabolites and 

Peptides as Unique Natural Reservoirs of New Therapeutic Leads for Treatment of Cancer and 

Microbial Infections. 
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The aims of the project are to define the pathogenic mechanisms of sarcopenia and the 

metabolic disorders leading to sarcopenic obesity, to disclose muscle and systemic/serological 

factors that can be used as biomarkers of muscle frailty, and to verify potential epigenetic 

alterations that impinge muscle stem cells activity and muscle function in sarcopenic 

conditions. Sarcopenia is the age-related loss of muscle mass and function. The causes of 

sarcopenia are unknown. Current hypotheses indicate that it may be the result of several 

factors, including hormonal changes, inflammatory pathway activation, fatty infiltration, 

altered mechanisms regulating the turnover of contractile proteins and organelles, neuro-

muscular function as well as altered production and tissue responsiveness of trophic factors. 

Metabolic disorders, such as obesity, have been also suggested as a risk factor for sarcopenia. 

Sarcopenic obesity, which describes the process of muscle loss combined with increased body 

fat as people age, is associated with loss of strength and function, reduced quality of life, and 

early death. Recent findings demonstrate an adverse confluence between sarcopenia and 

excessive adiposity, as the co-existence of such adverse alterations in body composition may 

exacerbate systemic inflammation and muscle wasting in the elderly. However, the underlying 

pathogenic concept of "sarcopenic obesity" is mainly based on phenotypical data derived from 

clinical observations. Sarcopenic obesity is associated with increased plasma level of pro-

inflammatory markers, including interleukin (IL)-6, and reduced IGF-1 expression. 

Interestingly, during the first part of financial support we demonstrated that muscle 

expression of either IGF-1Ea or IGF-1Eb, activating a series of anabolic and compensatory 

pathways, were able to guarantee muscle homeostasis and to prevent muscle loss, a normal 

muscle-nerve interaction, counteracting sarcopenia.  

To evaluate whether the overexpression of IGF-1 is able to interfere with the mechanisms of 

sarcopenic obesity, we induced this condition in wild type and MLC/IGF-1Ea mice feeding 

them with a high-fat diet (HFD) and comparing them with mice fed with a control diet. 

Transgenic mice showed resistance to HFD-induced obesity displaying a body weight gain 

significantly lower than that of wild type mice and a decreased fat accumulation along with a 

less severely impaired glucose tolerance. These observations correlated with a reduced 

intramuscular lipid content, a less pronounced muscle atrophy and a lower inflammation, 

suggesting a protective role of IGF-1Ea against sarcopenic obesity. 

Among cytokines, IL-6 resulted elevated in circulation of obese wild type mice compared to the 

IGF-1 mice fed with HFD, suggesting that IL-6 may represent a trigger of sarcopenic 

conditions induced by HFD. 

Then, we verified whether the circulating high levels of IL-6, observed in sarcopenic and 

sarcopenic obesity mice, are causally linked to the activation of aging-associated phenotype. 

To address this issue, which is part of the aims of the grant proposal, we took the advantage of 

using a transgenic mouse expressing high circulating levels of IL-6 (NSE/hIL-6).  

NSE/hIL-6 mice show a marked reduction of the general growth rate during postnatal life. 

The reduction in growth rate leads to an adult size which is about 30–50% smaller than that 

of non-transgenic littermates. In our study, we aimed also to evaluate the growth rate of the 

different hindlimb muscles of both wild type and NSE/IL-6 mice at 1.5, 3.5, and 6 months of 

age, charting distinctive growth curves of muscle groups, namely gastrocnem-ius, EDL, 

quadriceps, and Soleus, based also on the approach that measure the postnatal muscle 

growth, which is characterized by an inverse correlation between muscle fiber number and 

muscle fiber size. Our study reveals that all muscle groups from NSE/IL-6 mice displayed, 



although with a different rate, a decrease in growth rate com-parable to the reduction of the 

body weight. 

Nevertheless, whether and how chronic circulating levels of IL-6 also impinge the 

maintenance of differentiated muscle phenotype remained to be defined. 

Interestingly, a significant difference between wild type and NSE/IL-6 transgenic muscle was 

observed in the soleus muscle of NSE/IL-6 mice at 6 months of age, suggesting that, beside the 

early defect in muscle growth rate, the adult soleus muscle displayed an atrophic phenotype in 

adulthood. In particular, the reduction in muscle mass of NSE/IL-6 mice was associated with a 

significant reduction in muscle CSA, in single myofibers’ CSA, and in the total number of 

fibers.  

Of note, the critical test to discriminate between defect in growth rate and muscle atrophy was 

obtained by functional test. The data revealed a significant decrease of tetanic force of Soleus 

muscle of 3.5-month-old IL-6 mice, compared to wild type littermates, whereas no differences 

were noted in specific force. This suggests that the young Soleus muscle, although displayed a 

reduced muscle growth rate, can function properly. In contrast, at 6 months of age muscle 

atrophy of transgenic mice was associated with a reduction in tetanic force, accompanied with 

a significant reduction in specific force, which is a measure of the ratio between force 

developed by the muscle and muscle mass. This data was supported by a significant increase 

in the two relevant molecular markers of muscle atrophy, namely the muscle-specific E3 

ubiquitin ligases Muscle RING Finger-1 (MURF-1) and MAFbx/atrogin-1. 

Soleus muscle has been described as slow muscle that, thanks to the oxidative metabolism and 

high levels of markers of mitochondrial biogenesis, is more protected against damage stimuli. 

The recognition that skeletal muscles are composed of fiber types which differ in structure, 

molecular composition and functional properties has contributed to our understanding of 

muscle physiology and plasticity. Indeed, it is well known that muscle metabolism is closely 

associated with the sensibility or otherwise resistance to different stimuli. It has been 

reported that several muscle pathologies, including sarcopenia, cachexia, muscular 

dystrophies, and ALS, the fastest muscle phenotype is more severely compromised if compared 

with slow-twitch muscles. Moreover, a fiber-type shift in the direction IIb → IIx → IIa → I 

mitigate the progression of muscular dystrophy. Interestingly, the significant muscle atrophy 

observed in the soleus muscle of IL-6 mice, was associated with a shift in fiber type 

composition, from slow-type I to fast-type II fibers, which might render the muscle more 

susceptible to damage (Figure). However, it has been extensively described that aging-related 

changes in muscle composition, with reference to the soleus muscle, involve the preferential 

loss of glycolytic fibers being slow fibers more resistant to atrophy and wasting. The opposite 

shift observed in NSE/IL-6 mice can be justified by a dual action of deregulated levels of IL-6 

on muscle fibers. It is well known that IL-6 can directly increase glucose metabolism in 

skeletal muscle and other cell types. Moreover, we previously reported that elevated 

circulating levels of IL-6 can locally impair the redox balance of muscle tissue by enhancing 

pro-oxidant conditions and impinging the anti-oxidant response. Based on these observations 

we can speculate that chronically elevated levels of IL-6 can induce muscle atrophy by 

promoting the shift through a more glycolytic metabolism in the soleus muscle of NSE/IL-6 

mice, leading to an enhanced percentage of fast fibers which are known to show greater 

atrophy than the type I oxidative fibers. Furthermore, the redox alterations induced by high-

level IL-6 can exacerbate wasting mechanisms by affecting both fast fibers, which present a 

lower antioxidant defense, and leading undefended slow-oxidative fibers, which are known to 

be subject to elevated levels of ROS because of their oxidative metabolism. 

The greater sensitivity of the type II fibers may be due to their lower content of PGC-1α and 

others mitochondrial biogenesis markers, as suggested by the finding that muscle from limbs 

over-expressing PGC-1α was better able to maintain force production during a fatigue protocol 

when compared to control muscle, reflecting an improved endurance capacity. Indeed, we 

found that soleus muscle of 6-month-old IL-6 mice has a strong reduction of both tetanic and 

specific force compared to wild type littermates, and a significant down-regulation of PGC-1α 

and its coactivator MEF2c, providing evidence that the reduction in the slow-mediated 



“Anna Tramontano” Research Projects 
 

 

59 

pathway might render the soleus muscle more sensitive to damage and fatigue (Figure). The 

changes in muscle fiber type and force observed in NSE/IL-6 transgenic muscle were also 

associated with signs of denervation and alteration of neuromuscular junction (NMJ), 

suggesting an alteration in the functional interplay be-tween muscle and nerve, a typical 

feature of sarcopenia. Further associations of age-related signs of denervation have been 

established in animal models, including alterations in oxidative stress and a reduction in the 

number of key maintenance proteins such as PGC-1α. Interestingly, the forced expression of 

PGC-1α into the muscle of NSE/IL-6 transgenic mice increased the percentage of slow-twitch 

oxidative fibers and induced an increased muscle performance and NMJ stability with respect 

to controls.  

