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Abstract 

Carbon nanotechnology has evolved into a truly interdisciplinary field, bridging material 

science with medicine. Fullerenes (C60) play a major role in this field and are currently 

explored for biomedical applications such as radiopharmaceuticals and contrast agents, gene 

delivery and as carriers for chemotherapeutics.   

Five fullerene derivatives (F1, F2, F3, F4 and F5), functionalized by 1,3-dipolar 

cycloaddition of azomethine ylides to the C60 cage, were studied in vitro for their toxicity in a 

number of cell types and with different assays.  

Cell cytotoxicity on human mammary carcinoma cell line (MCF7), evaluated with the MTT 

and NRU tests and further confirmed by a flow cytometry approach with DiOC6 and PI 

probes, showed that derivative F2 was free of necrotic or apoptotic effects even after a long 

lasting cell exposure. F3 (differing from F2 for an additional positive charge obtained by 

quaternarization of the pyrrolidinic nitrogen by introducing a methyl group) was more toxic 

compared to the other compounds in all cellular models employed (HCT116, MCF7, 

MCF7/ADR, HT-29, H460, B16F10 and MDAMB231). Its IC50 is 20 µM after 72 hr of 

incubation by MTT test, and cell accumulation in the G1 phase and arrest in G0 phase (30%) 

was also observed.  

The mechanism of cellular uptake (studied with a fluorescein-bearing derivative of F2, 

hereafter called derivative F2-FITC), and the intracellular distribution were analyzed on 

MCF7 cell line. The studies of F2 biological effects have shown that this compound is able to 

enter the treated cells, probably by passive diffusion, to distribute within the cell cytoplasm, 

without getting into the nucleoplasm or into organelles such as lysosomes and mitochondria; 

these processes were evaluated by flow cytometry and confirmed by confocal microscopy. 

Experiments were performed on a multidrug resistant human mammary carcinoma cell line 

MCF7/ADR, a sub-line resistant to Doxorubicin because of the overexpression of the P-



 

 

glycoprotein (P-gp) extrusion pump. The choice of these cells was based on our objective to 

conjugate the anticancer drug Doxorubicin to the fullerene vector in order to overcome 

adriamycin resistance. The F2 cellular uptake on MCF7/ADR and its maintenance of a 

constant concentration into cells seem to be insensitive to the presence of P-gp over-

expression. These data suggest the possibility for derivative F2 to be used as carrier for 

anticancer drugs. The experiments on conjugated F2-DOX were made above all to verify if 

the activity of the drug linked to the fullerene remained the same as the free drug. 

Furthermore we studied the cellular uptake of F2-DOX in both MCF7 and MCF/ADR lines. 

Cytotoxicity tests have shown that F2-DOX has an irrelevant activity compared to free drug 

because Doxorubicin cannot get into the nucleus to perform its activity as it remains linked to 

F2. Nevertheless, the internalization of F2-DOX is higher in MCF7/ADR compared to the 

free drug. Fluorescent microscopy technique suggested that the F2-DOX inactivity might be 

associated with the stability of the bond between the carrier and the drug, which is not 

released and so is localized in the cytosol, as we have also observed for F2. 

Since many studies showed contradictory results and the molecular and cellular mechanisms 

of the cytotoxicity of this class of nanomaterials are not yet fully understood we performed a 

whole genome expression analysis, by high throughput RNA sequencing, using Illumina 

technologies. All together, the RNA-seq expression data confirmed the experimental evidence 

collected with previous in vitro studies showing that F3 is definitely the derivative causing 

more alterations on MCF7 cells on both the molecular and the cellular levels. However, also 

F2 is capable of affecting the same molecular pathways, although to a much lower intensity, 

since neither cytotoxic effects nor cell cycle arrest could be documented. The most important, 

and somewhat unexpected, result of our analysis was certainly the lack of molecular evidence 

concerning the activation of the main cellular pathways leading to cell death and often linked 

to fullerene toxicity in literature. In fact apoptosis, autophagy and ROS damage does not seem 



 

 

to be included among the most relevant molecular effects of F3, which on the contrary are 

mainly linked to the arrest of the transcription and protein synthesis machineries, leading to 

the entry in the G0 cell cycle phase. 

The RNA-seq analysis was able to identify several additional effects of fullerenes which had 

not been previously described, offering a complete overview of the gene expression 

alterations induced by these compounds on a whole-transcriptome level. Therefore the 

combination of large scale molecular analysis and the main viability assays might represent a 

valuable tool for a better understanding of the toxicity of fullerenes and other nanomaterials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Riassunto 

L’impiego di nanostrutture di carbonio, come i fullereni, in campo biomedico è di forte 

interesse, sia per le sue possibili applicazioni terapeutiche che diagnostiche. Un potenziale 

vantaggio di questi composti è la possibilità di essere strutturati per essere facilmente 

internalizzati dalle cellule e grazie alla loro ampia area superficiale e volume interno possono 

agire come sistemi di drug delivery per il trasporto di farmaci. 

Cinque fullereni funzionalizzati (F1, F2, F3, F4 e F5) sono stati studiati in vitro per la loro 

tossicità in un certo numero di linee cellulari e con dosaggi e tempi di incubazione diversi con 

l’obiettivo di valutare se gli effetti tossici o meno di questi composti possano variare a 

seconda dalla linea cellulare utilizzata. I modelli di studio utilizzati sono linee cellulari 

neoplastiche di carcinoma mammario umano (MCF7, MCF7/ADR e MDAMB231), di 

adenocarcinoma umano di colon (HT-29 e HCT116), di adenocarcinoma polmonare umano 

non a piccole cellule (H460) e di melanoma murino (B16F10). Gli studi di citotossicità hanno 

permesso di individuare un fullerene che presenta una limitata tossicità (F2)  con il quale sono 

state eseguite prove citofluorimetriche sulla linea MCF7 che hanno dimostrato come sia in 

grado di attraversare le membrane plasmatiche e di accumularsi nelle cellule già dopo un’ora, 

aumentando in quantità fino a 12 ore. L’analisi è stata condotta fino alle 72 ore, tempo in cui 

il valore di fluorescenza del fullerene sembra rimanere stabile. Mediante microscopia a 

fluorescenza, sono stati condotti studi di distribuzione sub-cellulare, dai quali è emerso che F2 

non colocalizza né a livello mitocondriale nè lisosomiale; quest’ultima evidenza lo renderebbe 

un vettore stabile per farmaci acido-labili. Inoltre, la mancata internalizzazione del fullerene a 

livello nucleare escluderebbe la possibilità di un danno diretto a carico del materiale genetico. 

In parallelo sono stati condotti i primi esperimenti sul coniugato F2-DOX ma le prove di 

citotossicità hanno indicato che il coniugato, nella linea MCF7 ed MCF7/ADR, ha attività 

irrilevante rispetto alla Doxorubicina libera. Tuttavia risulta che la Doxorubicina trasportata 



 

 

da F2 viene internalizzata maggiormente nella linea MCF7/ADR rispetto alla linea MCF7, 

contrariamente a quanto avviene con il farmaco libero. È possibile quindi affermare che F2 si 

potrebbe dimostrare un valido vettore per eludere il problema della multidrug resistence nei 

confronti di farmaci antitumorali causata dall’attività estrusiva della pompa P-gp. L’ostacolo 

da superare rimane quindi la scelta del farmaco da coniugare visto che questo ipotetico vettore 

non entra nel nucleo (e che quindi la Doxorubicina e altri antitumorali ad azione nucleare non 

potrebbero svolgere le proprie funzioni) nelle linee studiate. In alternativa si potrebbe pensare 

di legare il farmaco al fullerene attraverso un legame più debole in modo da facilitarne il 

rilascio citosolico. 

Dal momento che molti studi di tossicità hanno mostrato risultati contraddittori ed i 

meccanismi molecolari di questa classe di nanomateriali non sono ancora pienamente 

compresi abbiamo effettuato un’analisi dell’intero trascrittoma sfruttando la tecnologia 

Illumina. I dati ottenuti mediante l’utilizzo di questa tecnica di next generation sequencing 

(RNA-Seq) hanno confermato l'evidenza sperimentale raccolta con i precedenti studi in vitro 

dimostrando che F3 è sicuramente il derivato che causa più alterazioni sulle MCF7, sia a 

livello molecolare che cellulare. Tuttavia è stato osservato che F2 è in grado di pregiudicare le 

stesse vie molecolari, anche se con un'intensità molto più bassa. Il risultato più importante, e 

inaspettato, emerso dalle nostre analisi è stato certamente la mancanza di prove molecolari 

riguardanti l'attivazione delle vie principali che portano alla morte cellulare e spesso legati 

alla tossicità fullerene, come descritto in letteratura. Apoptosi, autofagia o stress da 

produzione di ROS non sembrano essere inclusi tra gli effetti molecolari più rilevanti di F3, 

che al contrario sono principalmente legati all'arresto della trascrizione e alla sintesi proteica, 

fenomeni che conducono all’arresto della divisione e all'entrata in fase G0. 

L'analisi di RNA-seq è stata in grado di identificare diversi effetti addizionali dei fullereni che 

non erano state precedentemente descritti, offrendo una panoramica completa delle alterazioni 



 

 

di espressione genica indotte da questi composti sull’intero trascrittoma. Quindi la 

combinazione di analisi molecolari su larga scala e saggi di vitalità potrebbe rappresentare un 

valido strumento per una migliore comprensione della tossicità dei fullereni ed altri 

nanomateriali. 
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1.1 Nanomedicine 

Conventional drugs suffer from major limitations of adverse effects occurring as a result of 

non-specificity of drug action and lack of efficacy related to improper or ineffective dosage 

formulation (e.g., cancer chemotherapy). Designing of drugs with greater degree of target 

specificity improves efficacy and minimizes adverse effects. Highly sensitive diagnostic 

methods aid in early detection of the disease and provide better prognosis.  

Nanotechnology revolutionized various fields of medicine where nanoparticles of dimensions 

ranging between 1 - 100 nm are designed and used for diagnostics, therapeutics and as 

biomedical tools (Medina C. et al., 2007). Nanotechnology is being extensively applied to 

provide targeted drug therapy, diagnostics, tissue regeneration, cell culture, biosensors and 

other tools in the field of molecular biology (Surendiran A. et al., 2009). So now it is possible 

to provide therapy at molecular level with the help of these tools, thus treating the illness and, 

at the same time, assisting in studying the pathogenesis of the disease. Nanomedicine involves 

the use of nanotechnology for the benefit of human health and well-being, with the design and 

development of novel nanomaterials (Fig. 1.1) such as multifunctional liposomal 

nanoparticles, functionalized fullerenes, functionalized carbon nanotubes, iron oxide 

nanoparticles, polymeric micelles, dendrimers, nanoshells, and polymeric microspheres 

(Brettreich M. et al., 1998; Brettreich M. et al., 2000; Burghardt S. et al., 2005; Klumpp C. et 

al., 2006). Once engineered as drug delivery, reactive oxygen species (ROS) quenching, and 

targeted imaging systems (Riehemann K. et al., 2009), these novel nanomaterials are 

investigated to diagnose and treat major ailments such as cancer, heart, lung, and blood 

diseases (Larocque J. et al., 2009; Buxton D. B., 2009).  

However, considering that nanomedicine just started to develop, its risks and benefits are only 

hypothetically assessed at this stage. The lack of consolidated knowledge and of extensive 

literature do not allow a clear assessment of the risks-benefits associated to this new 
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technology; therefore understanding the properties of nanoparticles and their effect on the 

body is crucial before clinical use can occur. 

Two decades of nanotoxicology research has shown that the interactions between 

nanomaterials and cells, animals, humans and the environment are remarkably complex. 

Researchers are still trying to understand in detail how physical, chemical and other properties 

of nanomaterials influence these interactions, and thus determine the ultimate impact of 

nanomaterials on health. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Functionalized fullerenes are an important member of the rapidly emerging 
nanomaterials’ family. (Press to Partha R. et al., 2009) 
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1.2 Fullerenes: chemical properties and characteristics  

An important research area in nanomaterial science concerns carbon based materials, among 

which fullerenes take one of the first places. Since their first detection, they have gained a 

prime role on scientific scene, reaching the climax when 1996 Nobel Prize for Chemistry was 

awarded to Kroto, Curl and Smalley for their seminal discovery (Kroto H.W. et al., 1985). 

The Buckminster fullerene is the most common form of fullerene measuring about 7 Å in 

diameter with 60 carbon atoms, all equivalent, arranged in a shape known as truncated 

icosahedron (Kratschmer W. et al., 1990). The outer and inner diameters of π electron cloud 

can be estimated as 0.34 nm and 0.35 nm respectively, and bond energy per atom is 7.40 eV 

(Saito S et al., 1991; Banks MR et al., 1993; Lichtenberger D. L. et al., 1991).  

It resembles a soccer ball with 20 hexagons and 12 pentagons and it is highly symmetrical 

(Taylor R. et al., 1990). Graphite and diamond crystallize within 32 crystallization groups 

whereas C60, crystallizing around a point, forms crystals, which are, from a symmetrical point 

of view, on the higher level of organization. In order to obtain this structure, a 5-fold axis has 

to be formed. This symmetry axis has not been known in crystallography before. Pure 

fullerenes are black crystals and powder. [60]Fullerene is practically insoluble in water and 

proton-acceptor solvents. It is soluble in halogen and alkyl-substituted benzene (1,2-

dichlorobenzene 27mg/ml). When dispersed in water, C60 forms aggregates giving stable 

suspensions (Li H. et al., 2006; Forter J. D. et al., 2005; Brant J. et al., 2005). Several 

fundamental properties of fullerene, such as extremely high hydrophobicity, high cohesive 

force between fullerene molecules, photoactivity (Deguchi S. et al., 2000), ability to accept 

electrons (Guldi D. M. et al., 2000), and relatively high reactivity (Martin N. et al., 1998), 

allow its structural modifications. Indeed the low solubility of C60 in polar solvent can be 

significantly increased modifying its surface with a number of hydrophilic functional groups 

(Prato M. et al., 1998). Fullerene covalent modification is in a very advanced and established 
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phase since a large number of well-known methods have been explored and are routinely 

used, yielding highly stable derivatives (Hirsch A. et al., 2005; Montellano A. et al., 2011). 

These modifications result is a powerful tool to increase fullerene solubility and to partially 

avoid aggregation. In this manner it is possible to introduce many polar appendages typically 

containing amino, hydroxyl and carboxylic functionalities for further modification. Among 

the different existing possibilities, the 1,3-dipolar cycloaddition of azomethine ylides easily 

allows to control the functionalization of C60, in relation to both number and position of the 

functionalization, differently from fullerenol synthesis (Maggini M. et al., 1993). The 

production of well-defined, stable and characterized derivatives, which retain the original 

properties of the pristine fullerene, is highly desirable; with this approach a defined fullerene 

derivative could be prepared, improving the solubility and allowing for further derivatization 

with desired compounds. 

Most of the synthetic efforts have been devoted to the preparation of monoadducts, while 

multiadditions have been generally disregarded. This is certainly due to the complexity of the 

final multiadduct system as there are numerous positions in which additions can occur: 30 

electron-deficient double bonds are potentially reactive sites affording 8 and 46 possible 

regioisomers for symmetrical bis- and tris-addition, respectively, only considering the [3+2] 

cycloaddition and the reactivity at the 6,6 junctions. When pure isomers are desired, hard and 

time-consuming purification procedures need to be systematically applied to isolate the 

simplest conjugates(i.e. bis-, tris- and hexakisadducts) (Marchesan S. et al., 2005; Kordatos 

K. et al., 2001; Schick G. et al., 1999; Pasimeni L. et al., 1997). In order to simplify the 

complex mixtures of C60-multiple adducts, ingenious approaches have been explored, 

including the tether-directed strategy, introduced some years ago by Diederich and co-

workers (Isaacs L. et al., 1994). Since then, interesting approaches to achieve multiaddition 

have been developed and a current list of fullerene derivatives covers practically all known 
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classes of chemical compounds, demonstrating both high chemical activity and a broad 

versatility of chemical reactions (Kraszewska, P. et al., 2010; Thilgen C. et al., 2006; 

Diederich F. et al., 1999; Reuther U. et al., 2002). This outstanding chemical appearance 

generates great interest for its practical applications in creating novel materials for medical 

use. 
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1.3 Fullerenes: Biological activities and toxicity 

Fullerenes have attracted considerable research interest not only for the intrinsic interest in 

their unique structures but also because once suitably dissolved, they have displayed a diverse 

range of biological activity. In particular, the discovery that water-soluble fullerene 

derivatives can cross cell membranes has accelerated interest in biological applications of C60 

(Foley S. et al., 2002). The demonstration that the water-soluble fullerene derivative is able to 

cross the cell membrane could be paralleled with the structural analogy between the fullerene 

cage and that of the clathrin-coated vesicles (Shraiman B.I. et al., 1997). Other research 

groups believe that the mechanism of fullerene internalization is given by passive crossing of 

cellular membranes (Lucafò M. et al., 2012). It was identified that small fullerene clusters (< 

10 molecules) were able to localize within the membrane lipid bilayer, where they 

disaggregated, that this process was passive and spontaneous, and that even at high 

concentrations, no mechanical damage to the membrane was observed (Wong-Ekkabut et al., 

2008). 

Many fullerene-based compounds with different biological targets have been synthesized, 

displaying a range of biological activities potentially useful in anticancer or antimicrobial 

therapy, cytoprotection, enzyme inhibition, controlled drug delivery and contrast- or 

radioactivity-based diagnostic imaging (Bosi S. et al., 2003; Satoh M. et al., 2006). 

The lipophilicity of the sphere can be helpful for interactions with the active site of various 

enzymes; C60 and its derivatives have potential antiviral activity, which has strong 

implications on the treatment of HIV-infection. The antiviral activity of fullerene derivatives 

is based on several properties including their unique molecular architecture and antioxidant 

activity. It has been shown that the derivatives can inhibit and make complex with HIV 

protease (HIV-P) (Friedman S. H. et al., 1993; Sijbesma R. et al., 1993). Friedman et al. have 

demonstrated that the compound 1 (Fig. 1.2) inhibits HIV protease and it is also active against 
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HIV-infected cells in vitro (Friedman S. H. et al., 1993). This derivative was reported to have 

no cytotoxicity, and therefore, could be an excellent choice as an anti-HIV agent. 

 

 

 

 

 

 

Fig. 1.2 Fullerene derivative with inhibitory activity against HIV protease. 

Fulleropyrrolidines with two ammonium groups have been found active against HIV-1 and 

HIV-2 (Marchesan S. et al., 2005). The relative positions of the functionalization on the 

carbon cage have a strong influence on antiviral activity. Fullerenes bearing two or more 

solubilizing chains are also been active, when tested in lymphocyte CEM cell cultures 

infected with HIV-1 and HIV-2 (Bosi S. et al., 2003).  