Taken together, the results of this study highlight a role for IL-6 in promoting the 

development of age-related alterations of muscle tissue. High-levels of IL-6 impinge early 

muscle growth during postnatal life and induce muscle atrophy and wasting in adulthood. 

This means that a long-lasting persistence of IL-6 into circulation can represent a risk, 

inducing a maladaptive mechanism that renders muscle tissue more susceptible to develop 

morpho-functional alterations. 

 

 
 

 
Figure: Increased circulating levels of IL-6 impinge early muscle growth and induce muscle atrophy 

and wasting in adulthood 
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Several studies have evidenced that specific metabolic pathways control T cell function and 

differentiation in autoimmune diseases (1). In particular, the growth, survival and 

inflammatory functions of T lymphocytes depend on a dramatic increase in glucose 

metabolism (2) and elevated glycolysis has been recently associated with the differentiation 

and functions of pro-inflammatory Th17 cell subset (3). Thus, the identification of stimulatory 

molecules and associated signalling pathways coordinating the metabolic processes that 

maintain/amplify the inflammatory phenotype of peripheral T cells, may be useful for the 

development of new therapeutic opportunities in autoimmune and inflammatory diseases. 

CD28 is a crucial costimulatory receptor necessary for full T cell activation that is able to arise 

TCR-independent autonomous signals, which induce the expression of pro-inflammatory 

cytokines and chemokines (4) and to enhance aerobic glycolysis and anabolic pathways 

induced by TCR stimulation (5). Indeed, CD28 activates the PI3K/Akt/mTOR signalling 

pathway that in turn switches metabolism to aerobic glycolysis and promotes Th17 cell 

differentiation (6). However, the role of CD28 as a TCR-independent signalling unit in 

activating the metabolic processes regulating T cell differentiation and functions remain still 

unknown. In this project, we characterized the role of CD28 and associated signalling 

pathways in the modulation of the metabolic programs regulating pro-inflammatory T cell 

responses and Th17 cell subset in primary CD4+ T cells from both healthy donors (HD) and 

relapsing-remitting multiple sclerosis (RRMS) patients. 

Glycolysis and oxidative phosphorylation are the major energy-producing pathways in the 

cells and most cells possess the ability to shift dynamically between these two processes, 

adapting metabolically to changes in environment for the purpose of survival. Glycolysis and 

oxidative phosphorylation were evaluated by using an XF Glycolysis Stress kit and XF Cell 

Mito Stress kit, respectively, and measuring the acidification of the medium surrounding the 

cells or the oxygen consumption rate through a XF Analyzer (Seahorse Bioscience). The 

results from these analyses evidenced that CD28 stimulation by agonistic Abs induced a 

significant increase of glycolysis in CD4+ T cells from both HD and RRMS patients, without 

any significant changes in mitochondrial oxidative phosphorylation. CD28-induced increase of 

glycolysis was also associated with the up-regulation of the glucose transporter Glut1, specific 

surface activation markers, such as CD69, CD71 and CD25, whereas the expression of PD-1 

was not affected. The analysis of Glut1 expression in different Th cell subsets, revealed that 

Th17 cells (CXCR3-CCR6+) expressed higher levels of Glut1 compared to Th1 (CXCR3+CCR6-) 

or Th0 cells (CXCR3-CCR6-) and CD28 stimulation up-regulated Glut1 expression in all T cell 

subsets, although to a higher extent in Th17 cells.  

Consistently with our previous data, CD28 autonomous stimulation of CD4+ T cells strongly 

up-regulated the expression of pro-inflammatory cytokines, most of which were related to the 

Th17 cell phenotype, such as IL-6, IL-21, IL-22 and IL-17A. Interestingly, we found that 

CD28-mediated IL-22 production promotes the barrier functions of epithelial cells by inducing 

mucin and metalloproteases expression (7). 

Moreover, the strong inhibition of CD28-induced up-regulation of pro-inflammatory cytokines 

exerted by the glycolysis inhibitor 2-deoxy-D-glucose revealed a pivotal role of glycolysis in 

CD28 pro-inflammatory functions. 

The analysis of the major enzymes regulating the glycolytic pathway evidenced that CD28-

mediated up-regulation of the glycolytic pathway in CD4+ T cells was associated to a strong 

increase of c-myc expression (8).  



In the attempt to characterize the molecular basis of CD28 pro-inflammatory functions, we 

also found that CD28 stimulation induced a strong phosphorylation and nuclear translocation 

of IL-6 receptor (IL-6R)-associated STAT3 as well as NF-B activation. The inhibitory effects 

exerted on CD28-induced IL-6, IL-17A and IL-22 gene expressions as well as on STAT3 and 

NF-B activation by specific NF-B inhibitors strongly supported a mutual cooperation of IL-

6R-associated STAT3 and NF-B in regulating CD28-induced IL-17A and IL-22 gene 

expression. For instance, by performing chromatin immunoprecipitation assays, we found that 

both STAT3 and RelA were recruited on the human IL-17A and IL-22 proximal promoters in 

CD28-stimulated CD4+ T cells (7, 9). We also found that STAT3 and RelA were recruited to 

the promoter of c-myc and induced its trans-activation with similar kinetics (8).  

Finally, treatment of CD4+ T cells with a class 1A PI3K inhibitor (AS605240) strongly 

inhibited the glycolytic metabolism, c-myc and Glut1 expressions, as well as the up-regulation 

of pro-inflammatory cytokines and activation markers induced by CD28 stimulation (7-9).  

Altogether these data evidence an important contribution of CD28-associated class 1A PI3K in 

reprogramming the metabolic processes that maintain/amplify the inflammatory phenotype of 

peripheral T cells and suggest class 1A PI3K as a valid therapeutic candidate for immune-

based disease such as MS. 

Recently, Prof. Kaempfer’s research group discovered an additional role of the CD28 dimer 

interface in regulating intercellular CD28/B7 receptor engagement and pro-inflammatory 

signalling through the costimulatory axis (10). They found that staphylococcal superantigens 

(SAgs), such as Staphylococcus aureus enterotoxin B (SEB), cause inflammatory cytokine 

storm by binding both the CD28 dimer interface (11) and the B7 dimer interface (10), 

triggering thereby intercellular CD28/B7 engagement that leads to excessive costimulatory 

signalling with lethal consequences (10, 12). Moreover, short mimetic peptides of the CD28 

homodimer interface, p1TA and p2TA, resulted effective in inhibiting inflammatory cytokine 

storm induced by both Gram-positive and Gram-negative bacteria (13, 14).  

We extended these data by demonstrating that staphylococcal SAgs bind TCR and CD28 

molecules independently of MHC class II and stimulate the production of inflammatory 

cytokines in both human primary CD4+ and CD8+ T cells.  In particular, we demonstrated that 

binding of SEB to B7 molecules suffices to trigger both TCR- and CD28-mediated 

inflammatory signalling. We also provide evidence that, by strengthening the interaction 

between CD28 and B7, SEB favours the recruitment of the TCR into the immunological 

synapse, thus inducing lethal inflammatory signalling (15). Staphylococcus aureus is one of the 

most common pathogens associated to MS onset or exacerbation (16), thus selective targeting of 

CD28 costimulatory axis through the CD28 homodimer interface may provide a novel strategy 

for preventing SAg-mediated activation of inflammatory T cells in MS patients, thus reducing 

both the frequency and severity of relapses. 
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Influenza virus infection causes an imbalance of the intracellular redox state towards pro-

oxidant conditions to activate redox-sensitive cell pathways useful for viral replication.  

In this project, we evaluated the modulation of Glucose-6-phosphate dehydrogenase (G6PD) 

during the infection. This enzyme is involved in glucose metabolism but it also plays a key role 

in the regulation of redox state balance, by the production of reducing equivalents of NADPH, 

used for regenerating intracellular glutathione (GSH). The deficiency of G6PD enzyme has 

been correlated with an increase in the infectivity and severity of several viral infections, 

although the modulation of the enzyme by respiratory virus infections and the mechanisms by 

which they modulate the enzyme remain to be elucidated.  

We found that during influenza virus infection, G6PD is down-regulated at expression and 

activity level identifying a novel route through which the virus induces oxidative stress in host 

cell. Moreover, we demonstrated that influenza virus increases its replication by affecting this 

pathway. The G6PD decrease was mediated by a drop in the Nuclear factor erythroid 2-

related factor 2 (NRF2)-mediated antioxidant response, the main transcription factor of G6PD 

gene, and by affecting the deacetylation level of the enzyme mediated by SIRT2. We also 

demonstrated that the rescue of the antioxidant response through the modulation of these 

pathways is able to reduce influenza virus titer suggesting that cell-targeting approaches 

could represent alternative antiviral strategies against respiratory virus infections.  

Interestingly, in collaboration with Celio Military Hospital, we evaluated NRF2 expression 

and its related gene G6PD in ACE2-expressing cell line infected with SARS-CoV-2.  Similarly 

to influenza virus, we found a decrease in G6PD and NRF2 protein expression suggesting that 

also SARS-CoV-2 may trigger oxidative stress to activate redox-sensitive pathways useful for 

its replicative cycle. To further investigate the timing through which the virus modulates the 

antioxidant response, we analysed both proteins at different time points (from 8 hrs to 48 hrs) 

from infection. The results showed a decrease of both antioxidant factors starting from 24 hrs 

post infection, while no variation in the early phase of infection (8 hrs) was observed.  

In the second period of the project, we examined whether the same modulation of the NRF2-

mediated antioxidant response was observable in patients positive to SARS-CoV-2. The study 

was performed in an under 20 years old population of 64 individuals, who came to the hospital 

to perform a control nasopharyngeal swab. 

Preliminary data showed a significant down-regulation of NRF2 and its related genes, G6PD 

and Apurinic/apyrimidinic Endodeoxyribonuclease 1 (APE-1), in SARS-COV-2 positive group 

(31 children), compared to negative group (33 children). In particular, stratification of 

negative and positive children by age (under-10 and over-10 years), indicated that basically 

NRF2 gene expression was higher in under-10 children with respect to over-10 group, thus 

suggesting a strong drop of the antioxidant response during infection in under-10 compared to 

over-10 years old. Further studies are in progress to evaluate whether the down-modulation of 

the antioxidant response is correlated with the activation of host innate response to viral 

infection.   
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Mutations in genes coding for mitochondrial (mt)-tRNAs (MTTs) are responsible for 

a wide range of currently untreatable pathologies. Previous studies on the 

mechanisms underlining mt-tRNA associated diseases have been performed on cell 

types that are freely available from patients, such as fibroblasts, and the trans-

mitochondrial hybrid model (cybrid). Cybrid cells have the advantage to be easily 

obtained in large amounts and with low costs. However, being undifferentiated 

neoplastic cells, they do not entirely reproduce the biochemical phenotype observed 

in patients’ most seriously affected tissues, for instance heart, muscle and brain. 

Thus, the development of new cellular models able to recapitulate the tissue-related 

effects of mt-DNA mutations is envisaged. Recently, production of induced 

pluripotent stem cells (iPSCs) obtained from patients with either the m.3243A>G 

mt-tRNALeu(UUR) or the m.8344A>G mt-tRNALys point mutations (1, 2), has 

opened up the possibility to develop cellular models able to recapitulate the tissue-

specific effects of mt-tRNA point-mutations. 
Accordingly, the aims of our project are: 

- to develop neurons, cardiomyocytes and myotubes from iPSCs obtained from 

patients carrying either the homoplasmic mutation m.4277T>C in mt-tRNAIle 

gene (causing mitochondrial cardiomyopathy) or the heteroplasmic mutations 

m.3243A>G in mt- tRNALeu(UUR) gene and m.8344A>G in mt-tRNALys gene 

(causing severe mitochondrial syndromes); 

- to analyze the pathologic phenotype of iPSCs and iPSC-derived cells; 

- to evaluate the possible rescuing effect of therapeutic molecules on these 

cellular models. 

We have already available in our laboratory iPSCs bearing all the mt-tRNA point 

mutations listed above. 

 

According to the aims of the project, during the first year: 

- we generated and characterized NSCs (neural stem cells) and cardiomyocytes 

bearing the m.4277T>C mutation, the m.3243A>G mutation and the 

m.8344A>G  mutation (AIM 1); 

- we demonstrated that the β32_33 peptide (our therapeutic  molecule),  is  able  to 

penetrate both the plasma and mitochondrial  membranes  and  exert  the  

rescuing activity when exogenously administered to cybrids bearing both 

m.3243A>G and m.8344A>G mutation (see publications section). This  result  is  

preliminary  to  the analysis of the rescuing effect of our molecule upon 

exogenous administration to iPSC- derived cells (AIM 2). 

 

In the last year of the project, we progressed with: i) the generation and 

characterization of neurons from NSCs with different mutations and ii) the 

generation of myotubes from iPSCs bearing the m.3243A>G mutation. 



i) We were able to produce neurons from NSCs bearing the  m.4277T>C  mutation,  the 

m.3243A>G mutation and  the  m.8344A>G  mutation.  The  differentiation  efficiency  

was assessed by immunofluorescence analysis with specific neuronal markers (Figure  

1).  By sequence analysis of whole mtDNA we excluded the presence of further mtDNA 

mutations, depletions or major rearrangements, which could be possibly induced by the 

differentiation process. 

 

Figure 1. Immunofluorescence confirms the phenotype of iPSC-derived neurons. 

Differentiated cells were stained with doublecortin (red), MAP2 (green), synapsin (red) and 

nuclear DNA (DAPI, blue). Representative images of neurons bearing the m.3243A>G 

mutation. NMS-8: neurons with high 3243A>G mutation load; NMS-3: neurons with low 

3243A>G mutation load, used as isogenic control. (Original magnification 20X). 

 

To evaluate the tissue-specific effects of the mutations, we are now analysing the 

pathologic phenotype of neurons, starting from the investigation of calcium 

transients, since in the nervous system calcium influx is involved in exocytosis of 

neurotransmitter-containing synaptic vesicles and in the induction of activity-

dependent synaptic plasticity (3). 

We are evaluating intracellular calcium transients using the membrane permeable 

fluorescent calcium indicator Fura 2-AM (Sigma-Aldrich, 4) (data in progress). 

 

2) In parallel, we are starting to produce myotubes from  iPSCs  bearing  the  

m.3243A>G mutation. We already generated myogenic progenitor cells, and we are 

assessing the differentiation efficiency by immunofluorescence analysis with specific 

myogenic cell markers such as CD56 and CD82 (data in progress) 
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Among neglected diseases, relevant pathologies include Chagas disease, caused by T. cruzi 

and visceral leishmaniasis, caused by Leishmania genus, affecting nearly 20 million people 

worldwide. No vaccines are available and limitations of current therapy include significant 

toxicity, high cost and long treatment courses as well as a lack of efficacy due to the onset of 

drug resistance. The primary objective of this project is to develop innovative small-molecules 

useful as therapeutic tools for the treatment of Chagas disease and leishmaniasis. The 

rationale is to target and impair two central metabolic pathways unique to trypanosomatids 

and essential for protozoan survival: ergosterol and trypanothione pathways. A report of the 

most recent findings of our and other research groups in the field of trypanothione inhibitors 

has been recently published and is listed below in the publication section. 