The spatial hydrophobic relationship between C60 and the cavity regions of HIV-protease, 

which is a homodimeric enzyme that belongs to the class of aspartic proteases, was 

investigated (Zhu Z. et al., 2003). The study is based on simulations of molecular dynamics, 

free energy techniques and simulations of the effect of C60 on water content of the cavity.  

The synthesis and characterization of fullerene derivatives as inhibitors of HIV aspartic 

protease enzyme holds great potential for the development of novel anti HIV drug (Marcorin 

et al., 2000). The active region of HIV protease is a hydrophobic cavity (diameter ~10 Å), 

which contains two amino acid residues, aspartate 25 and aspartate 125, whose binding causes 

suppression of protein slicing and inhibits viral replication. The possibilities to form 

electrostatic and/or hydrogen bond interactions between properly functionalized fullerenes 

and Asp 25 and Asp 125 would inhibit the enzyme activity. 
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Another potential medical application of C60 is related to its photoexcitability. In fact, 

fullerene can be excited from ground state to singlet state by photoirradiation, and the singlet 

state rapidly converts into triplet state, by intersystem crossing. In presence of molecular 

oxygen, the 3C60
* can decay to ground state, transferring its energy to O2, generating singlet 

oxygen 1O2, known to be a highly cytotoxic specie. In addition, the high-energy species are 

excellent acceptors and in the presence of a donor can undergo a different process, being 

easily reduced to C60
•- by electron transfer. In the presence of oxygen, the fullerene radical 

anion can lead to the production of superoxide anion radical O2
•- and hydroxyl radical •OH 

(Yamakoshi Y. et al., 2003). 

This property renders fullerenes potential photosensitizers for their use in photodynamic 

therapy (PDT). Mroz et al. (2007) investigated the photodynamic activity of some derivatives 

bearing hydrophilic and cationic groups in a range of mouse cancer cell lines. They found that 

monocationic fullerene is highly effective photosensitizer for killing cancer cells by rapid 

induction of apoptosis after illumination. 

Fullerenes are also used for cytoprotective action against UVA irradiation (Xiao L. et al., 

2006). The ultraviolet A radiation (320–400 nm) generates reactive oxygen species, which 

have a biological effect on human skin cells, leading to cell damage or cell death. Once again 

the radical scavenging nature of a water soluble fullerene derivative namely Radical Sponge® 

(C60 with poly(vinylpyrrolidone)) was utilised to protect human or mammalian cells against 

oxidative stress, through catalytic dismutation of superoxide. The ability of Radical Sponge® 

to enter into depth of human skin epidermis, due to its stability towards oxidative 

decomposition, makes it more reliable than Vitamin C and enables the prevention of both UV 

skin-injuries and skin aging, without photosensitization and cytotoxicity. 

Water soluble fullerenes namely fullerenols and/or malonic acid derivatives have attracted 

great attention in the field of neurosciences. The brain contains a number of different 
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unsaturated fatty acids, underlies aerobic metabolism, and has limited ability to regenerate 

damaged tissues. These characteristics render it a very sensitive organ towards oxidative 

damage caused by free radicals and reactive species as O2
•-, •OH and H2O2 (Halliwell B. et al., 

1992). Fullerene derivatives have the ability to inhibit the chain reaction of lipid peroxidation 

by scavenging intermediate peroxyl radicals, stopping them from attacking adjacent fatty acid 

chains or membrane proteins, which would lead to glutamate-receptor-mediated excitotoxicity 

and apoptotic cell death. In cell culture experiments, tris(malonic)acid C60 derivative rescued 

cortical neurons from a broad range of insults and, furthermore, was found to show robust 

neuroprotection in a number of other cell models of neurological diseases, including 

Parkinson’s disease (Dugan L. et al., 1997). 

Antiproliferative activity of various water-soluble fullerene derivatives has been evaluated 

using panels of human cancer cell lines; in particular fulleropyrrolidinium derivatives have 

antiproliferative activity, with IC50 values comparable to those of cisplatin and other active 

anticancer drugs (Mashino T. et al., 2003).  

The mechanism of fullerene derivatives has been investigated in human promyeloleukemia 

(HL-60) cells. Exposure of HL-60 cells to various concentrations of compound 2 (Fig. 1.3) 

results in a dose-dependent decrease in cell viability.  

 

 

 

 

Fig. 1.3 Structure of fullerene derivative 2 

 

The IC50 value is approximately 10 µM, and all cells die after exposure to higher 

concentration (50 µM). From the analysis of the cell cycle it emerged that fullerene leads to 
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apoptosis, as indicated by the appearance of the sub G1 phase. Appearance of DNA 

fragmentation and nuclear chromatin condensation is also observed. Activation of caspase 

cascade and release of cytochrome c suggest that this compound induces apoptosis.  

To assess potential activity of water-soluble fullerenes as drugs, in vivo studies needed 

radiolabeled derivatives in order to obtain data on their absorption, distribution and excretion. 

Intravenous injection of 14C-labeled compound 3 (Fig. 1.4) in mice provided the first 

pharmacokinetic information on water-soluble fullerene. The compound quickly migrated 

through the body and accumulated mainly in the liver (73 - 92% of the total activity was 

found after 1-16 h). Significantly smaller presence (0.5 - 5%) was measured in other tissues 

and organs in the first 6 hr (Nakamura E. et al., 2003). 

 

 

 

Fig. 1.4 Schematic structure of monocarboxylic acid-C60 3. 

 

Recently, the biodistribution and the tumor uptake of 125I-C60(OH)x in 5 mice bearing tumor 

models were reported (Ji Z. Q. et al., 2006). 125I-C60(OH)x gradually accumulated in tumors 

with different efficiency depending on tumor type. For example it was accumulated in H22 

hepatocarcinoma and retained for quite a long period of time. This resulted from the enhanced 

permeability and retention effect and the phagocytosis exerted by mononuclear phagocytes. 

Studies on biodistribution of fullerenols indicate similar clearance pathways, tissue retention 

and distribution: that makes C60(OH)x and other fullerenol-like materials potential candidates 

as therapeutic agents for treating leukemia, bone tumors, or bone pain (Qingnuan L. et al., 

2002). 
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The studies on the potential antimicrobial effects of C60 have been developed after 

discovering that fullerenes can intercalate into the cellular membrane lipid bilayer thanks to 

its high hydrophobicity. In bacteria this inhibits the cell wall growth by inducing membrane 

stress. In addition, fullerenes bearing a cationic portion have shown to strongly interact with 

the negatively charged bacterial cell surface and thereby destruct the cell wall (Tang Y. J. et 

al., 2007). 

 

Endohedral metallofullerenes are another class of fullerene derivatives in which metal atoms 

are encapsulated inside the cage. The ability to design water-soluble derivatives of endohedral 

metallofullerenes has played a key role in utilizing these compounds for medical applications. 

Analogous to a liposome protecting its encapsulated drug, the fullerene cage in a 

metallofullerene protects the metal inside against the unwarranted release of the metal itself. 

In this context, Gadolinium-encapsulated fullerenes have been proposed as contrast agents to 

enhance MRI quality (Bolskar R. D. et al., 2003) and ensure that the metal atoms are held 

within the cage even in case of applications that might require longer residency times. Tóth 

and colleagues were the first to report the nuclear magnetic relaxation profiles for two water-

soluble functionalized fullerenes, namely Gd@C60(OH)x and Gd@C60[C(COOH)2]10 (Tóth E. 

et al., 2005). They concluded that the strong pH dependency of the proton relaxivities made 

these functionalized fullerenes great candidates for MRI contrast agents with a stimulus based 

on pH. 

 

The rapid growth of nanotechnology in the past two decades has generated intense discussions 

on the safety and toxicity aspects of nanomaterials upon accidental exposure to humans and 

the environment itself. The need to address this aspect has strengthened since a large number 

of these nanomaterials have potential for usage in the new field of nanomedicine. Oberdörster 
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conducted a study that showed as a water suspension of uncoated fullerenes can cause 

oxidative stress in the brain and depletion of glutathione levels in juvenile largemouth bass 

species exposed to this (Oberdörster E. et al., 2004). This study was performed on non-

functionalized fullerene but, nevertheless, underlines the importance of conducting toxicity 

assays on functionalized fullerenes, which have potential for clinical use. In another 

preclinical study on acute oral administration of fullerenes in mammals (Sprague-Dawley 

rats), fullerenes were administered once orally to a single group of male and female at a dose 

level of 2,000 mg/kg. No deaths were observed and the body weights in all the exposed 

animals increased in a similar pattern to the control group. In this case, the authors concluded 

that fullerenes did neither induce acute oral toxicity nor in vitro genotoxicity (Jia G. et al., 

2005). Another report indicated that carbon based nanomaterials with different geometric 

structures (nanotubes versus fullerenes) exhibit quite different cytotoxicity and bioactivity in 

vitro, although they may not be accurately reflected in the comparative toxicity in vivo 

(Sayers C. M. et al., 2004). It is interesting to note that Colvin and colleagues hypothesized 

that sparingly soluble fullerenes will cause oxidative damage to cellular membranes even at 

relatively low concentrations, and that the resulting toxicity will diminish as the fullerene 

cage becomes more water soluble (Sayers C. M. et al., 2005). They subsequently reported that 

cytotoxic activity of C60 occurred through ROS-mediated cell membrane lipid peroxidation 

(Nielsen G. D. et al., 2008). This reiterates the importance of functionalized fullerenes with a 

high solubility in water.  

The toxicity of fullerene derivatives is clearly a contentious issues and there are several other 

studies and reviews which focus on both the absence and presence of toxicity on various 

compounds (Partha R. et al., 2009). The crucial aspect is not to interpret toxicity reports from 

various fullerene derivatives, concentrations, in vitro or in vivo models as a concluding 
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answer but, rather, to conduct specific toxicity assays based on the final envision application 

of the derivatives themselves. 

 

 

1.4 Functionalized Fullerenes as drug delivery vectors 

Several biomedical uses have been explored using water-soluble C60 derivatives. Fullerene 

nanocarriers can protect a drug from degradation by evading the reticuloendothelial system 

(RES) and, thus, a high blood circulation profile enables transport through biological barriers, 

increasing the availability of drug at the targeted intracellular compartments, reducing the 

toxicity and other side-effects associated with conventional drug delivery. In recent years, 

several types of nanocarriers loaded with multiple chemotherapeutic agents have been well 

characterized and have demonstrated to improve anticancer activity. However, the use of 

fullerenes for drug delivery is still at an early stage of development. The design and synthesis 

of multifunctionalized and multimodal C60 systems able to cross the cell membranes and 

efficiently deliver active molecules is an attracting challenge that involves multidisciplinary 

strategies and several groups have directed their efforts to the synthesis of appropriate 

fullerene derivatives able to bind and to intracellularly deliver drugs (Lu F. et al., 2009). 

The nanoscale dimensions of fullerene vectors may favor passive tumor targeting and 

accumulation in tumor masses simply because of the permissive vasculature due to the 

unusual organization of endothelial cells in tumor blood vessels (Fig. 1.5) (Chaudhuri P. et 

al., 2009; Partha R. et al., 2009).  
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Fig. 1.5 a) Represents the normal vasculature and, owing to presence of a tight junction, the 
fullerene drug conjugates are not able to extravasate. b) Depicts an enhanced accumulation of 
fullerene-drug conjugates in the tumor owing to the leaky tumor vasculature, leading to an 
enhanced permeability and retention effect. 
 
Moreover, this effect can be further enhanced in a specific way, i.e. binding to the nanocarrier 

agents able to recognize specific tumor targets. For example, the folate receptor (FR) is a 

promising target because of its over-expression in many malignant cells and the folic acid 

(FA) has been used widely as targeting molecule for the specific delivery of therapeutic 

molecules (Zhou W. et al., 2002). In a recent study, FA was linked to drug delivery system in 

order to obtain an active tumor targeting effect to a malignant tumor (PC3) in mice models 

(Shi J. et al., 2013).  The authors developed a tumor targeting delivery system consisting in a  

polyethylenediamine fullerene derivative (C60-PEI) loading FA and Docetaxel (C60-PEI-

FA/DTX) (Fig. 1.6). Its ability to target tumor cells or tissues was examined using folate 

receptor positive cells (PC3 cells) both in vitro (cellular uptake) and in vivo (tumor-bearing 

mice models). 

FULLERENE-DRUG 

conjugates 
FULLERENE-DRUG 

conjugates 
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Fig. 1.6 Scheme of C60-PEI-FA/DTX 

 

Compared with free DTX, the tumor targeting drug delivery could efficiently cross cell 

membranes, lead to a higher apoptotic effect and afford higher antitumor efficacy in cultured 

PC3 cells in vitro. Furthermore, compared to free DTX in an in vivo murine tumor model, 

C60-PEI-FA/DTX afforded higher antitumor efficacy without toxic effects to normal organs. 

In literature there are only few reports where fullerene derivatives have been used for the 

delivery of anticancer therapeutics (Ashcroft J. et al., 2006; Zakharian T. Y. et al., 2005). An 

amphiphilic fullerene (buckysome) was explored as vector for paclitaxel, one of the most 

promising drugs against cancer, and was found to be as effective as Abraxane, a commercially 

available albumin-bound nanoformulation of paclitaxel (Gautam A. et al., 2003; Partha, R. et 

al., 2008). Paclitaxel was covalently attached to the fullerene sphere via an ester bond, 

permitting the paclitaxel to retain its pharmacological activity. Indeed, the hydrolysis of the 
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ester function resulted in the consequent release of the drug. In recent study, were explored 

novel applications of polyhydroxylated fullerene in drug delivery (Chaudhuri P. et al., 2009). 

The fullerenols allowed the conjugation of high levels of the chemotherapeutic agent, 

doxorubicin (Dox), which is released in a sustained manner under conditions mimicking 

tumor pathophysiology. Furthermore, Chaudhuri et al. demonstrated that the susceptibility of 

tumor cells to nanoparticle-conjugated therapeutics depends on the rate of nanoparticle 

internalization, which can vary between cell types. Treatment with fullerenol doxorubicin 

(Ful-Dox) exerted an equi-efficacious antitumor outcome as compared to free doxorubicin, 

without the systemic toxicity associated with the latter. Additionally, they demonstrated that 

fullerenols can be adapted to deliver the slightly water-soluble cisplatin, which is a first line 

chemotherapeutic for many cancer types. 5-Fluorouracil (5-FU) is another widely used 

antitumor drug, however its bioavailability still needs to be improved. Zengpei et al. 

synthesized a polyethylene glycol monomethylether-C60–5FU conjugate (mPEG-C60–5FU) 

and evaluated its antitumor efficacy in vitro (Fig. 1.7) (Zengpei D. et al., 2012). The results 

showed that the inhibition abilities of mPEG-C60–5FU to the human breast cancer cell line 

MCF-7 and the human gastric carcinoma cell line BGC-823 are significantly higher than that 

of 5FU. The conjugate had good stability in murine serum for at least 24 h. Moreover, the 

PEGylated fullerene (mPEG-C60) vehicle was non-toxic to MCF-7 cells; these results 

demonstrated that mPEG-C60 is an efficient vehicle for the delivery of 5FU. 

 

 

 

 

 

Fig. 1.7 Scheme of mPEG-C60–5FU 
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Fullerenols could emerge as a versatile platform for delivery of anticancer agents even though 

this chemical approach do not allow to obtain a perfectly defined fullerene derivative, in 

relation to both number and position of the functionalization. An accurate control is required 

on the functionalization of C60 whether its final destination is the clinical use. 

 

Aside from delivering drug molecules, functionalized fullerenes have also been examined as 

transfection vectors to deliver exogenous DNA into cells and tested for their ability to mediate 

gene transfer. This technique has possible benefits in gene therapy. Although the first 

generation of fullerene transfection vectors was promising, these compounds also exhibited 

high cytotoxicity (Isobe H. et al., 2006). Sitharaman and colleagues successfully demonstrated 

that a new class of water-soluble C60 derivatives prepared using Hirsch–Bingel chemistry can 

uptake DNA, transport them across the cell and elicit gene expression (Sitharaman B. et al., 

2008). However, the study shows that only two positively charged C60 derivatives, an octa-

amino  and a dodeca-amino fullerene vector, showed efficient in vitro transfection. 

Aggregation behaviour was presumed to cause increased cytotoxicity of certain functionalized 

fullerenes. Therefore, it was suggested that future studies should address this issue of 

aggregation in the presence of DNA before designing the derivatives. They have also 

suggested the possibility to develop analogous gadofullerene vectors for a combinatorial 

approach of diagnosis and therapy. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

2. AIM OF THE PROJECT 
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Scientists all over the world study physical, chemical, pharmacological and toxicological 

properties of the allotropes of carbon structures, which are promising for nanomedicine, 

nanopharmacology and nanotoxicology.  

Fullerenes are used in nanomedicine due to their size and possibilities for diverse surface 

modifications as nanostructured materials, for tools and diagnostics as fullerene-based sensors 

and as nanotherapeutics. Assessment of toxicity associated with C60 preparations is of pivotal 

importance for their biomedical application as cytoprotective (antioxidant), cytotoxic 

(anticancer), or drug delivery agents. Moreover, the widespread industrial utilization of 

fullerenes may also have implications for human health. However, the alterations in 

physicochemical properties imposed by the utilization of different methods for C60 

solubilization profoundly influence toxicological effects of fullerene preparations, thus 

making the analysis of their potential therapeutic and environmental toxicity difficult. 

The cytotoxicity of a number of fullerene derivatives has been already characterized in vitro 

in many cell types and with different assays. Despite the abundant literature available on this 

topic, many studies show contradictory and ambiguous results pointing out that the molecular 

mechanisms underlying the cytotoxicity of these nanomaterials are not yet completely 

understood and definitely require more exhaustive analyses. 

The aim of the present investigation is to identify a fullerene-derivative, among five 

compounds (fullerenes F1, F2, F3, F4 and F5) functionalized by 1,3-dipolar cycloaddition of 

azomethine ylides to the C60 cage, endowed with suitable characteristics and pharmacological 

profile to be used as carrier for anticancer drugs. Moreover we performe, for the first time, a 

whole genome expression analysis, by RNA-seq, on the human adenocarcinoma cell line 

(MCF7) exposed to two different fullerene derivatives (F2 and F3), using the Illumina 

technology. 
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The study focuses on the toxic profile of fullerene derivatives on cell viability with particular 

attention to their effects on the mitochondrial functionality, and on the cell uptake and 

intracellular distribution of the compound resulting to have the most suitable properties.  

The analysis is carried out with different human mammary carcinoma cell lines (MCF7, 

MCF7/ADR, HCT116, HT-29, H460, B16F10 and MDAMB231) and with various tests of 

viability since it was sometimes reported that carbon nanomaterials interfere with the 

measures, leading to ambiguous results.  