The ergosterol pathway can be targeted also for other neglected pathogens like the amphizoic 

amoeba N. fowleri that is considered one of the most deadly human pathogens and is a 

category B biodefence agent. N. fowleri infections have been documented in healthy children 

and adults following recreational water activities, including swimming, diving, and water 

skiing. The pathogenicity of N. fowleri and the intense immune response caused by its 

presence leads to significant nerve and CNS tissue damage. It causes an uncommon but 

deadly disease called primary amoebic meningoencephalitis (PAM). N. fowleri infection is 

problematic due to the rapid onset and destructive nature of the disease as well as the lack of 

effective treatments. Currently, there is no single, proven, evidence-based treatment with a 

high probability of cure. No more than a dozen patients out of ~350 reported PAM cases have 

been treated successfully with Amphotericin B, a cornerstone of therapy for PAM. 

Disruption of sterol biosynthesis in N. fowleri by small-molecule inhibitors may be an effective 

intervention strategy against fatal amoebic meningoencephalitis. In preliminary studies, 

sterol biosynthesis enzyme CYP51 in N. fowleri has been chemically validated as a potential 

therapeutic target. An intrinsic difficulty in achieving anti-Naegleria effect in vivo is that a 

drug must cross the blood-brain barrier (BBB) to reach the site of action. Limited brain 

permeability of drugs targeting CYP51 prevents them from being efficacious in the treatment 

of PAM.  

This group has already identified azole derivatives endowed with very good 

antitrypanosomatid potencies, and, among them, 

1‑(Aryl‑1H‑pyrrolyl)(phenyl)methyl‑1H‑imidazole derivatives displayed the highest anti-T. 

cruzi inhibitory potencies within the nanomolar range in phenotipic assay, proving to be 

effective in inhibiting TcCYP51, and in reducing parasitemia in T. cruzi mouse model without 

acute toxicity.  



 
 

 
 

 

Thus, we considered the opportunity to start screening against N. fowleri our chemical library 

in which a number of azole derivatives are included that showed antiprotozoal efficacy 

targeting CYP51.  

We used a combination of cheminformatics, biochemical, X-ray crystallography and phenotypic 

methods to identify a lead scaffold conducive to BBB permeability. 124 compounds pre-

selected in silico with an average MW of 345.6 ± 43.1 and cLogP of 3.79 ± 0.50 and predicted to 

cross the ΒΒΒ, were tested against N. fowleri trophozoites, allowing to identify nine hits (2a-i, 

Table 1) with EC50 ≤ 10 µM.  

 

Table 1. Identified Hits. 

Compound 
% Inhibition at 

10 µM* 

2a 51.5 ± 13.4 

2b 63.0 ± 9.9 

2c 53.5 ± 6.4 

2d 66.5 ± 3.5 

2e 49.5 ± 6.4 

2f 54.5 ± 0.7 

2g 47.0 ± 7.1 

2h 49.0 ± 9.9 

2i 37.5 ± 30.4 

*Mean of two biological duplicates. 

 

 

The top hit (2a, Chart 1) was identified via cross-validation in co-crystallization with the 

NfCYP51 target that singled out a miconazole-like scaffold having the best drug-target fit. 

 

 

Figure 1. The drug-target interactions of 2a. (A) Electron density map (blue mesh) at 1.75 Å delineates 

the binding pose of 2a (yellow sticks). Amino acid residues within < 4 Å of the inhibitor are shown in 

green sticks. Hem is in pink. (B) Binding pocket (volume of 5178 Å3) accommodating 2a (pink) is shown 

in the shades of green. Amino acid side chains at the site boundaries are in blue sticks. (C) 
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Superimposition of 2a (pale yellow) and fluconazole (dark red, from PDB ID 6AY4) is shown. 

Fluconazole is in dark red, 2a is in pale yellow. 

 

Based on the co-crystal structure, eleven new analogs were synthesized and biochemically and 

structurally characterized to assess the optimal configuration of substituents at the phenyl- 

and benzoyl moieties and the role of the ester linker (Figure 2).  

In particular, by keeping fixed the azole ring, different substituents have been introduced in o- 

and/or p-position of the phenyl ring and in o-, m- and/or p-position of the second aromatic 

moiety. In detail, we introduced: i) a trifluoromethyl group or two chlorine atoms on the 

acetophenone residue; ii) a fluorine atom, a methoxy group or two chlorine atoms on the 

aromatic ring of the phenylethyl moiety. Also, to deepen the role of the ester portion, we 

synthesized the ether counterparts by introducing: i) a trifluoromethyl group or two chlorine 

atoms on the benzyl residue; ii) a fluorine or two chlorine atoms on the aromatic ring of the 

phenylethyl moiety. Moreover, the triazole analogue of the hit compound 2a was synthesized. 

Notably, among the newly synthesized compounds, derivatives 6b and 10b were designed as 

the ester and 3,5-dichlorine substituted miconazole analogs. 

 

 

Figure 2. The 2a-binding pocket. 

The compounds have been tested against axenically cultured N. fowleri trophozoits and 

showed very good inhibitory activities. Two compounds, namely 4b and 5b, showed improved 

activities if compared to that of hit compound 2a (EC50 = 10.20 M), with EC50 = 4.80 M and 

EC50 = 4.30 M , respectively (Table 2), confirming the effectiveness of this structure-based 

design.  

 

 

 



 
 

 
 

 

Table 2.  In vitro activities and binding of the newly 

synthesized compounds 2a, 3a-5a, 3b-6b, 7 and 8b-10b. 

Cpd Stereo EC50a (µM) KD (µM) PDB ID 

2a Mixed 10.20±0.04  0.088±0.004 7RKR 

3a R 24.0±0.9 N/Db N/Ac 

3b S 24.0±0.9 N/D N/A 

4a R 21.50±0.04 0.173±0.006 N/A 

4b S 4.80±0.05 0.028±0.002 7RKW 

5a R 10.20±0.03 0.161±0.008 N/A 

5b S 4.30±0.05 0.070±0.002 7RKT 

6b S    

7 S 20.60±0.04 0.087±0.010 N/A 

8b S    

9b S    

10b S    

MICd Mixed 2.0±0.04   

FLUf N/A 13.9±0.01 0.141±0.021 6AY4 
 

aInhibitory concentration 50% (μM) determined from dose-

response curves: experiments performed in triplicate against 

axenically cultured N. fowleri trophozoits. cN/D = not 

determined; dN/A = not applicable; eMIC = miconazole; fFLU = 

fluconazole.  

 

The X-ray structures for the 4b and 5b drug-target complexes was determined at 1.81 Å and 

2.10 Å, respectively (Table 2, 3). Together with 2a, these structures built foundation for our 

hit-to-lead optimization strategy. The double Cl-substituents were tolerated in both the 4-

fluorophenyl moiety (5b) and the 3-trifluoromethyl-benzoyl moiety (4b) (Figure 2). 

In conclusion, the scaffold of 2a, 4b and 5b represent a promising starting point for medicinal 

chemistry optimization of chemical structure to improve metabolic stability and further 

enhance compound potency against the molecular target and N. fowleri.  NfCYP51 inhibitors 

with high BBB-permeability and potency against N. fowleri might become safe and efficacious 

treatment options for the PAM patients. 

 

 

 

 

 

 

 

 

 

 



 

RESEARCH PROJETCS . AFFILATED LABORATORIES AT SAPIENZA UNIVERSITY OF ROME 

“ANNA TRAMONTANO RESEARCH PROJECTS” RESERVED TO UNDER 60 YEAR OLD RESEARCHERS  
 
 

 
77 

 

Table 3. Data collection. 

PDB ID 7RKR 7RKT 7RKW 

Inhibitor (PDB ID) 2a 4b 5b 

Data collection    

Space group C121 C121 C121 

Cell dimensions    

a, b, c (Å) 120.9, 55.4,71.5 121.7, 55.2,72.5 121.3, 55.3,72.1 

, ,    (°) 90.0, 100.1, 90.0 90.0, 100.2, 90.0 90.0, 100.1, 90.0 

Molecules in AU 1 1 1 

Wavelength 1.11587 1.11587 1.11587 

Resolution (Å) 1.76 2.10 1.81 

Rsym or Rmerge (%) 9.6 (451.4) 9.2 (238.5) 5.6 (355.0) 

I / I 8.94 (0.36) 9.02 (0.58) 12.19 (0.36) 

Completeness (%) 98.1 (77.7) 96.1 (65.6) 93.7 (58.7) 

Redundancy 6.4 (4.2) 6.3 (3.4) 6.1 (3.6) 

 

Further researches has been devoted to the discovery of natural compounds and synthetic 

derivatives targeting sterol biosynthesis and redox mechanisms of further microbial agents 

like Candida albicans. 

 

Publications  

 

V. Sharma, V. N. Madia, V. Tudino, J. Nguyen, A. Debnath, A. Messore, R. Di Santo, R. Costi, 

L. Scipione, L. M. Podust. Miconazole-like scaffold is a promising lead for developing 

Naegleria fowleri-specific brain permeable CYP51 inhibitors. 2022. Submitted 

 

M. Bortolami, F. Pandolfi, A. Messore, D. Rocco, M. Feroci, R. Di Santo, D. De Vita, R. Costi, 

P. Cascarino, G. Simonetti, L. Scipione. Design, synthesis and biological evaluation of a 

series of iron and copper chelating deferiprone derivatives as new agents active 

against Candida albicans. Bioorg. Med. Chem. Lett. 2021, 42, 128087.  

 

D. De Vita, A. Messore, C. Toniolo, C. Frezza, L. Scipione, C. M. Bertea, M. Micera, V. Di 

Sarno, V. N.Madia, I. Pindinello, P. Roscilli, A. Botto, G. Simonetti, A. Orekhova, S. 

Manfredini, R. Costi, R. Di Santo. Towards a new application of amaranth seed oil as 

an agent against Candida albicans. Natural Product Research 2021, 35, 4621 – 4626.  
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ONCOGENIC ROLE OF THE MHC CLASS I AMINOPEPTIDASE ERAP1 IN 

HEDGEHOG-DEPENDENT CANCER 

 

LUCIA DI MARCOTULLIO 
RESEARCH AREA: GENETICS,BIOLOGY AND PATHOPHYSIOLOGY OF EUKARYOTES 

 

Department of Molecular Medicine 

lucia.dimarcotullio@uniroma1.it 

 

The Hedgehog (HH) signaling pathway plays a pivotal role in development and its 

inappropriate activation is responsible of a wide spectrum of cancers, including 

medulloblastoma (MB). MB is the most common pediatric brain malignancy in childhood with 

a high drug-resistance in the current standard therapies. Given the high heterogeneity of MB, 

the identification of novel players involved in HH signaling control is essential to advance 

innovative and tailored therapeutic approaches.  

Recently (thanks to this grant), we identified the endoplasmic reticulum aminopeptidase 1 

(ERAP1), a key regulator of innate and adaptive antitumor immune responses, as a strong 

activator of the HH pathway and promising druggable target for HH-dependent 

medulloblastoma (HH-MB). Our findings unveiled the oncogenic properties of ERAP1 in HH-

MB and demonstrated that its inhibition impairs MB growth (Bufalieri et al. NatComm 2019), 

thus opening new perspectives for more effective therapeutic options in the treatment of HH-

dependent tumors. Interestingly, data from literature report that loss of ERAP1 function 

results in the generation of a new immunopeptidome, which stimulates anti-tumor immune 

responses determining the tumor regression of different mouse models, thus suggesting that 

the enzymatic activity of ERAP1 is important in the link with neoplastic diseases. The dual 

role of ERAP1 as both a regulator of the immune response and an activator of the HH 

signaling and MB development make it of particular interest as promising therapeutic target. 

However, the lack of availability for highly specific chemical inhibitors for ERAP1 has 

constrained the progress in this area.  

 

During this year, the research activity was focalized on the identification and characterization 

of novel ERAP1 inhibitors. To this aim, we performed a docking-based virtual screening of a 

library of natural compounds against crystallographic structure of the ERAP1 catalytic 

domain. Eleven novel potential ERAP1 inhibitors have been identified. The specificity and 

efficacy of these molecules have been evaluated by an antigen presentation assay in HeLa.Kb-

Ova cells and among the most promising small molecules we identified the alkaloid compound 

N1 as a new selective and non-toxic inhibitor of ERAP1. We demonstrate that this compound, 

blocking ERAP1 activity, significantly reduces stability of GLI1, thus counteracting HH 

signaling. Further, we observed that N1 impairs self-renewal ability and clonogenicity of 

tumor-derived MB stem-like cells and suppressed MB growth in vitro and in vivo leading to a 

reduction of the expression of HH target genes.  These data strongly indicate N1 as a good 

candidate for further preclinical studies in the treatment of HH-dependent tumors. Strategies 



 
 

 
 

 

focused to improve the drug efficacy of N1 and to optimize its absorption, distribution and 

toxicity profiles will be addressed during the last year of the project. 

Further, innovative treatments will be designed on the combination of therapeutic agents able 

to hit the HH pathway at both upstream and downstream levels by combining SMO/GLI (the 

most used HH antagonists) and ERAP1 inhibitors. We hypothesize that the use of a 

combination of drugs with different targets will be highly promising to kill Hh-dependent 

cancer. 

 

Publications  

 

Bufalieri F, Fruci D, Di Marcotullio L. ERAP1 as an emerging therapeutic target for 

medulloblastoma. Trends Cancer. 2022 Jan;8(1):4-8. doi: 10.1016/j.trecan.2021.09.005. Epub 

2021 Oct 20.  

IF: 14.226 

 

Abiusi E, Infante P, Cagnoli C, Lospinoso Severini L, Pane M, Coratti G, Pera MC, D'Amico A, 

Diano F, Novelli A, Spartano S, Fiori S, Baranello G, Moroni I, Mora M, Pasanisi MB, Pocino 

K, Le Pera L, D'Amico D, Travaglini L, Ria F, Bruno C, Locatelli D, Bertini ES, Morandi LO, 

Mercuri E, Di Marcotullio L*, Tiziano FD*. SMA-miRs (miR-181a-5p, -324-5p, and -451a) 

are overexpressed in spinal muscular atrophy skeletal muscle and serum samples. Elife. 2021 

Sep 20;10:e68054. doi: 10.7554/eLife.68054.  

IF: 8.140 

 

Zárate AM, Espinosa-Bustos C, Guerrero S, Fierro A, Oyarzún-Ampuero F, Quest AFG, Di 

Marcotullio L, Loricchio E, Caimano M, Calcaterra A, González-Quiroz M, Aguirre A, 

Meléndez J, Salas CO. A New Smoothened Antagonist Bearing the Purine Scaffold Shows 

Antitumour Activity In Vitro and In Vivo. Int J Mol Sci. 2021 Aug 4;22(16):8372. doi: 

10.3390/ijms22168372. IF: 5.923  

 

Bufalieri F, Basili I, Di Marcotullio L*, Infante P*. Harnessing the Activation of RIG-I Like 

Receptors to Inhibit Glioblastoma Tumorigenesis. Front Mol Neurosci. 2021 Jul 8;14:710171. 

doi: 10.3389/fnmol.2021.710171.  

IF: 5.639 

  

Caimano M, Lospinoso Severini L, Loricchio E, Infante P, Di Marcotullio L. Drug Delivery 

Systems for Hedgehog Inhibitors in the Treatment of SHH-Medulloblastoma. Front Chem. 

2021 Jun 7;9:688108. doi: 10.3389/fchem.2021.688108.  

IF: 5.221 

 

Bonandi E, Mori M, Infante P, Basili I, Di Marcotullio L, Calcaterra A, Catti F, Botta B, 

Passarella D. Design and Synthesis of New Withaferin A Inspired Hedgehog Pathway 

Inhibitors.  Chemistry. 2021 Jun 4;27(32):8350-8357. doi: 10.1002/chem.202100315.  