In the present study we explore the application of fullerene in drug delivery, in fact anticancer 

therapy suffers of some severe drawbacks, namely the lack of selectivity for the tumor and 

Multi‐Drug Resistance (MDR). The latter phenomenon can be often ascribed to the activity of 

an efflux pump, able to recognize the drug and transport it out of the cell once it has been 

internalized, thus preventing it from exerting its cytotoxic action. A fullerene vector could be 

conceived to target cancer, either only in a non‐specific way (Enhanced Permeability and 

Retention effect) or with a targeting agent. At the same time, the drug delivery through a 

carrier could possibly avoid its recognition by the efflux pump, thus offering a way to elude 

MDR. We study the possibility to employ fullerene derivatives as carrier for Doxorubicin, a 

widely used anticancer drug, subjected to the limitations described above. 

MCF7/ADR cells, a sub-line resistant to Doxorubicin because of the over-expression of the P-

gp extrusion pump, are used to evaluate the influence of this pump on the biological activity 

of the tested fullerene.  
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3.1 C60 Derivatives Structures  

The synthesis of derivatives F1, F2, F3, F4, F5, F2-FITC and F2-DOX (Fig. 3.1) was 

performed by the team of Prof. Prato and Dr. Da Ros of Trieste University. 

 

 

 

Fig. 3.1 Chemical structures of the seven fullerenes F1, F2, F3, F4, F5, F2-FITC and F2-

DOX.  
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3.2 Cell lines  

The human cell lines were purchased from the ECACC N° 86012803 (MCF7, MCF7/ADR, 

HCT116, HT-29, H460, B16F10 and MDAMB231). MCF7 was maintained in Dulbecco’s 

modified Eagle’s medium/nutrient Mixture F-12 Ham (DMEM/F12-Sigma), MCF7/ADR, 

MDAMB231 and HCT116 were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM- Sigma), HT-29, H460 and B16F10 were maintained in RPMI 1640 (Sigma). The 

culture medium were supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 

U/ml), streptomycin (100 µg/ml), and L-Glutamine 2 mM; all cells were grown at 37° C in a 

95% air and 5% CO2 humidified incubator.  

 

3.3 Viability Assay  

3.3.1 MTT test  

Cells were seeded in cell culture flasks (75 cm2; ~ 1 x 106 cells) and grown to 80% 

confluency at 37° C in a humidified 5% CO2 environment. Cells were harvested by 

trypsinization and plated into 96-well culture plates at approximately 1.5 x 104 per well. After 

incubated for 24 hr (hr), different concentrations of F1, F2, F3, F4, F2-FITC and F2-DOX 

(1, 5, 10 and 25µM) dissolved in culture medium were added to each well. Then the samples 

were incubated for 24 hr, 48 hr and 72 hr at 37° C in the humidified atmosphere (5% CO2). 

The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay 

was performed to assess the metabolic activity of cells treated as described above. 20 µl stock 

MTT (5 mg/ml) were added to each well, and cells were then incubated for 4 hr at 37° C. Cell 

were lysed with isopropanol HCl 0.04N. Absorbance was measured at 540 nm and 630 nm 

using a microplate reader (Automated Microplate Reader EL311, BIO-TEK® Instruments, 

Vermont, USA). All measurements were done in six replicates, and at least three independent 
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experiments were carried out. Data were subjected to computer assisted analysis with Graph 

Pad Instat 3 and statistical significance or regression analysis are reported in the text. 

 

3.3.2 Neutral Red Uptake 

The neutral red uptake assay (NR) provides a quantitative estimation of the number of viable 

cells in a culture. It is based on the ability of viable cells to incorporate and bind the supravital 

dye neutral red in the lysosomes. MCF7 in 96-well transparent plates were incubated under 

cell culture conditions in NR medium (0.05 mg/ml) for 3 hr. The product, incorporated within 

the lysosomes of viable cells, was extracted with 50% ethanol/1% acetic acid and the 

absorbance quantitated. Absorbance, directly proportional to cell viability, was determined at 

550 nm (Automated Microplate Reader EL311, BIO-TEK® Instruments, Vermont, USA). 

The absorbance values were normalized by the controls and expressed as percent inhibition. 

All measurements were done in three replicates, and at least three independent experiments 

were carried out. Data were subjected to computer assisted analysis with Graph Pad Instat 3 

and statistical significance or regression analysis are reported in the text. 

 

3.3.3 DiOC6 / PI test  

3,3’-dihexyloxacarbocyanine (DiOC6) (Molecular Probes, Montluçon, France) was used to 

detect changes in mitochondrial potential (∆Ψm). Cells were seeded with 1.5 x 105 per well in 

12 well plates. After 24 hr incubation, the cells were grown to 85% confluency before 

exposure to fullerene F2 or F3. The two derivatives dissolved in culture medium were added 

to the wells (final concentration 10µM and 25µM), then incubated at 37° C for 48 hr. 

Subsequently the cells were incubated with 10µM of DiOC6 for 30 min. After incubation the 

cells, recovered from the culture plate, were washed with PBS and then 0.1 mg/ml Propidium 

Iodide (PI) were added to each sample and incubated for 10 min at room temperature prior to 
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flow cytometry analysis (Flow cytometer CYTOMICSTM FC500, Beckman Coulter Inc. 

Fullerton, CA). All flow cytometric measurements were carried out on storage data as list 

mode files and were analysed with the FCS Express V3. 

 

3.4 Cell Cycle Analysis  

Cells (0,5x106) were fixed in 70% ethanol, washed twice with PBS, and allowed to balance in 

PBS for 1 h. Cells were stained overnight with 0.5 ml of a PBS solution containing 10 µg PI, 

0.25 ng FITC, and 4 µg RNase (all from Sigma). Samples were analyzed by the flow 

cytometer CYTOMICSTM FC500, Beckman Coulter Inc. Fullerton, CA. All flow cytometric 

measurements were carried out on storage data as list mode files and were analyzed with the 

FCS Express V3. 

 

3.5 Cellular Uptake  

MCF7 cells were seeded with 1.5 x 105 per well in 12 well plates. After incubation for 24 hr, 

F2-FITC (10µM and 25µM) dissolved in culture medium was added to each well, then 

incubated at 37° C for different times (1, 3, 12, 24, 48 and 72 hr). At the end of each 

incubation, the cells were washed, centrifuged and resuspended in PBS and then analyzed 

using a flow cytometer.  

The cells were preincubated in a CO2 incubator at 37° C or maintained at 4° C for 30 minutes 

and after that cells were treated with derivative F2-FITC (25µM) to determine the 

mechanism of internalization. 

Flow cytometric studies were carried on to determine Doxorubicin uptake by MCF7 and 

MCF7/ADR in comparison to derivative F2-FITC, after incubation of 24 or 48 hr.  
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3.6 Fluorescence Microscopy Studies 

The cells were plated on to 30 mm cell culture coverslips and cultured at 37° C overnight and 

then were incubated with derivative F2-FITC (25µM) for different times (1, 5, 12, 24 and 72 

hr). At the end of each terminal incubation interval, the cells were counterstained with 

Hoechst (Vinci-Biochem). 

All samples were analyzed on an Eclipse E-800 X40 fluorescence microscope.  

 

3.7 Confocal Microscopy Studies  

The intracellular localization of F2-FITC in MCF7 cells was traced with the lysosomal 

marker Lyso-IDTM Red Detection Kit or the mitochondrial marker Mito-IDTM Red 

Mitochondria (Vinci-Biochem), respectively. Cells were plated on to 30 mm cell culture 

coverslips and cultured at 37°C overnight. Cells were then incubated with derivative F2-

FITC (25µM) for 3 and 24 hr and Lyso-IDTM Red Detection Kit or Mito-IDTM Red 

Mitochondria in culture medium at 37° C for 30 minutes. The staining of cells was observed 

separately with laser confocal scanning microscope (TE-2000U) equipped with a 60X oil 

immersion lens. 

 

3.8 Rna-seq analysis 

3.8.1 RNA extraction 

MCF7 cells were treated with F2 and F3 at 25µM and total RNA was extracted after 12, 24 

and 48 hr using the "SV Total RNA Isolation System" (Promega Corporation. Madison, WI, 

USA) according to the manufacturer’s protocol. RNA extraction was also performed on 

control samples (naïve MCF7 maintained in the same culture medium) at each of the three 

experimental time points. All the experiments were performed using three biological 
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replicates. Extracted RNAs were quantified and mixed in equal proportions, preparing a 

single RNA pool from the three replicates for each experimental time point and treatment. 

 

3.8.2 RNA-sequencing and gene expression analysis 

Extracted RNAs were used for the construction of cDNA libraries, which were then subject to 

RNA-sequencing at the Institute for Applied Genomics (Udine, Italy), on a single lane of an 

Illumina Hi Seq 2000 platform using a 50 cycles single-read sequencing strategy. 

The raw deep RNA sequencing output was processed for the removal of low quality bases, 

reads shorter than 40 bp and the trimming of Illumina adapters. Sequence subsets were 

separately mapped to the annotated human genomic and mitochondrial DNA (Ensembl 

release 68) with the RNA-seq mapping algorithm included in the CLC Genomic Workbench 

5.5.1 (CLC Bio, Katrinebjerg, Denmark), allowing to obtain expression data for each of the 

21,224 nuclear and 37 mitochondrial genes annotated. Minimum length and similarity 

fraction were set to 0.75 and 0.95, respectively. Total gene read counts were used for a 

comparative expression analysis between the treated samples and the respective controls 

(naïve MCF7 cells) at each time point, permitting to investigate possible gene expression 

alterations associated with fullerene treatments.  

Expression levels are reported as RPKM (Reads Per Kilobase of exon model per Million 

mapped reads) (Mortazavi A. et al., 2008). Highly significantly differentially expressed genes 

in F2 and F3 treated cells were detected by a Kal’s Z-test on proportions (Kal A.J. et al., 

1999), using a stringent cutoff e-value of 1e-10. 
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3.8.3 Hypergeometric test on annotations 

The Gene Ontology (Ashburner M. et al., 2000) annotations of the differentially expressed 

genes at each experimental time point were processed with a hypergeometric test (Falcon S. et 

al., 2007), analyzing the molecular functions, the biological processes and the cellular 

compartments possibly altered by the two treatments; the significant alteration of GO terms 

was concluded at p<0.01. 

 

3.8.4 Real-Time PCR Analysis 

The differential expression of the mitochondrial genes RNR1 and RNR2 in the MCF7 cells 

after F2 and F3 treatments was confirmed by real time PCR. RNAs were reverse-transcribed 

with a qScript™ cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD, USA) 

according to the manufacturer’s protocol. Expression levels were determined by real time 

PCR on a CFX96 system (Bio-Rad, Hercules, CA, USA). The 15 µL reaction mix included 

7.5 µL of 2x SsoAdvanced ™ SYBR Green ® Supermix (Bio-Rad), 0.3 µL of each 10 µM 

primer and 2 µl of a 1:20 cDNA dilution. The following thermal profile was used: an initial 

30” denaturation step at 95°C, followed by 40 cycles at 95° for 5” and 58° for 30”. 

Amplification products were analyzed with a 65°/95°C melting curve. RNR1 was amplified 

using 5′-AAACTGCTCGCCAGAACACT-3′ (forward primer) and 5′-

AGGCTGAGCAAGAGGTGGT-3′ (reverse primer); RNR2 was amplified using 5′-

ATTGAAACCTGGCGCAATAG-3′ (forward primer) and 5′- 

TTGGCTCTCCTTGCAAAGTT-3′ (reverse primer). RPL5, a highly stable housekeeping 

gene, was chosen for normalization, since its expression level was found to be invariable in all 

samples by RNA-seq. RPL5 was amplified using 5′-GCACACGAACTGCCAAAATA-3′ 

(forward primer) and 5′-TTCATCACCAGTCACCTCCA-3′ (reverse primer). The expression 

levels of the selected transcripts were determined using the comparative Ct method (2-∆∆ Ct 



Methods and Materials 

27 

 

method) (Livak K .J. et al., 2001). Ct values used for quantification were corrected based on 

PCR efficiencies using LinRegPCR (Ramakers C. et al., 2003). Results are given as the mean 

with standard deviation of three technical replicates. 

 

3.8.5 Connectivity map analysis 

The lists of up-regulated and down-regulated genes in response to F2 and F3 treatments were 

converted into Affymetrix HG-U133A identifiers with Babelomics 4.3 (Al-Shahrour F. et al., 

2005). The gene sets were subject to Connectivity Map analysis (Lamb J. et al., 2006). 

Results were filtered based on the cell line and only instances concerning MCF7 cell lines 

were considered. Significant connection between instance sets and F2 and F3 signatures was 

concluded at p-value < 0,01. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

4. RESULTS AND DISCUSSION PART I 
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The use of carbon nanostructures (NCS), such as fullerenes and nanotubes, in the biomedical 

field is of great interest for their possible therapeutic applications and diagnostics. 

Potential advantages of these compounds are given by a structure which makes their 

internalization by the cells easy, and by their large surface area and internal volume, which 

make them eligible as drug delivery systems. Currently, several studies are underway on 

nanoparticles with different size and purity, with the aim to collect an overview about their 

toxicological profile and to shed light on their potential side effects on biological components, 

cells, tissues and physiological processes.  

For this purpose a careful toxicological study on the fullerene derivatives (F1, F2, F3, F4 and 

F5) synthetized for this project is needed as a first step, to identify the biological models for 

preliminary experiments in vitro. Moreover, a number of established cell lines were exposed 

to different functionalized fullerenes in order to select the most appropriate nanostructures in 

terms of interaction with the cancer cells. The selected cell lines for the first part of the project 

are those on which adriamycin is mainly used in the clinical practice.  

The objective achieved for this first part was to detect a suitable vector for antitumoral drugs. 
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4.1 Cytotoxicity of F1, F2, F3, F4 and F5 fullerene 

derivatives 

The cytotoxicity of derivatives F1-5 (see Methods and Material, Fig. 3.1) towards MCF7 cells 

was studied with the MTT test after 24, 48 and 72 hr of cell exposure in complete medium. 

The MTT assay is among the most versatile and accepted tests used for in vitro toxicology for 

the measure of cellular metabolic activity. 

Data reported in figure 4.1 show the absence of cytotoxicity of F2 up to 25 µM concentration 

even prolonging the exposure up to 72 hr. Conversely, compounds F1, F3, F4 and F5 showed 

an increasing cytotoxicity with an IC50 extrapolated at 72 hr of 29 µM, 20 µM, 20 µM and 18 

µM, respectively. In particular, the cytotoxicity of F1, F4, and F5 increased in a 

concentration- and time-dependent manner while F3 exhibited a higher cytotoxicity already at 

the first time point (24 hr). Further, figure 4.1 shows a concentration-dependency of the F1, 

F3, F4 and F5 effects in all time points. 

The study of cytotoxicity was performed up to 25 µM concentration considering that the use 

of fullerene derivatives as carriers for anticancer drugs would never exceed this molarity 

(drugs such as Doxorubicin, Cisplatin, Taxol, that can be taken into consideration for tumor 

delivery through a fullerene moiety have IC50s much lower than this concentration). 
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Fig. 4.1 MCF7 cytotoxicity of compounds F1, F2, F3, F4 and F5 at different concentrations 
(exposure time 24, 48 and 72 hr). Results are mean values ± SEM from six independent 
experiments; (***) p<0.001 vs control, Student-Newman-Keuls Multiple Comparisons Test, 
ANOVA. 
 

A the same time a morphological analysis was conducted on control cells and on those treated 

with derivatives F1, F2, F3, F4 and F5 at 25 µM, after 72 hr. Figure 4.2 shows that F2 did not 

modify the appearance of cell growth vs controls, and that MCF7 cells grew in form of 

aggregates as expected, while derivatives F1, F3, F4 and F5 interfered with cellular growth, 

resulting in a lower density culture (Fig. 4.2). These results are consisted with those collected 
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from the MTT assays. Similar data were obtained also when the incubation time was reduced 

to 48 h (data not shown). 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4.2 Microscopic visualization of the morphology of live MCF-7 cells incubated with 
culture medium (CTRL), F1, F2, F3, F4 and F5 at 25 µM for 72 hr. 

 

In terms of cytotoxicity for MCF7 cells, these results show a pronounced difference in the 

behavior of the five fullerene derivatives tested, endowed of a very similar chemical structure 

above all between F2 and F3.  

The study of cell cytotoxicity by viability tests such as MTT was sometimes reported to give 

misleading data, for example when using carbon nanotubes (Monteiro-Riviere et al., 2009; 

Worle-Knirsch et al., 2006). So it was decided to study the cell cytotoxicity of F1, F2, F3, F4 

CTRL F1 F2 

F3 F4 F5 
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and F5 also by the Neutral Red Uptake assay (Fig. 4.3). Thanks to this method it was possible 

to test the potential fullerene cytotoxicity by a different mechanism besides MTT.  

In this assay the key component is the vital dye, neutral red (NR). Viable cells take up the 

cationic dye that readily penetrates cell membranes by active transport and accumulates 

intracellularly in lysosomes, whereas non-viable cells do not take up the dye. Alterations of 

the cell surface or the sensitive lysosomal membrane lead to lysosomal fragility and other 

changes that gradually become irreversible. Such changes, brought about by the action of 

fullerenes, result in a decreased uptake and binding of NR. 

 

 

 

 

 

 

 
 
 
 
Fig. 4.3 MCF7 cytotoxicity of compounds F1-5 at different concentrations (exposure time 72 
hr). Results are mean values ± SEM from three independent experiments; (***) p<0.001 vs 
control, Student-Newman-Keuls Multiple Comparisons Test, ANOVA. 
 
MCF7 viability decreased with an increase in the concentration of F1, F3, F4 and F5 but not 

F2. In particular, the viability of MCF7 treated with F1, F3, F4 and F5 significantly 

decreased at 25 µM, whereas MCF7 cells were not affected up to 10 µM concentration; in this 

case we observed a lower cytotoxicity compared to the MTT test.  

The two assays confirmed that F2 was the least cytotoxic compound while they have not 

revealed the same trends in terms of reduction of cell viability for the others fullerenes. 

Moreover the higher inhibition detected using the MTT test after the fullerene treatment could 

suggest a specific involvement of the mitochondrion in the mechanism of action of these 

*** 
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compounds rather than others organelles as already demonstrated in some scientific papers 

(Nakagawa Y. et al., 2011). 
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4.2 Cell Cycle Analysis 

The results described so far show that F3 and F5 could induce a reduction in the metabolic 

activity in this cell line (Fig. 4.1). To understand the mechanism underlying this reduction, 

flow cytometry analysis was used to examine the precise effect of fullerene derivatives F2, F3 

and F5 on the cell cycle (Fig. 4.4-4.6). The fullerene derivative F2 caused only a limited 

accumulation (~10%) of cells in the S phase after 48 hr (Fig. 4.4). Conversely, the data 

obtained after the treatment with F3 evidenced a negative influence on the cell cycle 

progression, especially after 48 hr (Fig. 4.5A). In particular, the treatment with F3 led to a 

visible reduction of the cell population in the S phase, whereas on the contrary the number of 

cells in the G1 phase remarkably increased. After a prolonged exposure to 72 hr, the 

quiescence of approximately 30% cells in the G0 phase was observed (Fig. 4.5B).  