IF: 5.236 
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DEVELOPMENT OF A COMBINATION STRATEGY BASED ON ER AND OXIDATIVE 

STRESS IN ACUTE MYELOID LEUKEMIA 

 

FRANCESCO FAZI 
RESEARCH AREA: MOLECULAR GENETICS OF EUKARYOTIC 

 

Department of Anatomical, Histological, Forensic & Orthopaedic Sciences 

 francesco.fazi@uniroma1.it 

 

AML is a very heterogeneous disease caused by different genetic aberrations. These result in 

the expression of fusion or mutant proteins that in all cases cause impaired differentiation and 

enhanced proliferation and survival of hematopoietic progenitors. At present, the only highly 

effective molecular targeted therapy for AML is based on all-trans retinoic acid (RA) and 

chemotherapy and/or arsenic trioxide (ATO) in acute promyelocytic leukemia (APL), which 

express the promyelocytic leukemia (PML)–retinoic acid receptor α (RARα) fusion protein. We 

have previously shown that APL cell lines and primary leukemic blasts induced to 

differentiate by RA become highly sensitive to small amounts of ER stress inducing drugs, not 

detrimental for the same cells in the absence of RA1. Furthermore, the same cells resulted 

even more sensitive to a combination of RA, ER stress inducers and ATO because of 

generation of oxidative stress. Importantly the same treatments resulted not toxic on 

hematopoietic progenitors obtained from healthy bone marrows. We also observed that ER 

stress in combination with RA caused increased amounts of disulphide-bound high molecular 

weight aggregates of PML-RARα and PML, exacerbating the alteration of cellular proteostasis 

already generated by induction of ER and oxidative stress. This observation provided the 

rationale to translate the findings we obtained in APL to other types of AML characterized by 

fusion or mutant proteins. The presence of mutant proteins that are easily prone to 

aggregation or mis-folding, because of their mutant structure or because of mis-localization, 

could render the cells sensitive to levels of ER and oxidative stress that could be recovered in 

their absence. 

Indeed, in the first phases of this project we demonstrated that generation of proteotoxic 

stress, obtained by the combination of ER stress, induced by the N-glycosylation inhibitor 

Tunicamycin (T), oxidative stress, induced by Arsenic Trioxide (A), in the presence of the 

differentiating agent Retinoic Acid (R), is effective in inducing cell death of AML cell lines and 

primary human AML blasts bearing the mutation ITD (Internal Tandem Duplication) of the 

tyrosine kinase receptor FLT-3 or MLL fusion proteins. We further showed that cell death 

induced by the combination RTA is mostly due to generation of oxidative stress2. We next 

focused on substituting the ER stress inducer T with a drug already in use in clinical practice, 

as R and A are, to increase the translational potential of this therapeutic strategy and we set 

on the proteasome inhibitor Bortezomib. The data we obtained show that the combination of 

Retinoic acid, Bortezomib and Arsenic trioxide (RBA) is even more efficient than the 

combination RTA in causing cell death of FLT3-ITD+ AML cell lines.  

We screened various AML cell lines expressing different oncogenic fusion proteins to assess 

their sensitivity to the combination RBA (Fig. 1a and b). The cell lines MV-4-11 and MOLM-

13, both expressing FLT3-ITD, resulted very sensitive to the synergic effect of the 

combination, which the most important feature of the treatment we are setting up.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 1- The combination RBA exerts a synergic toxic effect on FLT3-ITD+ AML cells. (A) 

NB4, HL60, OCI-2 and OCI-3 cell lines were treated for 72 hours with 1.5nM (B1) or 2.5nM (B2) with or 

without 10nM RA (R) and 500nM ATO (A). The cells were then analyzed for propidium iodide (PI) 

uptake to evaluate cell death (n=2 ± SEM). C indicates control, vehicle-treated cells. (B) MV-4-11 and 

MOLM-13 cells were treated for 72hrs with 10nM RA (R), 1.5 and 2.25 respectively of Btz (B) and 

500nM ATO alone or in combination as indicated. The cells were then analyzed like in A (n=6 ± SEM, 

statistical analysis one way ANOVA).  

 

We previously demonstrated that the combination RTA induces the Unfolded Protein 

Response (UPR) and the oxidative stress response in the AML cell lines ML-2 and MV-4-11 

and that is the association of these two kinds of stress that causes cell death2. The 

combination RBA, on the contrary, does not specifically induces the UPR but significantly 

alters ER folding capacity and morphology (Fig. 2a and b) and causes a strong oxidative stress 

response (Fig. 2, c, and d).  

Thus, our results indicate that the combination RBA induces a significant alteration of 

proteostasis leading to oxidative stress3, 4. Indeed, decreasing oxidative stress by the reducing 

agent N-acetyl-cysteine, partially rescued cell viability upon RBA treatment. 

(Fig. 2e). 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 2 - The combination RBA alters proteostasis and induces oxidative stress (A) Cells 

were treated as indicated in Fig1b for 24hrs and relative mRNA expression of the UPR target genes 

BiP, spliced-XBP1 and CHOP, was evaluated by qRT-PCR (n=3  SEM). (B)  24hrs after treatment MV-

4-11 cells were stained with antibodies for the ER resident chaperones calnexin (CNX) and carleticulin 

(CRT). (C)   24hrs after treatment of MV-4-11 the expression of the Nrf-2 target gene HMOX was 
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measured by qRT-PCR (n=3  SEM). Nrf-2 is the oxidative stress response master gene. (D) The 

amount of Reactive Oxygen Species (ROS) was measured in MV-4-11 cells by flow cytometry, upon 

staining with the ROS sensitive dye CM-H2DCF-DA. (E) MV-4-11 cells were treated as indicated for 

72hrs with or without the reducing agent N-acetylcysteine (NAC): cell death was measured by flow 

cytometry after propidium iodide (PI) staining (n=3  SEM). In all the experiments n indicates 

independent experiments and statistical significance was calculated by one way ANOVA analysis. 

 

We demonstrated that the triple combination of Retinoic Acid, Bortezomib and Arsenic 

trioxide (RBA) is highly effective in causing cell death of FLT3-ITD+ AML cell lines and of 

leukemic stem cells isolated from patients treated ex vivo. We also showed that cell death 

induced by the combined treatment RBA is due to perturbation of ER homeostasis and to 

generation of high levels of oxidative stress: ROS production results in a strong activation of 

the oxidative stress response but this is not enough to allow leukemic cell survival.  

In the past year we focused on evaluation of the efficacy of the combined treatment 

considering the sheltering environment of the bone marrow niche, finding that murine bone 

marrow stromal cells protect leukemic blasts from the toxic effects of the combination RBA in 

a co-culture system. Because of the main role played by oxidative stress in the efficacy of the 

combination RBA, we used high doses of ascorbic acid (vitC) as an adjuvant pro-oxidant to 

overcome the protection provided by stromal cells. Indeed, high doses of vitC have been tested 

in clinical trials as adjuvant for cancer treatment, with no evident side effects. Addition of 

ascorbic acid to the combination RBA rescued its efficacy on AML cell death also in co-culture 

with stromal cells, without affecting the stromal cells (Fig. 3a and not shown). Accordingly, 

the combination of RBA plus ascorbic acid significantly prolonged survival of an orthotopic 

mouse model of human leukemia, with no toxic effects in treated mice in terms of weight, 

behavior and histology of organs like liver, kidney and brain (Fig. 3b and not shown). 

Altogether our results open to a possible translational application of the combination RBA 

with ascorbic acid in FLT3-ITD+ AML treatment. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 - The combination RBA plus ascorbic acid overcomes the protective effects of bone 

marrow stromal cells (A) MOLM-13 cells were co-cultured in the same dish with the murine bone 

marrow stromal cell line MS-5 and treated as indicated for 72hrs. MOLM-13 cell death and cell density 

was evaluated by flow cytometry analysis after staining with propidium iodide (n=9  SEM). (B)  

MOLM-13 cells were injected in the tail of immunocompromised mice (NSG™, The Jackson Laboratory) 

to generate an orthotopic mouse model of human leukemia. Two days upon injection the mice were 

treated with the combination RBA plus ascorbic acid for 21 days (n=2 for a total of 9 control and 17 

treated mice). In all the experiments n indicates independent experiments and statistical significance 

was calculated by one way ANOVA analysis. 
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POLYMERS THAT CAUSE THE DEMENTIA FENIB 
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Serpins are the largest and most broadly distributed superfamily of protease 

inhibitors (Irving et al., 2000, Genome Res). Members of the serpin superfamily are 

found in all major branches of life, including prokaryotes and eukaryotes, and are 

characterised by more than 30% amino acid sequence homology with the archetypal 

serpin α1 antitrypsin, a secretory protein produced in the liver and delivered to the 

blood so it can reach the lungs to inhibit the protease neutrophil elastase (Gooptu 

and Lomas, 2009, Ann Rev Biochem). Amino acid substitutions in serpins result in 

pathologies collectively known as serpinopathies. These are protein conformational 

diseases characterised by polymerisation and intracellular deposition of mutant 

serpin variants within the endoplasmic reticulum (ER). The neurodegenerative 

pathology FENIB (familial encephalopathy with neuroserpin inclusion bodies) is an 

autosomal dominant serpinopathy caused by mutations in neuroserpin (NS) that 

cause polymer formation (Davis et al., 1999, Nature). Six different mutations have 

been described that promote NS polymerisation in FENIB patients: S49P, S52R,  

H338R,  G392E,  G392R  and L47P. Mutant NS was found to accumulate within 

neurons forming periodic acid-Schiff (PAS)- positive inclusion bodies, most abundant 

in the cerebral cortex but also present in other regions of the central nervous 

system (Davis et al., 1999, Am J Pathol), with disease symptoms ranging from 

dementia to epilepsy (Roussel BD et al., 2016, Epileptic Disord). The phenotypical 

and biochemical features of FENIB have been deduced from its clinical 

manifestations and from the post-mortem analysis of affected brains, and have been 

confirmed through the expression of mutant NS in diverse cellular systems 

(Miranda et al., 2004, J Biol Chem; Miranda et al., 2008, Hum Mol Genet; Roussel 

et al., 2013, Hum Mol Genet; Moriconi et al., 2015, FEBS J), in Drosophila 

melanogaster (Miranda et al., 2008, Hum Mol Genet) and in mice (Madani et al., 

2003, Mol Cell Neurosci; Galliciotti et al., 2007, Am J Pathol). Transgenic mice 

overexpressing S49P and S52R NS showed the formation of abundant 

intraneuronal inclusions, neuronal loss in the cerebral cortex and hippocampus and 

pathological phenotypes reminiscent of FENIB. Overexpression of human S49P, 

S52R, H338R and G392E NS in Drosophila melanogaster led to a decrease in 

locomotor activity, with decreasing mobility correlating to increased polymer 

content in the brain. In cellular models, polymer formation and its correlation with 

the disease phenotype was confirmed in transiently transfected COS-7 and stable 

inducible PC12 cell models of FENIB, where overexpression of each mutant variant 

led to intracellular accumulation of polymeric NS within the ER to a degree that 

was proportional to the severity of FENIB seen in patients. Despite these results, 

these cellular systems have failed to show clear signs of cell malfunction and death 

upon NS polymer accumulation, precluding a detailed investigation of the 

mechanisms underlying NS polymer toxicity. 



The lack of a toxic phenotype in cellular models of FENIB could  be due  to  the  

proliferative nature of the cell lines. To overcome this issue, we  have  developed  a  

neuronal  model  with stable overexpression of wild type (WT), G392E and delta NS, or 

control  green  fluorescent protein (GFP). Delta NS is a  mutant  variant  with  a  

premature  stop  codon  causing  the synthesis of truncated NS that cannot polymerise 

and, contrarily to polymers, activates the unfolded protein response (UPR) (Davies et 

al., 2009, J Biol Chem). We isolated mouse neural progenitor stem cells (NPSCs) from  

the  mouse  foetal  brain  cortex,  stably  transfected  them with the three NS variants 

and propagated them in vitro under chemically defined conditions, differentiating them 

to mature, non-dividing neurons for subsequent  experiments.  We  found that 

expression of polymerogenic NS led to the upregulation of several genes involved in the 

defence against oxidative stress (Guadagno et al., 2017, Neurobiol Dis), a cellular 

response to the imbalance between generation and disposal of  reactive  oxygen  species  

(ROS)  that  is present in neurodegenerative disorders  like  Alzheimer's,  Parkinson's  

and  Huntington's diseases and amyotrophic lateral sclerosis (Cobb and Cole, 2015, 

Neurobiol Dis). 

 

Serpin polymerisation may upset the redox balance in the ER, and this 

perturbation could affect the redox state of mitochondria through mitochondrial-ER 

contact sites (MERCs). Mitochondria are particularly important in the nervous 

system, where their function is essential to neuronal processes such as energy 

production, Ca2+ regulation, maintenance of plasma membrane potential, protein 

folding by chaperones, axonal and dendritic transport, and the release and re-

uptake of neurotransmitters at synapses, and they present a highly dynamic 

behaviour comprising mitochondrial fusion and fission events (Hoppins et al., 2007, 

Annu Rev Biochem; Zhang et al., 2007, FEBS Lett). We thus decided to investigate 

the state of the mitochondrial network in our cell lines by staining them with 

Mitotracker Red CMXRos ® (Mitotracker), a red fluorescent dye that labels 

mitochondria in living cells using their membrane potential. We defined three 

categories of mitochondrial distribution: i) network: mitochondria homogeneously 

distributed as a filamentous network throughout the cytoplasm; 

ii) perinuclear: mitochondria that appeared clustered in the neuronal soma, 

generally next to the nucleus; and iii) fragmented: mitochondria appeared as small, 

rounded and located close to the nucleus. In basal conditions, GFP, WT and delta NS 

expressing cells mostly showed the network distribution, indicative of healthy 

mitochondria. Cells expressing G392E NS showed a higher proportion of altered 

mitochondria (perinuclear + fragmented, nearly 40%). This toxic phenotype was due 

to polymer accumulation within the ER rather than to the presence of polymers in 

the culture medium, since no mitochondrial alterations where found in control GFP 

neurons treated with culture medium conditioned by G392E NS cells. To better 

understand these alterations, we performed pharmacological inhibition and 

enhancement of the cellular defences against oxidative stress. Glutathione (GSH) is 

an important antioxidant metabolite that prevents cell damage caused by the 

presence of ROS, lipid oxidases and free radicals, and is involved in the mechanism 

of action of many enzymes that were overexpressed in our G392E NS expressing cells 

(Guadagno et al., 2017, Neurobiol Dis). We depleted GSH with DEM (diethyl 

maleate, 50 µM) and assessed their mitochondrial network with Mitotracker. Cells 

overexpressing GFP, WT and delta NS showed limited alterations in mitochondrial 

morphology after DEM treatment, while G392E NS cells showed a significant 

increase in fragmented mitochondria. For the antioxidant treatments, we used 

melatonin, a pineal gland neurohormone that mediates photoperiodicity in 

mammals and is a well characterised antioxidant, and alpha-tocopherol, a vitamin 
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that functions as a lipid-soluble antioxidant protecting cell membranes from 

oxidative damage.  

 

We performed dose-response assays on WT and G392E NS cells, treating them for 24 and 

48 h, and stablished 10 µM for 48 h as the optimal treatment in both cases. Cells expressing 

GFP, WT and delta NS showed a mild improvement in mitochondrial distribution, while 

G392E NS cells showed a reduction of the perinuclear phenotype to values similar to control 

cells. 

 

To gain functional insight we used the fluorescent probe JC-1, which reports on the state of 

the inner mitochondrial membrane potential and can be an earlier marker of mitochondrial 

dysfunction. We found a significant decrease in JC-1 transport into the mitochondrial matrix 

in G392E NS neurons, indicative of a reduced potential of their inner mitochondrial 

membrane. This result led us to investigate mitochondrial metabolism in our neuronal lines 

by measuring several parameters related to respiration in a Seahorse platform through a 

collaboration with Prof. Michael Duchen at UCL (London, UK). Analysis of the oxygen 

consumption rates under different experimental conditions showed no significant differences 

between the four cell lines, probably due to the mixed character of our differentiated cultures, 

which contain glial as well as neuronal cells, but also suggesting that mitochondrial function 

is not excessively altered in G392E NS neurons, in agreement with the lack of neuronal death 

observed for these cells under basal conditions. 

 

We also evaluated the extent of MERCs in WT and G392E NS neurons. Our results showed a 

decrease in the area of contact between the two organelles in G392E NS neurons when 

assessed by high resolution confocal microscopy, performed in collaboration with Dr. Giovanna 

Galliciotti at University Medical Center Hamburg-Eppendorf (Germany). Furthermore, by 

western blot analysis of WT and G392E NS cells, we confirmed a decrease in several 

membrane proteins (VDAC, Sigma1 receptor and IP3 receptor) that take part in the 

interaction between the ER and mitochondria. A similar phenotype has been observed in cells 

expressing a mutant α-synuclein variant found in patients with familial Parkinson’s disease 

(Cali et al., 2012, J Biol Chem). 