F5 treatment induced an alteration in the progression of the cell cycle too; after 24 hr of 

incubation we observed an increase of the percentage in G1 phase (14%) of the cellular 

population compared to the control with a reduction of the cells in the S phase (Fig. 4.6). 

Between 48 and 72 hr we observed a 30% of the cells in late stage of apoptosis, a process 

consequent to endonucleases activity, which degrades DNA linker. This event was detected 

by subG1 region analysis in which a series of peaks highlighted an accumulation of apoptotic 

cells in subG1 gate (Fig. 4.6 B).  

 

 

 

 

 Fig. 4.4 Flow cytometry analysis of PI stained MCF7 cells. Histogram represents mean 
values of percentage of cells (on Y axes) in the cell cycle phase reported on X axes. Results 
are mean values ± SEM from three independent experiments. Controls are represented in 
black, MCF7 treated with F2 at 25 µM in violet. Values reported were subjected to 
MultiCycle analysis. *** p< 0.001: values statistically different from controls. 
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Fig. 4.5A: Flow cytometry analysis of PI stained MCF7 cells. Histogram represent mean 
values of percentage of cells (on Y axes) in the cell cycle phase reported on X axes. Results 
are mean values ± SEM from three independent experiments. Controls are represented in 
black, MCF7 treated with F3 at 25 µM in blue. Values reported were subjected to MultiCycle 
analysis. *** p< 0.001: values statistically different from controls. 
 

 
 

 

 
 
 

 
 
 
Fig. 4.5B Dot plots (Density plots) of PI (x-axis) vs FITC (y-axis) staining are displayed. 
Treatment with F3 (on the right panel) induced a different distribution of the cells (in terms of 
protein quantity) of about 30% compared to control (on the left panel). 
 
 
 
 

 

 

 
 
Fig. 4.6 A Flow cytometry analysis of PI stained MCF7 cells. Histogram represent mean 
values of percentage of cells (on Y axes) in the cell cycle phase reported on X axes. Results 
are mean values ± SEM from three independent experiments. Controls are represented in 
black, MCF7 treated with F5 at 25 µM in green. Values reported were subjected to 
MultiCycle analysis. *** p< 0.001: values statistically different from controls. 
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Fig. 4.6 B Profile of the cell cycle distribution of MCF7 cells treated with F5 after 72 hr of 
incubation. The peaks reported were obtained by MultiCycle analysis on data detected by 
flow cytometry technique. 

 

These results suggested that the growth inhibitory effect of F3 and F5 was probably the result 

of a block of cell cycle at G1 phase even though the final cellular damages are different after 

the two treatments; indeed F5 caused cell death while F3 seemed able to stop cellular division 

and the principal metabolic activities without killing the cellular population. These data agree 

with the MTT results, which evidenced the F3 and F5 toxic effects.  

Further studies were needed to discover the precise signal pathway responsible of the block in 

G1 phase with the purpose to identify the molecular events that led to different activities of 

F3 and F5. 

We decided to continue the studies using F2 and F3, the chemical difference of which 

consists only in the introduction of a methyl group on the nitrogen of the pyrrolidine rings 

while their toxicity is very different: the first is the non-toxic while the second is toxic. 

Evidently these two fullerenes could interact with cells in a different way.  
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4.3 Cell damage detection: DiOC6 / PI staining 

To evaluate possible alterations of the mitochondrial membrane potential and the integrity of 

the plasma membrane caused by the fullerene treatment, we performed a flow cytometry 

analysis.  

It was decided to study the cell cytotoxicity of F2 and F3 by means of the 3,3′-

dihexyloxacarbocyanine iodide probe, that measures the mitochondrial transmembrane 

potential (∆Ψm). When DiOC6 (green fluorescence) is applied together with PI (red 

fluorescence), living cells are stained only with DiOC6, since PI cannot penetrate into viable 

cells with an intact membrane. Therefore the combined treatment with DiOC6 and PI allows 

us to evaluate the effect of the fullerene derivatives on the integrity of the cell membrane and 

on the status of mitochondria, two essential parameters of cell survival, discriminating 

between early and late apoptosis and necrosis (Gorczyca W., 1999).  

 

Fig. 4.7 MCF7 cells were treated with F2 (B) and F3 (C) at 25 µM or untreated control (A). 
After 48 hr, necrosis or apoptosis were evaluated by flow cytometry analysis. The cells were 
gated in forward/side scatter and then analyzed for the DIOC6/PI double staining. Data are 
representative of one of three independent experiments. 

Data reported in fig. 4.7 confirmed the cytotoxicity data previously reported, indicating for 

compound F2 the complete lack of interference with MCF7 cell growth at 25 µM and after 48 

hr cell challenge (Fig. 4.7, panel B). On the contrary, derivative F3, as expected for a 
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cytotoxic compound, induced a consistent depolarization (MFI 67±8 vs 482±11, p<0.001) and 

caused a significant number of necrotic cells (UL quadrant, p=0.0017) (Fig. 4.7, panel C).  

These results seem to suggest that the cytotoxicity of derivative F3 in part might be dependent 

on its effect on MCF7 cells membrane permeabilization (45±2 vs 6.7±0.5% PI+, p<0.001). 

Mitochondrial membrane potential is critical for maintaining the physiological function of the 

respiratory chain to generate ATP; a significant loss of ∆Ψm renders cells depleted of energy 

with subsequent death. 

Once again the data obtained are in agreement with the previous results; probably the 60% of 

inhibition determined by MTT test (Fig. 4.1) after treatment with F3 is caused both by the 

permeabilization effect and by a slowdown of the metabolic activity of cells, by entering in 

G0 phase. 

Another interesting aspect is that F2 and F3 are very similar to each other, since the only 

difference is given by the quaternarization of the pyrrolidinic nitrogen obtained by 

introducing a methyl group leading to an additional positive charge in F3. F3 should have 

been expected to be cytotoxic to cells, considering that positively charged located near the 

C60 cage were shown to display cytotoxic effects in cell systems (Kurtoglu Y. E. et al., 

2009). Anyhow, the lack of toxicity of derivative F2 for these cells prompted us to further 

study this compound as a potential vector for anticancer drugs. 
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4.4 F2 and F3 effects on different cell lines  

F2 and F3 have been tested on seven different cell lines with the purpose to evaluate if the 

toxic or not toxic effect of these compounds could change depending on the cell line used. 

The fullerenes cytotoxicity was evaluated on the cell lines after 72 hr at four different 

concentrations (Fig. 4.8).  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
Fig. 4.8 F2 and F3 cytotoxicity in HCT116, MCF7, MCF7/ADR, HT-29, H460, B16F10 and 
MDAMB231 at different concentrations (exposure time 72 hr). Results are mean values ± 
SEM from six independent experiments; (***) p<0.001 vs control, Student-Newman-Keuls 
Multiple Comparisons Test, ANOVA. 
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The inhibitory effect of F3 on cellular metabolic activity was observed in all cell lines with 

the exception of MDAMB231 cell line; F3 determined about 50% of inhibition at 25 µM in 

MCF7, HCT116 and HT-29 while a minor activity was detected in B16F10 and MCF7/ADR 

where after 72 hr we observed an inhibition of 25%. 

F2 showed null or less cytotoxicity in all cell lines than H460 cell lines that at the higher 

concentration reached almost 40% inhibition; these results indicate that this kind of 

functionalization is more bio-compatible making F2 a potential vector for drugs. 
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4.3 Mitochondrial membrane potential after F3 treatment 

In MCF7 cell line, F3 was able to induce a consistent depolarization of the mitochondrial 

membrane (Fig. 4.7). On the basis of the results obtained with different cell lines (Fig. 4.8) we 

decided to study changes in the mitochondrial membrane potential of three cell lines 

(MCF7/ADR, HCT116 and HT-29) after treatment with F3 at 25 µM (Fig. 4.9). 

 

 

 

 

 

 

 

 

 

Fig. 4.9 DiOC6 fluorescence value of HT-29, HCT116, MCF7 and MCF7/ADR cells after 
exposure to compound F3 at 25 µM for 48 h. 

 

To analyze this effect it was necessary to use the DiOC6 probe. As represented in figure 4.9 

MCF7 cells underwent a greater depolarization compared to the other cell lines, followed by 

the HT-29 cells, the depolarization of which is comparable to that of HCT116. The 

MCF7/ADR after treatment with F3 lost out about 40% of membrane potential. It is important 

to stress that this trend of depolarization is the same trend observed from MTT test.  

MCF7, HCT116, HT-29 and MCF7/ADR are more active because of their tumor origin, given 

their higher energy requirement compared to healthy cells. Tumors rely heavily on glycolysis 

to meet their metabolic demands and the particularly heavy energy demands a greater number 

of mitochondria. The different level of depolarization observed on different cell lines and 
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caused by F3 could depend on the mitochondrial network: each cell line is characterized by a 

specific density/activity of the mitochondria that can cause a major expansion of the 

depolarization (Park J. et al., 2011). Probably F3 activity decreases on cells with a lower 

mitochondrial activity causing a minor oxidative stress. Preliminary experiments confirm this 

hypothesis: we tested F3 on blood-derived monocytes, healthy cells which have a low 

mitochondrial activity (data not shown). In this case F3 did not cause an inhibition of the 

mitochondrial activity and the same behavior of F2 was observed. These assumptions need to 

be clarified and demonstrated by further experiments. The depolarization of inner 

mitochondrial membrane potential can be induced by reactive oxygen species (ROS); in fact 

damaged mitochondria produce more ROS, especially the superoxide anion (O2
-) and 

hydrogen peroxide (H2O2). Therefore, the cytotoxicity of F3 could be ROS mediated; to that 

effect, we used redox-sensitive fluorescent CM-H2DCFDA probe, a highly sensitive probe for 

detection of hydrogen peroxide, hydroxyl radical, peroxyl radical and peroxynitrite anion to 

investigate the ROS generation before in a free cellular system. In figure 4.10 are reported the 

CM-H2DCFDA fluorescence value with or without the two fullerenes. 

 

 

 

 

 

 

 

 

Fig. 4.10 CM-H2DCFDA fluorescence value without or with F2 and F3 at 25 µM in a cell 
free system.  
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From these results it seems that both fullerenes were able to produce reactive oxygen in a 

physiological solution. If this increase of fluorescence can be really attribute to the increase of 

radical species, then the F3 cytotoxicity cold be explained with its capacity to induce 

oxidative stress but the results obtained by F2 suggest the opposite. So it is not unlikely the 

non-specific interaction between fullerene derivatives with this probe.  

In literature, there are many studies reporting the use of CM-H2DCFDA in presence of 

fullerene derivatives to evaluate the presence of radical species, both to determine its 

capability to scavenge them and to produce upon photoirradiation. (Mroz P. et al., 2007; 

Partha R. et al., 2009; Yin J. et al., 2008) However there is no report where a control analysis 

of the fullerene effect on the dye in a cell free system. 
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Anticancer therapy suffers of some severe drawbacks, namely the lack of selectivity for the 

tumor and Multi‐Drug Resistance (MDR). The latter phenomenon can be often ascribed to the 

activity of an efflux pump, able to recognize the drug and transport it out of the cell once it 

has been internalized, thus preventing it from exerting its cytotoxic action. 

A nanovector could be conceived to target the cancer, either in a non‐specific way (Enhanced 

Permeability and Retention effect), or thanks to the presence of a specific targeting agent on 

the carrier itself. At the same time, the delivery of a drug through a carrier could possibly 

avoid its recognition by the efflux pump, thus offering a way to elude MDR. 

In this second part of the project we have studied the possibility to employ fullerene 

derivatives as carrier for doxorubicin, a widely used anticancer drug, subjected to the 

limitations described above. 

Cell cytotoxicity on human mammary carcinoma cell line (MCF7), evaluated with the MTT 

test and further confirmed by a flow cytometry approach with DiOC6 and PI probes, showed 

that derivative F2 was free of necrotic or apoptotic effects even after a long lasting cell 

exposure. 

These results suggested that all of the compounds tested, F2 could be a suitable vector to 

deliver anticancer agents to tumor cells. 
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5.1 Binding and Uptake of F2-FITC in MCF7  

The uptake studies on F2 are carried out with the human mammary carcinoma cell lines 

MCF7. Fullerenes are reported to have luminescence properties (Levi et al., 2006), but the 

intensity of their light is extremely low and it cannot be revealed under conventional light 

microscopy. Therefore, to investigate the cellular uptake of F2, it was further derivatized with 

fluorescein isothiocyanate (FITC) (for simplicity identified as derivative F2-FITC; see 

Methods and Materials, Fig. 3.1). The time course studies were performed at the highest non-

toxic concentration for MCF7 cells, as determined by the MTT assay. 

Data on the biological effects of this compound on cell survival clearly showed that derivative 

F2-FITC was free of toxicity up to 72 hr, as resulting from the MTT assay (inhibition of cell 

viability of 2-9% as compared to untreated controls, in the range of 1-25 µM concentration 

and 72 h incubation, Fig. 5.1). The lack of cytotoxicity was further confirmed by the absence 

of cells positive to PI, as observed by flow cytometry analysis (data not shown). 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Toxicity of F2 (■) and F2-FITC (●) evaluated by the MTT test after 72 hr of 
incubation. 
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MCF7 cells were then dosed with F2-FITC (10 µM and 25 µM) for 1, 3, 12, 24, 48 and 72 hr 

prior to flow cytometry analysis (Fig. 5.2).  

 

Fig. 5.2 MCF7 cells were treated with F2-FITC at 10 µM (●) and 25 µM (■) for 1, 3, 12, 24, 
48 and 72 hr and then analyze with flow cytometry technique. The average MFI (mean 
fluorescence intensity) ± SEM from three independent experiments is shown. 
 
Data reported in figure 5.2 show that derivative F2-FITC is taken up by MCF7 cells already 

after one hour of incubation. The fluorescence associated to these cells (due to the presence of 

the fullerene-FITC moiety) considerably increased up to 12 hr, then a stable cellular 

concentration of F2-FITC is maintained up to 72 hr. This behaviour is similar with both the 

concentrations of F2-FITC used, however with a corresponding lower plateau when cells 

were treated with the lowest concentration of 10 µM. The level of fluorescence of the treated 

cells did not decrease after treatment with Trypan Blue (TB), here used to quench any 

possible amount of extracellular fluorescence, e.g. F2-FITC attached to the external cell 
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membrane and not internalized [25 µM: 6.4±0.2 (+TB) vs 5.6±0.3 (-TB) and 25 µM: 9.7±0.8 

(+TB) vs 8.1±0.5 (-TB), respectively after 1 and 72 hr of treatment with F2-FITC, ns 

p>0.05]. It is important to point out, as previously described, that the presence of the fullerene 

derivative in the cells did not affect cell viability, which was never reduced by more than 10% 

independently of the cell exposure time and of the used dose, as determined by means of the 

MTT test. 

There are two possible mechanisms involved in the intracellular uptake of fullerenes by cells, 

as reported in literature, namely the passive crossing of the cellular membrane and the 

endocytosis (Zhanga L. W. et al., 2009; Foley S. et al., 2002; Dellinger A. et al., 2010). The 

endocytosis mechanism is known as an energy-dependent uptake for various extracellular 

materials, which can be limited by incubating cells at low temperature. On the contrary, the 

passive penetration mechanism performs in an energy-independent manner. For determining 

the uptake behavior of F2-FITC, MCF7 cells were incubated with the test compound at 4° 

and 37° C, and the cell uptake was monitored by flow cytometry techniques (Fig. 5.3).  

 

Fig. 5.3 Flow cytometry histograms of derivative F2-FITC (25 µM) uptake at 37° C (grey 
histograms) and 4° C (black dotted line); non-treated cells are shown by the black line. MCF7 
cells were incubated for 1 hr. 
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Data reported in figure 5.3 show MCF7 cells to take up derivative F2-FITC also at 0-4° C. In 

particular, the values of MFI are respectively 11±0.4 (control), 191±10 (treated at 37° C) and 

148±1.2 (treated at 4° C). 

Thus it could be concluded that fullerene derivative F2-FITC enters MCF7 cells by a 

mechanism almost insensitive to the temperature at which cells are kept during the 

experiment. This passive crossing of MCF7 membranes may also explain the intracellular 

accumulation that increases with time up to a plateau that probably measures the equilibrium 

of the compound concentrations outside and inside the treated cells. These data are also 

consistent with the work of Dellinger, who reported the easy penetration of fullerenes into a 

lipid membrane (Dellinger A. et al., 2010). The same authors described also the absence of 

changes of the lipid layer in terms of structure and elastic properties, a phenomenon that 

might account for the lack of alterations of the MCF7 viability in our experiments. 

To further study the pattern of internalization of F2-FITC by MCF7 cells, we used a 

fluorescent microscopy technique. Data reported in figure 5.4 confirm the penetration of 

derivative F2-FITC into MCF7 cells already after 1 hr incubation.  

At 5 hr incubation and up to 12 hr, the fluorescence intensity increased and showed derivative 

F2-FITC to distribute throughout the cytoplasm and along the periphery of the nuclear 

envelop with no penetration into the nucleoplasm, as indicated by the lack of merging of 

FITC and Hoechst dye fluorescence (Fig. 5.4). Several cell washings with PBS did not 

modify the intensity of the cell fluorescence indicating that the dye is really inside the treated 

cells and not bound on their surface. 

Derivative F2-FITC appears to be able to get into cells and to remain inside the cytoplasm, 

maintaining a constant plateau of concentration and with no apparent interference with cell 

viability up to 72 hr. The maintenance of a constant concentration from 12 to 72 hr seems to 
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suggest that F2-FITC is retained by the cells or that there is an equilibrium between the 

internalization and extrusion rates. 

 

Fig. 5.4 MCF7 cellular distribution of F2-FITC (25 µM) at 1, 5 and 12 hr. For the final 30 
minutes cells were incubated with nuclear dying (Hoechst 33342), washed, placed on a 
coverslip, and imaged using fluorescence microscopy. Pictures representative of two separate 
MCF7 cultures. The scale bar = 50 µm. 
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5.2 Intracellular trafficking of F2-FITC fullerene derivative 

Using Lysotracker red and Mitotracker red, and two times of exposure of MCF7 cells to F2-

FITC, respectively of 3 hr (Fig. 5.6) and 24 hr (Fig. 5.7), we confirmed the intracellular 

localization of the fullerene derivative and we showed that most of the compound did not 

penetrate into lysosomes and mitochondria (Fig. 5.6 and 5.7), independently of the cell 

exposure time.  
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Fig. 5.6 Time course of organelle localization using derivative F2-FITC in MCF7 (25 µM, 3 
hr incubation). For the final 30 minutes cells were incubated with (A-C) Lyso-tracker or (D-F) 
Mito-tracker, washed, placed on a coverslip, and imaged using confocal microscopy. Pictures 
(60x oil) representative of two separate MCF7 cultures. The scale bar = 5 µm. 

 

 

Fig. 5.7 Time course of organelle localization using F2-FITC in MCF7 (25 µM, incubation 
time 24 hr). For the final 30 minutes cells were incubated with (A-C) Lyso-tracker or (D-F) 
Mito-tracker, washed, placed on a coverslip, and imaged using confocal microscopy. Pictures 
(60x oil) representative of two separate MCF7 cultures. The scale bar = 5 µm. 
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These results differ from those obtained with C60(OH)n by Chaudhuri (2009), who reported 

the tendency of the fullerenols to localize into cell lysosomes and they are in agreement with 

our hypothesis of passive diffusion for the F2-FITC internalization. 

Effectively one of the major functions of lysosomes is the digestion of material taken up from 

outside the cell by endocytosis; in particular, lysosomes are formed by the fusion of transport 

vesicles budded from the trans Golgi network with endosomes, which contain molecules 

taken up by endocytosis at the plasma membrane. The non-localization of the F2-FITC in the 

lysosomes could validate the absence of the internalization by endocytosis.  

Moreover, the lack of interaction of F2-FITC with mitochondria is in agreement with the 

absence of variation of membrane potential measured with DiOC6 probe in these cells after 

treatment with F2 (Fig. 4.7). 

Globally taken, these data suggest that derivative F2 may be an appropriate vector for the 

delivery of anticancer drugs to tumor cells also when the overexpression of P-gp extrusion 

pump is active. The lack of penetration of this fullerene into lysosomes may be an important 

aspect to be taken into consideration and exploit to avoid or limit the effects of the potential 

enzymatic degradation of the ligands/drugs carried on with it. In fact  the drug sequestration 

into cytoplasmatic organelles would lead to decreased drug-target interaction and, thereby, 

decreased anticancer activity as for the anticancer agent Sunitinib (Gotink K. et al., 2011), 

while the conjugation to F2 should avoid this fate. Intracellular redistribution of drugs has 

also been associated with the emergence of Multi Drug Resistance (MDR) in cancer cells 

(Duvvuri M. et al., 2005). 
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5.3 Uptake of F2-FITC in MCF7/ADR  

In parallel, experiments were conducted on MCF7/ADR cells, a sub-line resistant to 

Doxorubicin because of the overexpression of the P-glycoprotein (P-gp) extrusion pump, also 

known as multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B 

member 1 (ABCB1). This protein is an ATP-dependent drug efflux pump for xenobiotic 

compounds with broad substrate specificity. It is responsible for decreased drug accumulation 

in multidrug-resistant cells and often mediates the development of resistance to anticancer 

drugs. Nanotechnology provides an alternative strategy to circumvent MDR1 by offering a 

means to attach drugs to nanomaterials such as fullerene; conjugation to fullerenes can also 

maximize exposure of target cells to drug by prolonging drug persistence in the circulation 

and enhancing penetration of physiological barriers.  

Farther, the purpose was also to evaluate the potential change of the biological activity of this 

pump as a result of the tested fullerenes.  

Uptake studies were performed to confirm the internalization and the accumulation of the F2-

FITC in MCF7/ADR compared to the drug Doxorubicin. The goal was to demonstrate 

whether the fullerenes were capable to be internalized into MCF7/ADR cells otherwise by 

doxorubicin. 

Interestingly, F2-FITC seems to be insensitive to the presence of the P-gp pump. In fact, 

comparing its uptake in MCF7 and in MCF7/ADR, it was possible to note the same pattern 

(Table 5.1). This result is important indicating that the use of fullerene moieties for delivering 

Doxorubicin to MCF7/ADR might overcome the resistance due to P-gp overexpression. 
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 MCF7 MCF7/ADR 

doxorubicin         0.5 µM 5.13±0.05*** 1.48±0.03*** 

doxorubicin            1 µM 8.76±0.17*** 1.91±0.03*** 

F2-FITC               10 µM 5.00±0.16*** 5.38±0.22*** 

F2-FITC               25 µM 8.52±0.50*** 8.80±0.55*** 
 

Table 5.1 Flow cytometry analysis of the interaction of Doxorubicin and derivative F2-FITC 
with MCF7 and MCF/ADR. The cells were incubated for 48 hr with the two fluorescent 
compounds. Data are expressed as the average MFI (mean fluorescence intensity) ± SEM of 
triplicate; each value is normalized vs reference control acquired respectively at 610 nm 
(Doxorubicin) or 525 nm (compound F2-FITC). *** p<0.001 vs control, Student-Newman-
Keuls test, ANOVA. 
 

The internalization of F2-FITC in MCF7/ADR cells was also confirmed by confocal 

microscopy technique (Fig. 5.8). 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig 5.8 Confocal microscopy images of MCF7 and MCF7/ADR cells untreated (top), or after 
treatment for 48 hr with F2-FITC at a concentration of 25 µM (bottom). Actin cytoskeleton 
was stained with rhodamine phalloidin. 
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5.4 Uptake of F2-Doxorubicin in MCF7 and MCF7/ADR 

A preliminary confirmation of the potential use of F2 as vector for antitumoral drugs was 

given by the experiments described so far. The second step provided for the synthesis of the 

derivate F2 bearing Doxorubicin. Doxorubicin presents a significant fluorescence in the 

visible spectral region and this property provides opportunities to track Doxorubicin 

molecules and conjugates by using fluorescence-based techniques, such as assessing nano-

carrier of Doxorubicin in cells without any other fluorescence labels (Chaudhuri P. et al., 

2009).We synthesized a Fullerene-Doxorubicin conjugate (F2-DOX) by coupling the 

antitumor drug to derivative F2 using a dicarboxylic linker, through amidic bond, as already 

reported in the literature (Lu F. et al., 2009) (see Methods and Materials, Fig. 3.1), and we 

tested this conjugate in an experiment similar to that reported in Table 5.1. The results of this 

experiment, obtained with 5 and 10 µM F2-DOX, showed the same intracellular 

concentration of the derivative both in wild type and in Doxorubicin-resistant MCF7 cells 

(incubation time 48 hr, ratio of intracellular drug between MCF7/ADR and MCF7 of 1.6 and 

1.8, respectively with 5 and 10 µM concentration of the conjugate) (Fig. 5.9).  

 

 

 

 

 

 

 

 

Fig. 5.9 Flow cytometry histograms of F2-DOX uptake in MCF7 and MCF7/ADR cells after 
48 hr of incubation.  
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The comparison between the free drug Doxorubicin and the conjugated Fullerene-

Doxorubicin in MCF7/ADR was performed by flow cytometry analysis (Fig. 5.10).  

 

 

 

 

 

 

 

Fig. 5.10 Flow cytometry histograms of F2-DOX and Doxorubicin (DOXO) uptake in 
MCF7/ADR cells after 48 hr of incubation. 
 

Data reported in figure 5.10 confirmed the greater internalization of F2-DOX in MCF7/ADR 

than the free drug.  

So it was confirmed that Doxorubicin is retained inside the cells overexpressing the P-gp 

pump similarly or even better than the derivative F2 (see data of Table 5.1 for comparison). 

The intracellular accumulation of Doxorubicin was not due to any inhibitory effect of 

fullerene on the P-gp function. Data reported in figure 5.11 show that the presence of 

compound F2 is unable to prevent the cellular extrusion of free Doxorubicin by the P-gp 

pump, which conversely is competitively inhibited (as expected, Kessel D. et al., 1984) by 

Verapamil. In fact when MCF7 and MCF7/ADR are subjected to Doxorubicin, the 

intracellular concentration of the drug appears to be dependent on P-gp (on MCF7/ADR) and 

on the contemporary presence of Verapamil (Fig. 5.12).  
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Fig. 5.11 MCF7/ADR cells were pre-treated with derivative F2 at 25 µM; after 12 hr the cells 
were incubated with 10 µM of Doxorubicin (Doxo) with and without 50 µM of Verapamil 
(Ver) for 24 hr and then analyze with flow cytometry technique. The average MFI (mean 
fluorescence intensity) ± standard deviation from one of three independent experiments. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12 Flow cytometry histograms of Doxorubicin (10 µM) uptake in MCF7 (grey 
histograms), MCF7/ADR (red line) without and with Verapamil (50 µM, blu line); non-
treated cells are shown by the black line. The cells were incubated for 24 hr with Doxorubicin 
and/or Verapamil. 
 

    CTRL      Doxo    F2+Doxo  Doxo+Ver  
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These results allow us to speculate on the capacity of fullerene F2 to carry Doxorubicin into 

the cells, overcoming the effect of extrusion of the P-gp pump during the process of 

Doxorubicin uptake by these cells (Ambudkar S. V. et al., 1999; Kannan P. et al., 2009). 
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5.5 F2-Doxorubicin construct cytotoxicity 

Demonstrated that the conjugate F2-DOX could be internalized in the MCF7 and 

MCF7/ADR cell lines, we tested its cytotoxicity respect to the free drug above all to verify if 

the activity of the drug linked to the fullerene was retained. We have performed the MTT test 

using a concentrations range from 0.5 to 25 µM for 72 hr of incubation (Fig. 5.13).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13 MCF7 and MCF7/ADR cytotoxicity of F2-DOX and the drug (Doxo) at different 
concentrations (exposure time 72 hr). Results are mean values ± SEM from six independent 
experiments; (***) p<0.001 vs control, Student-Newman-Keuls Multiple Comparisons Test, 
ANOVA. 
  

Cytotoxicity test have shown that F2-DOX had an irrelevant activity compared to free drug 

both in MCF7 that in MCF7/ADR, independently from its concentration. To understand if the 

lack of F2-DOX activity depends on the absence of DOXO internalization into the nucleus as 

it remains linked to F2, studies of intracellular localization were made, even though is known 

that F2-FITC is not able to enter into the nucleus space but remains in the cytoplasm (Fig. 

5.4).  
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5.6 Intracellular localization of F2-Doxorubicin 

Doxorubicin activity is lost consequently to the binding with F2 probably because the drug is 

not released from the vector and it remains in the cytoplasm. This hypothesis could be 

confirmed followed by fluorescent microscopy analysis with the F2-DOX (Fig. 5.14 and 

5.15).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.14 MCF7 and MCF7/ADR cellular distribution of F2-DOX (25 µM) at 48 hr. For the 
final 30 minutes cells were incubated with nuclear dying (Hoechst 33342), washed, placed on 
a coverslip, and imaged using fluorescence microscopy. 
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Fig. 5.15 MCF7 and MCF7/ADR cellular distribution of Doxorubicin (1 µM) at 48 hr. For the 
final 30 minutes cells were incubated with nuclear dying (Hoechst 33342), washed, placed on 
a coverslip, and imaged using fluorescence microscopy. 

 
 

Figure 5.14 clearly shows as the conjugate F2-DOX was distributed mostly in the cytoplasm 

in MCF7 and MCF7/ADR cell lines whereas free Doxorubicin (Fig. 5.15) was predominantly 

in the MCF7 cell nucleus and, as expected, absent in MCF7/ADR from where it gets extruded 

by the P-gp. 

The inactivity of the conjugate F2-DOX may be associated with failure to breaking of the 

bond between the carrier and the drug, because the drug is localized in the cytosol as we have 

also observed for F2. The results indicate that changes in the linker between the drug and the 

fullerene should be made, moving from to amidic to ester derivatives. In this case the release 

rate of Doxorubicin from the carrier should be faster than the fullerene/amide/Doxorubicin 

conjugate, and the cytotoxic activity efficient as that of free Doxorubicin (Ohya Y. et al., 

2003).  
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Considering that fullerene has not direct effect on the P-gp extrusion pump capability to 

eliminate Doxo from the MCF7/ADR, a new way to overcome the DOX resistance can be 

envisioned exploiting a mechanism unrelated to modifications of this pump. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

6. RESULTS AND DISCUSSION PART III 
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The cytotoxicity of five fullerene derivatives (F1, F2, F3, F4 and F5) has been characterized 

in vitro in many cell types and with different assays. These studies revealed F2 and F3 as 

compounds, which showed an interesting behavior for different reasons. The first one was 

non-toxic on tumoral cells, presented a good solubility and bio-compatibility whereas F3, 

despite the similarity, was cytotoxic on many cell types, in particular on MCF7 cells, and its 

mechanism of action seemed to damage the mitochondrial functions conducting the cells to 

enter in G0 phase, a quiescent state that occurs outside of the cell cycle. In this third part of 

the project, an innovative approach for a better comprehension of the molecular mechanisms 

of fullerene interaction with living cells was performed. In the present work a RNA-

sequencing based gene expression analysis has been performed, taking advantage of the most 

recent developments in the field of next generation sequencing technologies. 
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6.1 Gene expression profile in MCF7 cells induced by F2 

and F3 

MCF7 cells were exposed to F2 and F3 at 25 µM concentration and total RNA was extracted 

from the samples at three different experimental time points (respectively after 12, 24 and 48 

hr of incubation). The deep RNA-sequencing, performed on an Illumina HiSeq 2000 platform, 

generated ~7.2 Gb of raw sequence data (deposited at the NCBI Sequence Read Archive, 

accession ID SRS365297); the datasets obtained from each single sample were mapped on the 

annotated human nuclear and mitochondrial genomes (Ensembl release 68), allowing to 

obtain expression data for each of the 21,224 nuclear and 37 mitochondrial genes annotated 

(Table 6.1).  

sample total number of reads % of mappable reads 

control 12H 15,828,607 82.8 

control 24H 20,082,719 82.8 

control 48H 24,176,363 82.6 

F2 - 12H 19,084,486 82.9 

F2 - 24H 18,056.327 82.4 

F2 - 48H 12,232,420 82.3 

F3 - 12H 17,334,018 82.0 

F3 - 24H 14,229,470 81.5 

F3 - 48H 18,914,360 82.1 

 
Table 6.1: Statistics of reads and mapping rate of RNA-seq 

 

The comparison between the expression profiles of the treated samples and the respective 

controls (naïve MCF7 cells) at each time point permitted to investigate possible gene 

expression alterations associated with fullerene treatments. Differential expression was 

detected by a statistical Kal’s Z test (Kal, A. J. et al., 1999) on proportions and highly 

significant changes were concluded at p < 1e-10.  
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The first important result that could be immediately gathered from the analysis was that both 

the functionalized fullerenes F2 and F3 significantly altered gene expression at all the time 

points analyzed, even though substantial differences, depending on both the tested compound 

and the time of cell exposure, could be observed (Fig. 6.1).  

 

Fig. 6.1 Volcano plots summarizing the results of the statistical expression analyses 
performed with the CLC Genomic Workbench. The plots show the relationship between the 
p-values of the Kal’s Z-test and the magnitude of the difference in expression values of each 
sample in respect with the controls. -log10 p-values are plotted on the Y-axes, log2 
proportions fold change values are plotted on the X-axes. Genes identified as significantly 
differentially expressed are shown in red. 

 

In fact, while the effects on gene expression increased over time in both treatments, F3 

comparatively led to more marked alterations than F2.  

As a matter of fact, the number of differentially regulated transcripts grew from 12 hr to 48 hr 

with both F2 and F3 (Fig. 6.2 A), whereas the comparison between the two derivatives, 

performed at the same time points, always revealed a much higher number of differentially 

regulated genes for compound F3 (Fig. 6.2 B).  
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Fig. 6.2 A Venn diagram depicting the overlap between differentially expressed genes at three 
experimental time points analyzed using the two fullerenes F2 and F3.  

Fig. 6.2 B The comparison between the two fullerene derivatives at the same time points 
always revealed a much higher number of differentially regulated genes in the F3 treatment. 

 

While these results are consistent with the previously reported cytotoxicity (Lucafò M. et al., 

2012), the fact that the large majority of genes altered by the treatment with F3 was also 

responsive to F2 (89%, see Fig. 6.3) certainly hints that even this compound, displaying a 

low/null cytotoxicity in in vitro tests, may activate/depress, although less intensely, the same 

molecular pathways affected by F3. The experimental sample more influenced by the 

fullerene treatment was F3/48h, with 2384 differentially regulated genes, whereas the least 

F2 F3 

F2-12h       F2-24h      F2-48h      F3-12h      F3-24h      F3-48h       
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affected one was F2/12h, where only 117 differentially expressed genes were detected. Most 

of the genes responsive to both treatments after 12 hr were also altered at the later time points 

(Fig. 6.2 A). In addition, the presence of a number of differentially expressed genes common 

to all the three time points identified a core set of transcripts which were supposedly 

responsive at an early stage of treatment and which remained differentially expressed 

throughout the entire time course of the experiment (Fig. 6.2).  

 

Fig. 6.3 Venn diagrams depicting the overlap between the effects of fullerene derivatives F2 
and F3, in terms of differentially expressed genes and altered Gene Ontology biological 
processes, molecular functions and cellular components. Only genes and GO terms identified 
at all the 3 time points analyzed (12, 24 and 48 hr) are considered. 
 

These merely quantitative results need to be set into the frame of a cellular and molecular 

context in order to give a trustworthy interpretation of the biological effects of F2 and F3. To 

achieve this goal we processed the Gene Ontology (Ashburner, M. et al., 2000) annotations of 

F2 F3 F3 F2 

F3 F3 F2 F2 
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the differentially expressed genes at each experimental time point with a hypergeometric test 

(Falcon S. et al., 2007), analyzing the molecular functions, the biological processes and the 

cellular compartments possibly altered by the two treatments (Fig. 6.4); the significant 

alteration of GO terms was concluded at p<0.01.  

 

Fig. 6.4 Summary of the most representative molecular effects of fullerene derivatives F2 and 
F3 in MCF7 tumor cells. 
 

Analogously to the number of differentially expressed genes, also the number of altered GO 

terms was comparatively higher in response to the treatment with F3 and increased over time 

(Fig. 6.5). Almost the totality of the GO terms influenced by F2 was also altered by F3 (Fig. 

6.3), pointing out a relevant overlap between the effects of the two derivatives. The complete 

summary of the hypergeometric test is reported in the Table S1 in Supporting information. 
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Fig. 6.5 Number of altered Gene Ontology terms identified by the hypergeometric test at each 
experimental time point. 

 

Overall, the observed expression profiles portray a scenario of global repression of the mRNA 

and protein synthesis and turnover machineries, accompanied by a slowdown of the cell cycle 

progression, in a time dependent manner, more evident after the treatment with F3 (Fig. 6.4). 

Despite these remarkably negative effects on the cellular housekeeping mechanisms and on 

the proliferation capacity, quite surprisingly we did not observe the activation of any cell 

death related pathway; on the contrary, typical stress- and apoptosis- related molecular 

pathways were significantly repressed. 