 

Misfolded protein accumulation within the ER leads to activation of the UPR, a stress 

signalling pathway from the ER to the nucleus. NS polymers, contrary to most forms of 

protein aggregation, do not activate this pathway in the cell models studied so far. Since our 

system represents the first neuronal cell culture model for FENIB, we evaluated UPR 

activation using an ATF6 luciferase reporter, eIF2α phosphorylation and XBP1 expression, as 

well as chaperon levels by western blot. We found no indications of UPR in G392E cells, 

confirming previous findings in non-neuronal cells (Davies et al., 2009, J Biol Chem). In 

contrast, we found a clear activation of NFkB in G392E neurons by means of a specific 

luciferase reporter, in agreement with previous studies showing this feature as part of the ER 

overload response (Davies et al., 2009, J Biol Chem). 

 

As part of our research on serpin polymers and using approaches that are complementary to 

our NS studies, we also  investigate  the  polymerisation  of  the  archetypical  serpin  α1 

antitrypsin (AAT), in collaboration with  Prof.  David  Lomas  and  his  group  at  UCL  

(London, UK). Our contribution in these studies includes the production of conformation-

specific and functional monoclonal antibodies, which has recently led to the characterisation of 

two novel reagents: an antibody able to interfere with the inhibitory activity  of  AAT  against  

several cognate proteases (elastase, chymotrypsin and proteinase 3), and an  antibody  that  

does  not bind the main polymerogenic variant of AAT, which we have used to demonstrate the 

presence of heteropolymers formed by wild type and mutant AAT in the liver and blood of 

heterozygous patients of AAT deficiency. 
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Hepatitis C virus (HCV) causes mixed cryoglobulinemia (MC) and non-Hodgkin lymphoma 

(NHLs) by driving monoclonal expansion of B cells expressing stereotyped (quasi-identical) 

polyreactive IgM BCRs, often using the VH1-69 gene, endowed with both rheumatoid factor 

(RF) and anti-HCV specificity. These cells are characterized by a CD21lowCD11cpos 

phenotype and by impaired responsiveness of BCR and TLR9. Dependence of these 

lymphoproliferative disorders (LPDs) from the viral chronic infection provided by HCV has 

been postulated based on the regression of these diseases after virus eradication, but the 

inciting viral antigen, responsible for B cell stimulation, has not yet been identified. The 

advent of direct acting antivirals (DAA) able to eradicate HCV in less than one month has 

completely changed the natural history of HCV-associated LPDs and it is likely that in a not 

too far future this infection will be eliminated. Now we assist to a widespread virus 

eradication associated with high efficacy in the cure of extrahepatic manifestations as MC and 

NHLs. Nonetheless both situations seem not to be completely defeated as relapses of MC 

vasculitis and partial or non-response of NHL have been described by other and our group 

(Visentini M. Rheumatology 2018; Arcaini L. et al. Blood 2016, Frigeni M. et al Leukemia 

2019).  

This project was financed with the aim to identify molecular and cellular characteristics of B 

cells clonally expanded in MC and in NHL able to predict the response to virus eradication 

and/or to shed light in the pathogenic mechanisms involved in disease relapse and non-

response.   

We characterized, at the molecular level, the B-cell receptor (BCR) of monoclonal B cells from 

patients with HCV- LPDs to correlate signatures of BCR stereotypy and homology with RFs or 

anti-HCV E2 antibodies with the response of LPDs to antiviral therapy. We found that 

immunoglobulin light chains were enriched in sequences homologous to anti- HCV E2 

antibodies compared with heavy chains and that anti-HCV E2 homology was uniquely 

associated with a stereotyped CDR3 sequence encoded by IGKV3-20/3D-20 gene(s) accounting 

for more than half of BCRs. These data suggest that a stereotyped KCDR3 may predominantly 

shape anti-HCV specificity of BCRs, possibly providing a signature that may help identifying 

bona fide HCV-dependent LPDs.  

Together with the group of L. Arcaini we explored the mutational profile of 27 HCV-positive 

patients affected with low grade lymphoproliferative disorders by means of an extensive 

targeted NGS genes panel. The most frequently mutated genes were TNFAIP3 (28%), KMT2C 



 
 

 

 

(20%), FAT4 (20%), TBL1XR1 (20%), FAT1 (16%), CARD11 (12%), KLF2 (12%), KLHL6 (12%), 

PTPRD (12%). The V3D-20 and V3-15 subsets of stereotyped light chain KCDR3 were 

enriched in mutations involving chromatin organization, NF-kB, BCR and NOTCH signaling 

pathways compared to the patients with non-stereotyped KCDR3s, highlighting the potential 

relationship between specific B-cell receptor configurations and genetic lesions. Moreover, 

reinforcing previous findings, patients with stereotyped KCDR3s experienced a higher number 

of hematological responses to antiviral therapy (Figure 1). 

 

 
Figure 1. 

Circos plots representing the relative frequencies and pairwise co-occurrence of the involved pathways 

and IGLV rearrangements according to light chains CDR3 sequences 

 

Circulating B cell clones were analyzed before and after virus eradication with DAA and we 

found that they persist in peripheral blood from patients for a long time after clearance of the 

virus and have defined these cells as “dormant” cells that may be reactivated by events, as 

infections or onset of cancer that perturb B-cell homeostasis and can give rise to the relapse of 

cryoglobulinemic vasculitis (Visentini M. et al Liver International 2019). With the intent to 

investigate whether autoreactivity may support survival of RF-specific B cells in HCV-cured 

MC patients, we showed that co-stimulation with CpG and autoantigen, in the form of 
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surrogate IgG immune complexes (ICs), induces proliferation of RF-specific clonal B cells 

persisting in HCV-cured MC patients, suggesting that circulating ICs and microbial or cell-

derived nucleic acids may cooperate to support the survival of these pathogenic B cells in the 

absence of virus (revised manuscript in preparation: “Autoantigen and CpG DNA unite to 

foster survival of rheumatoid factor-specific pathogenic B cells in mixed cryoglobulinemia after 

the cure of HCV infection”; Figure 2).  

 

       

                                         

 
Figure 2. A model for clonal B-cell expansion in MC through activation by either HCV or immune 

complexes. Naïve B cells expressing peculiar B cell receptors (BCR) cross-reactive with HCV and with 

IgG (in the form of immune complexes, IC) are not activatable by the weak signal provided by binding of 

IC to the BCR; by contrast, the strong signal provided by HCV activate these cells and drive their clonal 

expansion leading to MC vasculitis. Once HCV is cleared by antiviral therapy and strong signaling 

ceases, activated B cells can respond to the weak signal provided by IC. Thus IC, when scarce can 

support low-grade proliferation and survival of the clone, while when abundant can promote clonal 

expansion and relapse of MC vasculitis. 

 

Now, we are analyzing the specific composition of the pathological B-cell clone in terms by 

measuring the relative frequencies of the different B cell subclones in the context of the same 

IGHV rearrangement. Features of intraclonal diversification were observed in all cases 

analyzed (19 patients), in keeping with the germinal-center/post-germinal center origin of 

HCV-driven LPDs.   

Moreover, by comparing the composition of intraclonal diversification, as documented in pre-

DAA vs. post-DAA samples, 60% of the cases showed changes ≥10% in the relative percentage 

of one or more subclones, mostly involving IGHV1-2 and IGHV1-69 rearrangements. This 

indicates that, after viral eradication other (auto)antigens might drive clonal persistence 

favoring ongoing mutations responsible for intraclonal diversification (manuscript in 

preparation).  

The results of this project have highlighted the role of B cell lymphoproliferative disorders 

beyond HCV infection. We shed light in the persistence of pathological B cell clone after viral 



 
 

 

 

eradication pointing to a fundamental role of autoantigens in terms of immune complexes that 

stimulate RF B cells that show recurrent mutations and express a distinctive BCR with 

KCDR3 signature.  
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