One of the biological processes most dramatically affected by the tested fullerenes was clearly 

the gene expression (GO010467). In fact, the main GO terms associated with both the mRNA 

metabolism and catabolism were significantly altered and repressed (see Table S1 in 

Supporting information). The entire gene expression machinery underwent significant down-

regulation, including the processes of transcription by RNA polymerase II, the mRNA 

processing and maturation via the pre-mRNA complex, the modification of 5’ and 3’ends and 

the splicing process. Among these, the two transcription-related processes displaying a 

F2-12h       F2-24h      F2-48h      F3-12h      F3-24h      F3-48h       
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stronger repression were, without any doubt, the assembly of the pre-mRNA complex and of 

the spliceosome, with the down-regulation of the large majority of hnRNPs (8 out of 13 

genes, after 48 hr of treatment with F3) and spliceosome-associated protein factors. 

Furthermore, also two fundamental molecular functions associated with mRNA metabolism 

and catabolism, namely RNA binding and ATP-dependent RNA helicase activity, were 

heavily repressed (see Table S1). 

Taken all together, these changes suggest that the fullerene treatments are somehow able to 

trigger an evident global decrease of nuclear transcription, leading to a reduced demand of the 

downstream mRNA processing machinery. The alterations observed were particularly intense 

at F3/48 hr, reflecting once again the stronger effects of this compound as compared to F2 

(see Table S1).  

The depression of nuclear transcription apparently had a straightforward effect on protein 

synthesis, as we observed a remarkable inhibition of translation (GO0006412). This reduction 

was likely primarily linked to the down-regulation of many components of both the small and 

the large ribosome subunits themselves: the expression of several proteins required for the 

ribosome assembly (i.e. RPS5) and maturation (i.e. NCL) is repressed, negatively influencing 

its biogenesis. 

Furthermore, the nucleolus, the main site of rRNA synthesis, resulted to be one of the most 

affected and down-regulated cellular compartments (GO0005730) in both treatments since the 

earlier time points. The gene expression profiles further evidenced a generalized depression of 

most GO terms related to nucleus and its protein complexes involved in transport system, 

including nucleoplasm, nuclear membrane, nuclear envelope lumen, nuclear pore and small 

nuclear ribonucleoprotein complex, alterations which are consistent with a reduced 

transcriptional activity of both messenger and ribosomal RNAs (see Table S1). 
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As a consequence of these perturbations, the processes of translation initiation (in particular 

the eukaryotic translation initiation factor 4F), elongation and termination were also 

depressed, together with the tRNA maturation by aminoacylation and export from nucleus 

(via XPOT), determining a down-regulation cascade involving a series of downstream 

processes linked to protein metabolism. These changes on gene expression were observed in 

both treatments, but their intensity was always higher in response to F3 than to F2. 

Consistently with the evidence pointing out the slowdown of protein synthesis, the genes 

involved in the co-translational targeting of nascent proteins to endomembrane system, 

mediated by signal recognition particle, were strongly repressed. Moreover, a variety of GO 

terms linked to the folding of newly synthetized proteins and to the binding of unfolded 

proteins, mostly by Hsp70, were remarkably altered (see Table S1). As a matter of fact, the 

large majority of heat shock proteins underwent down-regulation, and in particular the 

expression of HSP90AA1, HSPA90AB1 and HSPA8, constitutively expressed at very high 

levels and assisting the correct folding of nascent polypeptides, dropped to 50% or less with 

F3/48 h. Not surprisingly, the cell compartments primarily linked to protein maturation and 

targeting, e.g. the endoplasmatic reticulum and the ER-Golgi intermediate complex, resulted 

to be affected by both the fullerene derivatives. 

In parallel, also the processes linked to protein turnover and catabolism, which, besides HSPs, 

also include signalosome, polyubiquitin conjugation, proteasomal degradation, aggresome 

and amino-acid metabolism, were significantly repressed. One of the molecular complexes 

most relevantly inhibited by the two functionalized fullerenes was definitely the proteasome. 

This effect, despite being detectable in response to F2, was particularly strong in response to 

F3, with about 75% of the structural components of the proteasome catalytic core being 

depressed at 48 hr (see Supporting information Table S1). 
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The two basic and interconnected cellular processes of transcription and translation were 

therefore repressed in response to both compounds. Even though one might consider the 

repression of protein synthesis as a direct consequence of a reduced mRNAs production, the 

down-regulation of both processes apparently appeared at the same time, being detectable 

even after only 12 hr of treatment with the low/null cytotoxic compound F2, and invariably 

progressed in time, reaching its maximum at 48 hr. These changes, as we have already 

discussed, were accompanied by evidences of structural modifications to the nucleus, pointing 

to a general decrease of nuclear activity. The causes underlying these dramatic effects are still 

unknown and likely depend on the interaction of functionalized fullerenes with cellular 

targets, yet to be identified. 

 

6.2 F2 and F3 treatment: slowdown of the cell cycle 

progression 

In the light of all the observations described above, it was not surprising to find out that the 

molecular pathways regulating the cell cycle progression were sensibly altered, resulting in a 

slowdown of cell division and in a possible exit from the cell cycle and entry in the G0 phase. 

G0 cells are characterized by their diminished RNA content, which reflects a diminished 

production of ribosomal RNAs and tRNAs (Ladd, A. et al., 1997; Lajtha, L., 1963; Ren S. et 

al., 2004), effects consistent with the observations collected from RNA-seq, especially after 

the treatment with F3. Many key phases of the mitotic cycle processes were in fact down-

regulated, including the cell cycle checkpoints, the S phase, the M/G2 and the G1/S phase 

transitions (90% of altered genes were repressed) (Fig. 6.6). 

With respect to the repression of transcription and translation, this effect appeared later for 

F2, being only detectable at 48 hr, while it was measured at all the three time points of the F3 

treatment. The peak effect observed at 48 hr with F2 only involved about 1/3 of the genes 



Results and Discussion Part III 

73 

 

differentially regulated by F3. All these modifications find a justification in the dysregulation 

of ubiquitin-protein ligases and, in particular, of those of the anaphase-promoting complex, 

which play a key role in the activation of cyclin-dependent kinases by regulating the cyclins 

proteolysis and the kinase inhibitors (Nakayama K. I. et al., 2006). On the contrary, the p53 

protein activation was not involved in this process, since its pathway of signal transduction, 

resulting in cell cycle arrest, was down-regulated. Other molecular alterations, clearly linked 

to cell division, were the down-regulation of alpha (TUBA1B, TUBA1C) and beta (TUBB, 

TUBB2C, TUBB6) tubulin and of the chaperonin-containing T-complex responsible for their 

folding (Yaffe, M. B. et al., 1992).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 Representation of the differentially expressed genes in the cell cycle pathway altered 
after fullerene treatment. Red circles are the genes down regulated, the blue the genes up 
regulated.  
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The expression of tubulin is strictly regulated during mitosis (Schedl T. et al., 1994), as it 

regulates the polymerization of microtubules required for the formation of the spindle 

structure. 

These overwhelming evidences, based on expression data and indicating a perturbation of the 

mitotic cell cycle, were confirmed by flow cytometry analysis, which showed that treatment 

with F3 indeed caused the slowdown of the cell cycle progression in a time-dependent 

manner (Fig. 4.5). Consistently with the evidence collected with the hypergeometric test 

analysis, the fullerene treatment resulted in the accumulation of cells in the G0/G1 phase, 

accompanied by the contemporary reduction of cells in the S phase (Fig. 6.7). Conversely, the 

treatment with F2 did not determine the same cell population distribution in the cycle phases 

observed with F3; this perturbation is not sufficient to trigger the arrest of mitosis since it was 

not observed in the flow cytometry analysis.  

 

 

 

 

 

 

Fig. 6.7 Percentage of cells in S-G2/M phase after F2 and F3 treatments 
 
All together, the RNA-seq expression data and the present cellular assays confirm the 

experimental evidence collected with previous studies (Lucafò M. et al., 2012), showing that, 

between the two considered fullerenes, F3 is definitely the one causing more alterations on 

MCF7 cells at molecular that are reflected to cellular levels (Fig. 6.4). However, data of 

RNA-seq show that also F2 is capable of affecting the same molecular pathways of F3, 
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although to a much lower intensity, since at cellular level neither cytotoxic effects nor cell 

cycle arrest can be documented.  

Although most of the observed alterations negatively affected many important biological 

processes, leading to the slowdown of cell growth and division, not even the treatment with 

the cytotoxic F3 did induce apoptosis or typical stress-related responses. In fact, the GO terms 

“apoptosis” and “response to stress” were only slightly altered after both treatments, and these 

alterations were mainly ascribable to the strong repression of HSPs and proteasome, typically 

activated in response to stress and apoptosis. In parallel, the down-regulation of some key 

effectors of the principal apoptosis pathways, most notably BCLAF1, and the up-regulation of 

some protective factors (i.e. IER3) seems to confirm the repression of the apoptosome 

complex establishment. Nevertheless, several proto-oncogenes involved in the regulation of 

cell proliferation and survival (i.e. RALB, MYC, FOS, ERBB2 and ERBB3) were 

significantly over-expressed during the entire time course of the experiment in fullerene-

treated cells. 

So far, contradictory results have been published about the mechanisms of fullerene 

cytotoxicity and effects on the apoptotic process (Markovic Z. et al., 2007; Li W. et al., 2011; 

Song M. et al., 2012) and most of these suggest that fullerenes can cause cell damage 

resulting in the ROS production (Nishizawa C. et al., 2009; Nakagawa Y. et al., 2011). From 

the RNA-seq analysis, neither oxidative damage nor ROS-linked cell death pathways seem to 

be activated, indicating that the tested fullerene derivatives were not able to produce a 

significant increment of cellular ROS within 48 h. Our results, disproving the involvement of 

oxidative damage in the F3 cytotoxicity, seem to suggest that the mechanisms of fullerene 

toxicity may largely vary, depending on the functionalization and on the variables linked to 

the experimental design. The acquirement of different biological properties by 
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functionalization would in fact determine the alteration of multiple molecular pathways within 

the cell, leading to the consequent contradictory effects so far reported in different studies. 
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6.3 Mitochondrial gene expressions changes  

Compounds F2 and F3 had already displayed a different cytotoxicity by MTT and DiOC6/PI 

assays, principally affecting the mitochondrion in terms of inhibition of its activity and 

membrane depolarization (Fig. 4.1, Fig. 4.7) (Lucafò M. et al., 2012). Not surprisingly, 

“mitochondrion” (GO0005739) was identified by the hypergeometric test as a cellular 

compartment significantly down-regulated only in response to F3, at all three analyzed time 

points (see Supporting information Table S1), highlighting a general trend of depression of 

the gene expression linked with this organelle (nuclear and mitochondrial genes). In support 

to these observations, a general decrease in ATPase activity, ATP binding, and catabolism 

were also observed, suggesting that these changes may be somehow related to a reduction of 

the available energy. 

Moreover during the experimental time course, the expression of the mitochondrial DNA 

encoded genes, including those involved in the respiratory electron transport chain (COX2, 

COX3, ATP6, ATP8), was rather unstable compared to nuclear genes (see Fig. 6.8). The 

expression of most mitochondrial mRNAs was significantly up-regulated at 12 hr, reaching a 

peak at 24 hr and it was subsequently down-regulated at 48 hr; this trend was more evident 

with the F3 treatment, while only minor changes were observed with F2. 

However the two genes displaying -by far- the highest fold change values were RNR1 and 

RNR2, two genes encoding the 12S and 16S mitochondrial rRNA, respectively (Fig. 6.9). 

Both genes were significantly up-regulated after 48 hr, with the impressive fold-change values 

of 9.7x/6.2x (F2 treatment) and 22.4x/10.4x (F3 treatment). 
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Figure 6.8 Proportion fold change of 13 mitochondrial genes during the experimental time 
course of the treatment with F2 and F3; fold change values were calculated with respect to the 
control samples expression values. 

 

Only minor changes in their expression were observed at 24 hr, while their expression was not 

significantly affected at 12 hr. This astonishing up-regulation was not caused by the global 

increase of mitochondrial translation, as the rise of expression clearly affected only the two 

rRNA genes (Fig. 6.9). Both the relative abundance of mitochondrial reads (substantially 

similar in all samples) and the confirmation of the results by real-time PCR point out that the 

RNA-seq data about RNR1 and RNR2 reflect real expression changes rather than artifacts 

related to the library preparation protocol (Fig. 6.9 A). 

             F2-12h               F2-24h              F2-48h       

                 F3-12h                 F3-24h              F3-48h        
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Figure 6.9 A Expression analysis of RNR1 and RNR2 mitochondrial rRNA genes by real-
time PCR in MCF7 cells after 48 hr of treatment with fullerene derivatives F2 and F3. Fold 
change values were calculated based on the expression levels observed in the control sample 
(naïve MCF7 cells). Results are given as means plus standard deviation, calculated on three 
technical replicates. 
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Figure 6.9 B Mapping of RNA-seq data on the human mitochondrial genome at the 48 hr time 
point; peaks represent the average coverage per base. The expression of RNR1 and RNR2 is 
much higher in the treated cells compared to the control sample.  
 

Such a result was unexpected, since only a few studies on the expression of mitochondrial 

rRNAs have been reported so far. Nevertheless, variation of the steady-state levels of 

mitochondrial rRNAs has been already observed (Mercer Tim R. et al., 2011), even though 

the knowledge about the precise mechanisms regulating their abundance are completely 

lacking (Rorbach J. et al., 2012), leaving our results rather obscure and their interpretation 

fairly difficult.  

An hypothesis, which would certainly require additional experiments to be assessed, would 

imply the role of mitochondrial rRNAs as chaperones (PFAR) (Sulijoadikusumo I. et al., 

2001). Since the precursor proteins synthetized in the cytoplasm are imported within the 

mitochondrial matrix in their unfolded state (Matouschek A. et al., 2000; Matouschek A. et 

al., 2007), a complex machinery of mitochondrial HSPs (of cytoplasmic synthesis) plays a 

fundamental role in their correct refolding in the active conformation (Martin J. et al., 1997). 

Nevertheless, it has been demonstrated that this process can occur in an ATP- and HSP- 

independent way, suggesting that rRNAs may significantly contribute to this post-

translational folding of mitochondrial proteins. Given the down-regulation of many 

mitochondrial HSPs and co-chaperones (HSPD1, HSPA9, DNAJA3, GRPEL1, TIM44) in 

response to both F2 and F3, the increase of RNR1 and RNR2 expression after 48 hr may be 

interpreted as a compensatory effect (Fig. 6.3). The PFAR activity could play an important 

role by both protecting mitochondrial function and by regulating downstream events in the 

cell death machinery. Considering the lack of information concerning this activity regulation 

and its biological significance, this hypothesis clearly needs in-depth studies to be verified. 
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6.4 The Connectivity Map 

Overall, the RNA-seq study, despite providing an accurate picture of the transcriptional 

alterations caused by the two tested fullerenes, cannot identify the potential molecular targets 

responsible for the measured events. We chose to rely on Connectivity Map (CMap; Lamb J. 

et al., 2006) to explore the possible functional connections between F2 and F3 and other 

drugs, whose mode of action and molecular targets have been extensively studied. In fact 

CMap can be utilized as an in silico chemical screening tool by querying the gene expression 

signature of a studied compound against the reference catalogue of expression profiles.  

CMAP NAME SPECIFITY 
P-VALUE 

1 - 12 H 1 - 24 H 1 - 48 H 2 - 12 H 2 - 24 H 2 - 48 H 

Wortmannin ** ns 0 0 0 0 0 

Trichostatin A ns ns 0 0 0 0 0 

Quinostatin * ns 0,00404 0 0.00002 0.00002 0 

Syrosingopine  ** ns 0.00258 0.00109 0.00012 0.02386 0.00036 

Rescinnamine  * ns 0.02604 0.00505 0.00382 0.00264 0.00078 

Tonzonium bromide  * ns 0.03074 0.00419 0.00658 0.00097 0.00074 

Clomifene  * ns 0.00734 0.03754 0.00197 0.00734 0.00221 

Fluphenazine ns ns 0.05081 0.00183 0.00325 0.00377 0.00423 

Flunarizine  * ns 0.06261 0.00249 0.01998 0.0041 0.00505 

Homochlorcyclizine * ns 0.04123 0.00366 0.0585 0.00853 0.00207 

Sirolimus  * ns 0 ns 0 0 0 

Fulvestrant  * ns ns 0.00006 0 0 0 

Vorinostat  ns ns 0.00228 ns 0 0.00018 0 

Trifluoperazine  ns ns 0.00332 ns 0.0004 0.00689 0.00012 

Amiodarone  * ns ns 0.01693 0.00112 0.00326 0.00054 

0297417-0002B * ns 0.05036 ns 0.00145 0.00091 0.00052 

Rottlerin  * ns ns 0.09434 0.0001 0.0001 0.0001 

Etoposide * ns ns 0.08817 0.00618 0.00563 0.00414 

Pyrvinium ** ns ns 0.09941 0.0003 0.00579 0.0001 

LY-294002  * ns ns ns 0 0 0 

Thioridazine * ns ns ns 0 0.00022 0 

Prochlorperazine * ns ns ns 0 0.00268 0 

Valproic acid  * ns 0.0001 ns 0.00556 ns 0.0001 
 
Table 6.2 Connectivity Map analysis summary. * = significant specificity (<0.1), ** = highly 
significant specificity (<0.01). 
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Compounds sharing comparable perturbation induced gene expression patterns, mechanisms 

or activities, can thus be identified. On the basis of this comparative method, we analyzed our 

data, obtaining the results showed in Table 6.2.  

Various molecules inducing gene expression profiles similar to those observed in cells treated 

with F2 and F3 emerged from the analysis. In particular, inhibitors of the PI3K signal 

transduction pathway (Wortmannin, Quinostatin, LY-294002 and Rottlerin), inhibitors of 

histone deacetylase enzymes (Trichostatin A, Vorinostat and Valproic Acid) and 

antipsychotic drugs (Trifluoroperazine, Prochlorperazine, Thioridazine, Fluphenazine, 

Homochlorcyclizine, Flunarizine) were the three main drug categories whose effects were 

more significantly connected to the two functionalized fullerenes in the MCF7 cell line. The 

gene expression profiles obtained after treatment with Wortmannin in MCF7 cells was ranked 

as the most similar to the studied fullerenes, considering both p-value and specificity. Besides 

the analogue effects on gene expression, this drug, a selective inhibitor of PI3K, also causes 

cell cycle progression arrest (Zhu H. et al., 2006; De Nadai C. et al., 1998; Liu Y. et al., 

2007), inhibiting the synthesis of one third of the cellular proteins (Pedersen S. et al., 1997). 

These effects are quite similar to those observed in our experiment (Fig. 6.7). Further this 

drug, likewise most of the others included in Table 6.2, has a cytosolic target. Even though 

the molecular target of fullerenes still remains unknown, previous studies (Lucafò M. et al., 

2012) suggested a cytosolic localization, without any observed penetration of the fullerenes 

into the nuclear space. The CMap analysis therefore provides evidence of a connection 

between the effects of F2 and F3 and other drugs whose mechanism of action and molecular 

targets are well known, permitting to hypothesize that the two fullerenes may interact with 

molecular targets located upstream or downstream PI3K, within the same pathway inhibited 

by Wortmannin. 
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Fig. 6.10 Representation of the differentially expressed genes in the PI3K – AKT signaling 
pathway altered after fullerene treatment. Red circles are the genes down regulated, the blue 
the genes up regulated. 
 
Overall, our study provides the first nanotoxicological analysis of the effects of two fullerene 

derivatives, which have been previously tested as potential vectors for antitumoral drugs, on 

gene expression of a human cell line. All together, the RNA-seq expression data confirmed 

the experimental evidence collected with previous studies, showing that F3 is definitely the 

derivative causing more alterations on MCF7 cells on both the molecular and the cellular 

levels. However, also F2 is capable of affecting the same molecular pathways, although to a 

much lower intensity, since neither cytotoxic effects nor cell cycle arrest could be 

documented.  

The biological consequences of the different fullerene functionalization clearly need further 

and more detailed studies, in order to shed some light on the molecular mechanisms leading to 
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such profound alterations on gene expression and cellular processes, determined just by the 

introduction of a methyl group on the pyrrolidinic nitrogen of F3. The comprehension of 

these modifications would provide a more comfortable view of the feasibility and the safety 

of the fullerene-based nanomaterials, developed for in vivo use, whether as drugs, vectors or 

with other applications, particularly when simple cellular tests reveal a presumed lack of 

cytotoxicity. 
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Selective drug delivery by a variety of functionalized drug carriers is the most effective 

approach to provide the therapeutic concentration of anticancer drugs to the target cancer cells 

to improve the therapeutic efficacy for tumor tissues. Nanotechnology has the potential to 

revolutionize cancer diagnosis and therapy. Derivatized fullerenes could be used in 

biomedical applications and can be suitable vectors for drug delivery due to their small size, 

large surface area and good biocompatibility.  

Cytotoxicity studies, carried out on 5 different functionalized fullerenes (F1, F2, F3, F4, F5) 

were the first step of this work with the purpose to identify the most appropriate fullerene 

carrier for anticancer drug delivery.  

The results indicate that on the 5 functionalized fullerenes only one, F2, is free of significant 

effects on the inhibition of the mitochondrial activity and membrane potential, slowdown of 

the cell cycle and membrane damaged. F3 (differing from F2 for an additional positive charge 

obtained by quaternarization of the pyrrolidinic nitrogen by introducing a methyl group) is 

more toxic than the other compounds on the cells tested. In fact, its IC50 is 20 µM after 72 hr 

of incubation by MTT test, and cell accumulation in the G1 phase and arrest in G0 phase 

(30%) was observed too.  

The studies of F2 biological effects have shown that this compound is able to enter the treated 

cells, probably by passive diffusion, to distribute within the cell cytoplasm, without getting 

into the nucleoplasm or into organelles such as lysosomes and mitochondria. This last 

evidence would make F2 a potential vector for drugs that otherwise could be damaged in acid 

lysosomal environment. Moreover, it was seen that F2 did not co-localized inside the nuclei; 

these data are important as they exclude the possibility of interaction between F2 and DNA. 

Then we have continued the experiments on a multidrug resistant human mammary 

carcinoma cell line MCF7/ADR, a sub-line resistant to Doxorubicin because of the 

overexpression of the P-glycoprotein (P-gp) extrusion pump. The choice of these cells is 
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based on our objective to conjugate the anticancer drug Doxorubicin to the fullerene vector in 

order to overcome adriamycin resistance. The F2 cellular uptake on MCF7/ADR and its 

maintenance of a constant concentration into cells seem to be insensitive to the presence of P-

gp over-expression. These data suggest the possibility for derivative F2 to be used as carrier 

for anticancer drugs. In fact, the passive transportation across the cell membrane might 

facilitate the reaching of intracellular anticancer drug concentrations suitable to cause 

antitumor effects. Furthermore, the lack of sensitivity of the P-gp extrusion pump to the 

presently studied fullerene might suggest a new way to overcome the resistance of cancer cell 

to Doxorubicin, depending on this phenomenon, by a mechanism unrelated to modifications 

of this extrusion pump. 

The experiments on conjugated F2-DOX were made above all to verify if the activity of the 

drug linked to the fullerene remained the same as the free drug. Furthermore we studied the 

cellular uptake of F2-DOX in both MCF7 and MCF/ADR lines. Cytotoxicity tests have 

shown that F2-DOX has an irrelevant activity compared to free drug because Doxorubicin 

cannot get into the nucleus to perform its activity as it remains linked to F2. Nevertheless, the 

internalization of F2-DOX is higher in MCF7/ADR compared to the free drug. Fluorescent 

microscopy technique suggested that the F2-DOX inactivity might be associated with the 

stability of the bond between the carrier and the drug, which is not released and so is localized 

in the cytosol, as we have also observed for F2. 

These results underline that F2 could be a suitable vector to avoid the “Multi-drug resistance” 

phenomenon caused by P-gp extrusion pump though the linker between the drug and the 

fullerene should be made otherwise. 

On the basis of this information, pointing out that the molecular mechanisms underlying the 

cytotoxicity of these nanomaterials are not yet completely understood and definitely requires 

more exhaustive analyses. Our study provided the first nanotoxicological analysis of the 
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effects of F2 and F3 fullerene derivatives on gene expression in MCF7 cell line by RNA-

sequencing. All together, the RNA-seq expression data confirmed the experimental evidences 

collected with the in vitro studies, showing that F3 is definitely the derivative causing more 

alterations on MCF7 cells on both the molecular and the cellular levels. These changes 

included a general depression of processes related to transcription and protein synthesis, 

determining a slowdown of the cell cycle progression. However, also F2 is capable of 

affecting the same molecular pathways, although to a much lower intensity, since neither 

cytotoxic effects nor cell cycle arrest could be documented. Since many of the effects 

typically related to fullerenes (e.g. apoptosis, ROS production) were not observed in terms of 

gene translation, it seems that the different fullerene functionalization, influencing the 

chemical and physical properties, could alter the aggregation state of the derivatives and the 

interaction with their molecular targets, possibly explaining the observed different levels of 

gene expression modification. The mitochondrial gene expression profile was altered by both 

fullerene treatments too. Again F3 caused more alterations compared to F2 including 

mitochondrial genes involved in the respiratory electron transport chain (COX2, COX3, 

ATP6, ATP8). Furthermore the CMap analysis provided evidence of a connection between 

the effects of F2 and F3 and other drugs whose mechanism of action and molecular targets 

are well known, permitting to hypothesize that the two fullerenes may interact with molecular 

targets located upstream or downstream PI3K, within the same pathway inhibited by 

Wortmannin.  

The biological consequences of the different fullerene functionalization clearly need further 

and more detailed studies, in order to shed some light on the molecular mechanisms leading to 

such profound alterations on gene expression and cellular processes, determined just by the 

introduction of a methyl group on the pyrrolidinic nitrogen of F3. The intensity of the 

alterations observed in response to F3 was always higher than for F2, confirming the previous 
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data. The comprehension of these modifications would provide a more comfortable view of 

the feasibility and the safety of the fullerene-based nanomaterials, developed for in vivo use, 

whether as drugs, vectors or with other applications, particularly when simple cellular tests 

reveal a presumed lack of cytotoxicity. 
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Table S1: Hypergeometric Test 

Significantly altered Gene Ontology Terms in response to F2 and F3 treatments, divided into 

the three main Biological Process, Molecular Function and Cellular Compartment categories. 

The intensities of aterations observed are labelled as follows: 

NS not significant p-value (>=0,01); * p-value < 0,01; ** p-value < 1E-5; *** p-value < 1E-

10; **** p-value = 0. 

Biological Process 

Cat Description 

F2-

12H 

F2-

24H 

F2-

48H 

F3-

12H 

F3-

24H 

F3-

48H 

28 ribosomal small subunit assembly (GO_REF:0000033 [IBA] PANTHER:PTHR10732_AN0) NS * NS NS NS NS 

52 citrulline metabolic process (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000078945) NS NS * NS NS NS 

73 spindle pole body separation (PMID:21504830 [IMP]) * NS NS NS NS NS 

75 cell cycle checkpoint (Reactome:REACT_1538 [TAS]) NS NS ** **** *** **** 

82 G1/S transition of mitotic cell cycle (PMID:8681378 [TAS]) NS NS ** *** *** **** 

84 S phase of mitotic cell cycle (PMID:21196493 [IMP]) NS NS ** **** *** **** 

85 G2 phase of mitotic cell cycle (PMID:9154802 [TAS]) NS NS * * * * 

86 G2/M transition of mitotic cell cycle (Reactome:REACT_2203 [TAS]) NS NS NS NS * * 

122 negative regulation of transcription from RNA polymerase II promoter (PMID:10973986 [IDA]) NS NS NS NS NS * 

184 nuclear-transcribed mRNA catabolic process, nonsense-mediated decay (Reactome:REACT_75886 [TAS]) * *** *** ** *** * 

209 protein polyubiquitination (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000111306) NS * * *** ** ** 

216 M/G1 transition of mitotic cell cycle (Reactome:REACT_1725 [TAS]) NS * ** **** *** **** 

245 spliceosome assembly (PMID:21041408 [IMP]) NS NS NS NS * * 

278 mitotic cell cycle (Reactome:REACT_152 [TAS]) NS * ** *** *** **** 

288 nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay (Reactome:REACT_20639 [TAS]) * NS NS * NS NS 

289 nuclear-transcribed mRNA poly(A) tail shortening (Reactome:REACT_20514 [TAS]) * NS NS * NS * 

375 RNA splicing, via transesterification reactions (PMID:9447963 [IDA]) NS NS NS NS NS ** 

380 alternative nuclear mRNA splicing, via spliceosome (GO_REF:0000024 [ISS] UniProtKB:Q69ZA1) NS * NS NS NS NS 

387 spliceosomal snRNP biogenesis (Reactome:REACT_11066 [TAS]) NS NS NS NS * * 

398 nuclear mRNA splicing, via spliceosome (Reactome:REACT_467 [TAS]) ** * ** * ** **** 

463 maturation of LSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) (PMID:16043514 [IMP]) NS NS NS NS * NS 

466 maturation of 5.8S rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) (PMID:16043514 [IMP]) NS NS NS NS * NS 

712 resolution of meiotic joint molecules as recombinants (PMID:20347428 [IMP]) NS * NS NS NS NS 

723 telomere maintenance (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000027777) NS NS NS NS NS * 

819 sister chromatid segregation (PMID:15122335 [IDA]) NS * NS NS NS NS 

1560 regulation of cell growth by extracellular stimulus (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000119482) NS NS * NS NS NS 

1711 endodermal cell fate commitment (GO_REF:0000024 [ISS] UniProtKB:Q8JZM7) NS NS NS NS NS * 

1833 inner cell mass cell proliferation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000063201) NS NS NS NS NS * 

1843 neural tube closure (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000074236) NS NS * NS NS NS 

1894 tissue homeostasis (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000048865) * NS NS NS NS NS 

1958 endochondral ossification (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000082013) NS NS * NS NS NS 
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1960 

negative regulation of cytokine-mediated signaling pathway (GO_REF:0000019 [IEA] 

Ensembl:ENSRNOP00000027271) NS NS NS NS * NS 

2368 B cell cytokine production (PMID:16148103 [IDA]) * NS NS NS NS NS 

2474 antigen processing and presentation of peptide antigen via MHC class I (Reactome:REACT_75820 [TAS]) * * ** **** *** **** 

2479 

antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent 

(Reactome:REACT_111178 [TAS]) * * ** **** *** **** 

2502 

peptide antigen assembly with MHC class I protein complex (GO_REF:0000019 [IEA] 

Ensembl:ENSMUSP00000003912) * NS NS NS NS NS 

2842 positive regulation of T cell mediated immune response to tumor cell (PMID:10663613 [IDA]) * NS NS NS NS NS 

3062 regulation of heart rate by chemical signal (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000020846) * NS NS NS NS NS 

3215 cardiac right ventricle morphogenesis NS NS * * NS * 

5975 carbohydrate metabolic process (GO_REF:0000002 [IEA] InterPro:IPR006046) NS NS NS NS * * 

6000 fructose metabolic process (PMID:9652401 [TAS]) NS NS NS NS NS * 

6002 fructose 6-phosphate metabolic process (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000023685) NS * NS NS NS NS 

6006 glucose metabolic process (PMID:9505277 [IC] GO:0004558) NS NS * * * * 

6085 acetyl-CoA biosynthetic process (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000068776) NS * NS NS NS * 

6094 gluconeogenesis (GO_REF:0000024 [ISS] UniProtKB:Q06507) NS NS NS * * * 

6096 glycolysis (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0324) NS NS * * * * 

6098 pentose-phosphate shunt (GO_REF:0000002 [IEA] InterPro:IPR006115) NS NS NS * NS NS 

6200 ATP catabolic process (PMID:8227057 [NAS]) * * * ** ** ** 

6221 pyrimidine nucleotide biosynthetic process (PMID:17701896 [NAS]) NS NS NS NS * * 

6260 DNA replication (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0235) NS NS NS NS * ** 

6265 DNA topological change (GO_REF:0000002 [IEA] InterPro:IPR009054) NS NS NS * NS NS 

6268 DNA unwinding during replication (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000000505) NS NS NS NS NS * 

6270 DNA replication initiation (GO_REF:0000002 [IEA] InterPro:IPR003874) NS NS NS NS * * 

6271 DNA strand elongation during DNA replication (Reactome:REACT_932 [TAS]) NS NS NS NS NS ** 

6275 regulation of DNA replication (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000035270) NS NS * NS NS NS 

6281 DNA repair (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0234) NS NS NS NS NS * 

6302 double-strand break repair (Reactome:REACT_2054 [TAS]) NS NS NS NS NS * 

6306 DNA methylation (PMID:10742099 [TAS]) * NS NS NS NS NS 

6309 DNA fragmentation involved in apoptosis (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000041104) NS NS NS * NS NS 

6312 mitotic recombination (PMID:10362364 [TAS]) NS * NS NS NS * 

6337 nucleosome disassembly (PMID:10421373 [TAS]) NS NS ** NS NS NS 

6338 chromatin remodeling (PMID:10220385 [TAS]) NS NS * NS * * 

6357 

regulation of transcription from RNA polymerase II promoter (GO_REF:0000019 [IEA] 

Ensembl:ENSRNOP00000002887) NS NS NS NS NS * 

6364 rRNA processing (GO_REF:0000002 [IEA] InterPro:IPR002730) NS * * ** *** ** 

6366 transcription from RNA polymerase II promoter (PMID:10944198 [TAS]) NS NS NS NS NS * 

6369 termination of RNA polymerase II transcription (Reactome:REACT_894 [TAS]) NS NS * NS * * 

6378 mRNA polyadenylation (PMID:2885805 [TAS]) NS NS NS NS NS * 

6396 RNA processing (PMID:15615787 [NAS]) NS NS * NS * * 

6397 mRNA processing (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000046880) NS NS * NS * ** 

6406 mRNA export from nucleus (PMID:12554669 [IDA]) NS NS NS NS * * 

6409 tRNA export from nucleus (PMID:9660920 [IDA]) * NS NS NS NS NS 

6412 translation (Reactome:REACT_1014 [TAS]) * **** **** **** *** **** 

6413 translational initiation (Reactome:REACT_2159 [TAS]) ** **** **** *** *** ** 

6414 translational elongation (GO_REF:0000002 [IEA] InterPro:IPR001813) * *** *** ** *** * 

6415 translational termination (Reactome:REACT_1986 [TAS]) * *** *** ** *** * 

6418 tRNA aminoacylation for protein translation (Reactome:REACT_15302 [TAS]) NS NS * ** ** ** 
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6446 regulation of translational initiation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000025290) * * ** * ** ** 

6457 protein folding (GO_REF:0000002 [IEA] InterPro:IPR002194) ** ** ** *** *** ** 

6479 protein amino acid methylation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000020692) NS NS NS * NS NS 

6521 regulation of cellular amino acid metabolic process (PMID:3553851 [IMP]) NS NS ** **** **** **** 

6529 asparagine biosynthetic process (PMID:2564390 [IC] GO:0004066) NS NS NS * * NS 

6595 polyamine metabolic process (Reactome:REACT_14820 [TAS]) NS NS NS * * NS 

6596 polyamine biosynthetic process (Reactome:REACT_14805 [TAS]) NS NS NS NS NS * 

6605 protein targeting (PMID:15195100 [IMP]) NS NS NS NS NS * 

6606 protein import into nucleus (PMID:11024021 [NAS]) NS NS * NS NS NS 

6607 NLS-bearing substrate import into nucleus (PMID:9207119 [TAS]) NS NS NS NS NS * 

6610 ribosomal protein import into nucleus (PMID:1874450 [NAS]) NS NS NS * * * 

6611 protein export from nucleus (PMID:16449645 [IDA]) * * NS * NS * 

6613 cotranslational protein targeting to membrane (PMID:2557625 [TAS]) NS NS NS NS * * 

6614 SRP-dependent cotranslational protein targeting to membrane (Reactome:REACT_115902 [TAS]) * *** *** *** *** ** 

6662 glycerol ether metabolic process (GO_REF:0000002 [IEA] InterPro:IPR005746) * NS * * ** * 

6754 ATP biosynthetic process (PMID:8227057 [NAS]) NS NS NS NS * * 

6865 amino acid transport (Reactome:REACT_13796 [TAS]) NS NS NS * * NS 

6695 cholesterol biosynthetic process (PMID:8241273 [NAS]) NS * ** NS NS NS 

6754 ATP biosynthetic process (PMID:8227057 [NAS]) * NS NS NS NS NS 

6811 ion transport (Reactome:REACT_19397 [TAS]) NS * NS NS NS NS 

6865 amino acid transport (Reactome:REACT_13796 [TAS]) * * NS NS NS NS 

6892 post-Golgi vesicle-mediated transport (Reactome:REACT_11235 [TAS]) NS NS * NS NS NS 

6904 vesicle docking during exocytosis (GO_REF:0000002 [IEA] InterPro:IPR007191) NS NS NS NS * NS 

6915 apoptosis (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0053) NS NS * ** * **** 

6916 anti-apoptosis (PMID:18371312 [IDA]) * * * NS NS NS 

6921 cell structure disassembly during apoptosis (Reactome:REACT_995 [TAS]) NS NS * * NS * 

6928 cell motion (PMID:16130169 [TAS]) NS NS * NS NS NS 

6950 response to stress (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001538) ** * * * * * 

6974 response to DNA damage stimulus (PMID:10477748 [NAS]) NS NS NS NS NS * 

6977 

DNA damage response, signal transduction by p53 class mediator resulting in cell cycle arrest (PMID:21726810 

[IMP]) NS NS ** **** *** **** 

6983 ER overload response (PMID:10677345 [IDA]) * NS NS NS NS NS 

6986 response to unfolded protein (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0834) ** * * * * * 

6987 activation of signaling protein activity involved in unfolded protein response (Reactome:REACT_18348 [TAS]) * * * * ** * 

6998 nuclear envelope organization (PMID:16380439 [IGI] UniProtKB:Q9D666) NS NS NS * * * 

7007 inner mitochondrial membrane organization (PMID:12509422 [IDA]) NS NS NS NS * NS 

7009 plasma membrane organization (PMID:17620337 [IMP]) NS * NS NS NS NS 

7017 microtubule-based process (PMID:12529434 [IMP]) NS * NS NS NS NS 

7018 microtubule-based movement (GO_REF:0000002 [IEA] InterPro:IPR002453) NS NS * NS NS NS 

7030 Golgi organization (PMID:18270207 [IMP]) NS NS NS NS NS * 

7042 lysosomal lumen acidification (PMID:11722572 [IMP]) NS NS NS NS NS * 

7049 cell cycle (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0131) NS NS NS NS NS * 

7050 cell cycle arrest (PMID:8681378 [TAS]) NS NS NS NS NS * 

7052 mitotic spindle organization (PMID:19001868 [IDA]) NS NS * NS NS NS 

7411 axon guidance (Reactome:REACT_18266 [TAS]) NS NS * NS NS * 

7527 adult somatic muscle development (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000001672) * NS NS NS NS NS 
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7566 embryo implantation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000034900) NS NS NS * * NS 

7568 aging (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000010712) * NS NS * * NS 

7595 lactation (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000002905) NS NS NS * NS NS 

8104 protein localization (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000096209) NS NS NS * NS NS 

8156 negative regulation of DNA replication (PMID:17210637 [IMP]) NS NS NS NS NS * 

8219 cell death (PMID:12140175 [IMP]) NS NS NS NS NS * 

8283 cell proliferation (GO_REF:0000029 [NAS]) NS NS NS * NS NS 

8299 isoprenoid biosynthetic process (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0414) NS * * NS NS NS 

8334 histone mRNA metabolic process (Reactome:REACT_185 [TAS]) NS NS NS NS NS * 

8380 RNA splicing (PMID:8670905 [IDA]) * * ** * ** **** 

8610 lipid biosynthetic process (GO_REF:0000002 [IEA] InterPro:IPR006449) * * * NS NS NS 

8634 negative regulation of survival gene product expression (PMID:9973195 [IDA]) NS NS NS NS NS * 

8645 hexose transport (Reactome:REACT_9441 [TAS]) NS NS NS NS * * 

9116 nucleoside metabolic process (GO_REF:0000002 [IEA] InterPro:IPR000836) NS NS NS * NS NS 

9263 deoxyribonucleotide biosynthetic process (GO_REF:0000024 [ISS] UniProtKB:P11157) NS NS * NS NS NS 

9303 rRNA transcription (PMID:17881363 [IDA]) NS NS NS NS NS * 

9306 protein secretion (PMID:15319436 [IDA]) * NS NS NS NS NS 

9416 response to light stimulus (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000010712) NS NS NS * NS NS 

9611 response to wounding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000059250) * * NS NS NS NS 

9987 cellular process (GO_REF:0000002 [IEA] InterPro:IPR000994) NS NS NS * NS NS 

1003

9 response to iron ion (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001538) * NS NS NS NS NS 

1039

0 histone monoubiquitination (PMID:16307923 [IDA]) NS NS NS NS NS * 

1042

4 DNA methylation on cytosine within a CG sequence (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000034707) NS NS * NS NS NS 

1046

7 gene expression (Reactome:REACT_71 [TAS]) ** **** *** *** *** **** 

1064

2 negative regulation of platelet-derived growth factor receptor signaling pathway (PMID:14709717 [IDA]) NS * NS NS NS NS 

1071

5 regulation of extracellular matrix disassembly (PMID:20876804 [IMP]) NS NS * NS NS NS 

1081

7 regulation of hormone levels (GO_REF:0000033 [IBA] PANTHER:PTHR11829_AN375) NS NS * NS NS NS 

1082

7 regulation of glucose transport (Reactome:REACT_6804 [TAS]) NS NS * NS * ** 

1095

0 positive regulation of endopeptidase activity (PMID:16990800 [IDA]) NS NS NS * * * 

1407

0 response to organic cyclic substance (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000050703) NS NS NS * NS NS 

1575

8 glucose transport (PMID:9144201 [IDA]) NS NS NS NS NS * 

1580

4 neutral amino acid transport (PMID:16226721 [IDA]) NS NS NS NS * NS 

1566

9 gas transport (PMID:9988267 [IMP]) * NS NS NS NS NS 

1580

4 neutral amino acid transport (PMID:16226721 [IDA]) * * NS NS NS NS 

1598

6 ATP synthesis coupled proton transport (GO_REF:0000002 [IEA] InterPro:IPR000131) NS NS NS NS * NS 

1603

2 viral reproduction (Reactome:REACT_6145 [TAS]) * *** **** **** *** **** 

1607

0 RNA metabolic process (Reactome:REACT_21257 [TAS]) ** **** **** **** *** **** 

1607

1 mRNA metabolic process (Reactome:REACT_20605 [TAS]) ** **** **** **** *** **** 

1623

6 macroautophagy (PMID:16192271 [IMP]) NS NS NS NS NS * 

1647

7 cell migration (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000085695) NS NS * NS NS * 

1648

0 negative regulation of transcription from RNA polymerase III promoter (GO_REF:0000002 [IEA] InterPro:IPR017152) NS NS * NS NS NS 

1656

8 chromatin modification (PMID:12711221 [TAS]) NS NS * NS NS NS 

1657

3 histone acetylation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000089948) * NS NS NS NS NS 

1714

8 negative regulation of translation (PMID:10318872 [IDA]) NS NS NS NS * * 

1821

6 peptidyl-arginine methylation (PMID:18657504 [IDA]) NS NS NS NS NS * 
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1827

9 protein amino acid N-linked glycosylation via asparagine (Reactome:REACT_22426 [TAS]) NS NS NS * NS * 

1839

3 internal peptidyl-lysine acetylation (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001961) NS NS * NS NS NS 

1905

8 viral infectious cycle (Reactome:REACT_6167 [TAS]) * *** *** ** *** * 

1908

3 viral transcription (Reactome:REACT_6152 [TAS]) * *** ** ** *** * 

1922

1 cytokine-mediated signaling pathway (PMID:2261637 [IDA]) NS NS NS NS NS * 

1928

7 

isopentenyl diphosphate biosynthetic process, mevalonate pathway (GO_REF:0000041 [IEA] 

UniPathway:UPA00057) NS NS * NS NS NS 

2158

9 cerebellum structural organization (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000028222) * NS NS NS NS NS 

2178

2 glial cell development (GO_REF:0000024 [ISS] UniProtKB:Q7M6Y2) NS NS * NS NS NS 

2290

4 respiratory electron transport chain (Reactome:REACT_6305 [TAS]) NS NS NS NS * NS 

3014

9 sphingolipid catabolic process (PMID:11018465 [NAS]) NS NS NS NS NS * 

3016

3 protein catabolic process (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000032457) NS NS NS NS * * 

3030

8 negative regulation of cell growth (PMID:14709717 [IDA]) NS NS NS * NS NS 

3038

8 fructose 1,6-bisphosphate metabolic process (PMID:14766013 [IDA]) NS * * NS NS NS 

3042

1 defecation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000028672) * NS NS NS NS NS 

3043

3 ER-associated protein catabolic process (PMID:8945469 [IDA]) * NS NS NS NS NS 

3049

0 maturation of SSU-rRNA (GO_REF:0000024 [ISS] UniProtKB:P39516) * NS NS NS NS NS 

3070

5 cytoskeleton-dependent intracellular transport (PMID:12090300 [TAS]) NS * NS * NS NS 

3096

8 endoplasmic reticulum unfolded protein response (PMID:19816510 [TAS]) * * * ** ** * 

3112

4 mRNA 3'-end processing (Reactome:REACT_1849 [TAS]) NS NS * NS * * 

3114

5 

anaphase-promoting complex-dependent proteasomal ubiquitin-dependent protein catabolic process 

(Reactome:REACT_6850 [TAS]) NS NS ** **** *** **** 

3132

5 positive regulation of cellular metabolic process (Reactome:REACT_2122 [TAS]) NS * * NS NS NS 

3144

2 positive regulation of mRNA 3'-end processing (PMID:19136632 [IMP]) NS NS NS NS NS * 

3144

4 slow-twitch skeletal muscle fiber contraction (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000006184) NS NS NS * * NS 

3242

9 regulation of phospholipase A2 activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000030412) NS NS NS NS * NS 

3194

7 negative regulation of glucocorticoid biosynthetic process (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000039657) * NS NS NS NS NS 

3242

9 regulation of phospholipase A2 activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000030412) NS NS NS * NS NS 

3243

5 negative regulation of proteasomal ubiquitin-dependent protein catabolic process (PMID:11278372 [IDA]) NS NS * NS NS NS 

3257

0 response to progesterone stimulus (PMID:16141411 [IDA]) NS NS * * * NS 

3272

7 positive regulation of interferon-alpha production (PMID:16127453 [IDA]) NS NS * NS NS NS 

3295

7 inositol trisphosphate metabolic process (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000026867) NS NS * NS NS NS 

3320

5 cytokinesis during cell cycle (PMID:16236794 [IMP]) NS NS NS NS * NS 

3314

8 

positive regulation of estrogen receptor signaling pathway (GO_REF:0000019 [IEA] 

Ensembl:ENSMUSP00000103169) * NS * NS NS NS 

3232

1 positive regulation of Rho GTPase activity (PMID:21373644 [IMP]) NS NS NS NS NS * 

3257

0 response to progesterone stimulus (PMID:16141411 [IDA]) NS NS NS NS NS * 

3320

5 cytokinesis during cell cycle (PMID:16236794 [IMP]) NS NS NS NS NS * 

3352

3 histone H2B ubiquitination (PMID:16307923 [IDA]) NS NS NS NS NS * 

3432

9 cell junction assembly (Reactome:REACT_20676 [TAS]) NS NS * NS * NS 

3433

2 adherens junction organization (Reactome:REACT_19195 [TAS]) NS NS * NS * * 

3450

4 protein localization in nucleus (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000044368) NS NS * NS NS NS 

3460

5 cellular response to heat (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000032421) * NS NS NS NS NS 

3464

1 cellular nitrogen compound metabolic process (Reactome:REACT_13 [TAS]) NS NS * **** ** ** 

3466

0 ncRNA metabolic process (Reactome:REACT_11052 [TAS]) NS NS NS NS * * 

3501

9 somatic stem cell maintenance (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000019938) NS NS * NS NS NS 

3510

4 positive regulation of transcription via sterol regulatory element binding (PMID:16112081 [IDA]) NS NS * NS NS * 

3530

8 

negative regulation of protein amino acid dephosphorylation (GO_REF:0000019 [IEA] 

Ensembl:ENSMUSP00000033570) NS NS NS NS NS * 
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3533

8 long-chain fatty-acyl-CoA biosynthetic process NS * NS NS NS NS 

3576

7 endothelial cell chemotaxis NS NS NS NS * NS 

4003

2 post-embryonic body morphogenesis (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000079341) * NS NS * NS NS 

4202

6 protein refolding (GO_REF:0000002 [IEA] InterPro:IPR001844) * * * NS * NS 

4205

9 negative regulation of epidermal growth factor receptor signaling pathway (PMID:19836242 [IMP]) NS NS * NS * * 

4225

4 ribosome biogenesis (GO_REF:0000002 [IEA] InterPro:IPR001790) NS NS * ** * ** 

4225

5 ribosome assembly (GO_REF:0000002 [IEA] InterPro:IPR016686) NS NS NS * NS * 

4227

3 ribosomal large subunit biogenesis (PMID:18697920 [IMP]) NS NS NS NS * * 

4227

4 ribosomal small subunit biogenesis (PMID:18697920 [IMP]) NS * NS NS * NS 

4249

3 response to drug (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000023130) NS * * * * * 

4259

0 antigen processing and presentation of exogenous peptide antigen via MHC class I (Reactome:REACT_111119 [TAS]) * * ** **** *** **** 

4277

6 mitochondrial ATP synthesis coupled proton transport (PMID:12110673 [IC] GO:0005753) NS NS NS NS * NS 

4298

1 regulation of apoptosis (PMID:21835305 [IMP]) NS NS * *** ** ** 

4299

3 positive regulation of transcription factor import into nucleus (PMID:18818105 [IDA]) NS NS * NS NS * 

4311

3 receptor clustering (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000011697) NS NS * NS NS NS 

4314

8 mitotic spindle stabilization (PMID:18195732 [IMP]) NS NS NS NS * NS 

4324

8 proteasome assembly (PMID:16990800 [IDA]) NS NS NS NS NS * 

4331

4 negative regulation of neutrophil degranulation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000126377) NS NS * NS NS NS 

4348

4 regulation of RNA splicing (PMID:19285943 [IDA]) NS NS NS NS NS * 

4353

4 blood vessel endothelial cell migration (PMID:14522471 [TAS]) NS NS NS NS * NS 

4358

8 skin development (PMID:22100072 [IMP]) NS NS * NS NS NS 

4398

5 histone H4-R3 methylation (PMID:11448779 [IDA]) NS NS NS * NS * 

4425

5 cellular lipid metabolic process (Reactome:REACT_16957 [TAS]) NS * NS NS NS NS 

4426

7 cellular protein metabolic process (Reactome:REACT_17015 [TAS]) * *** **** **** *** **** 

4428

1 small molecule metabolism NS * ** ** ** ** 

4441

9 interspecies interaction between organisms (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0945) ** ** ** ** ** ** 

4504

0 protein import into mitochondrial outer membrane (PMID:15644312 [IDA]) NS NS NS * NS * 

4521

4 sarcomere organization (PMID:17921333 [TAS]) * NS NS NS NS NS 

4533

8 farnesyl diphosphate metabolic process (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000029808) * NS NS NS NS NS 

4542

9 positive regulation of nitric oxide biosynthetic process (PMID:7965120 [NAS]) * NS * NS NS NS 

4545

4 cell redox homeostasis (GO_REF:0000002 [IEA] InterPro:IPR004099) NS NS NS NS * NS 

4554

2 positive regulation of cholesterol biosynthetic process (GO_REF:0000024 [ISS] UniProtKB:Q64343) NS NS * NS NS NS 

4545

4 cell redox homeostasis (GO_REF:0000002 [IEA] InterPro:IPR004099) * NS NS NS NS NS 

4554

2 positive regulation of cholesterol biosynthetic process (GO_REF:0000024 [ISS] UniProtKB:Q64343) NS * NS NS NS NS 

4571

7 negative regulation of fatty acid biosynthetic process (GO_REF:0000024 [ISS] UniProtKB:P51174) NS NS NS NS NS * 

4572

7 positive regulation of translation (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000084005) NS NS * NS NS * 

4582

0 negative regulation of glycolysis (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000008995) NS NS NS * * NS 

4586

2 positive regulation of proteolysis (PMID:19041327 [IMP]) NS NS NS NS * * 

4589

2 negative regulation of transcription, DNA-dependent (PMID:12711221 [TAS]) NS NS * NS NS NS 

4598

9 positive regulation of striated muscle contraction (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000039657) * NS NS NS NS NS 

4602

2 

positive regulation of transcription from RNA polymerase II promoter, mitotic (GO_REF:0000019 [IEA] 

Ensembl:ENSRNOP00000061729) NS NS * NS NS NS 

4616

6 glyceraldehyde-3-phosphate biosynthetic process (PMID:9611778 [IDA]) * NS NS NS NS NS 

4639

0 ribose phosphate biosynthetic process (PMID:2420826 [IMP]) NS NS NS * * NS 

4662

6 regulation of insulin receptor signaling pathway (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000014309) NS NS NS NS NS * 

4662

7 negative regulation of insulin receptor signaling pathway (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000027271) NS NS * NS NS NS 
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4690

7 intracellular transport (GO_REF:0000002 [IEA] InterPro:IPR000156) * NS NS NS NS NS 

4749

6 vesicle transport along microtubule (PMID:20515468 [IMP]) NS NS NS NS NS * 

4814

7 negative regulation of fibroblast proliferation (PMID:18987311 [IMP]) NS NS NS * NS NS 

4820

8 COPII coating of Golgi vesicle (Reactome:REACT_12507 [TAS]) NS NS NS NS * NS 

4829

1 isotype switching to IgG isotypes (PMID:16148103 [IDA]) * NS NS NS NS NS 

4847

8 replication fork protection (PMID:10779560 [NAS]) NS NS NS NS NS * 

4854

9 positive regulation of pinocytosis (PMID:16542649 [IMP]) NS NS * NS NS NS 

4885

6 anatomical structure development (PMID:9988267 [IMP]) * NS NS NS NS NS 

5080

3 regulation of synapse structure and activity (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000027271) NS NS NS NS * * 

5101

4 actin filament severing (PMID:3020431 [IDA]) NS NS NS NS NS * 

5102

8 mRNA transport (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0509) NS NS NS NS NS ** 

5108

3 'de novo' cotranslational protein folding (PMID:16002468 [TAS]) NS NS NS NS * NS 

5108

4 'de novo' posttranslational protein folding (Reactome:REACT_16952 [TAS]) NS ** ** ** ** * 

5108

5 chaperone mediated protein folding requiring cofactor (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000074392) * NS NS NS NS NS 

5113

1 chaperone-mediated protein complex assembly (PMID:8812458 [TAS]) * * * * NS NS 

5120

8 sequestering of calcium ion (PMID:16472602 [IDA]) * * * * * * 

5125

9 protein oligomerization (PMID:14695475 [IPI] UniProtKB:Q9UDY8) NS * NS NS NS NS 

5129

0 protein heterotetramerization (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000015535) NS NS NS NS NS * 

5143

6 negative regulation of ubiquitin-protein ligase activity during mitotic cell cycle (Reactome:REACT_1041 [TAS]) NS NS ** **** *** **** 

5143

7 positive regulation of ubiquitin-protein ligase activity during mitotic cell cycle (Reactome:REACT_6821 [TAS]) NS NS ** **** *** **** 

5143

9 regulation of ubiquitin-protein ligase activity during mitotic cell cycle (Reactome:REACT_6837 [TAS]) NS NS ** **** *** **** 

5149

5 positive regulation of cytoskeleton organization (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000004326) NS NS * NS NS NS 

5156

8 histone H3-K4 methylation (PMID:17178841 [IDA]) * NS * NS NS NS 

5157

1 positive regulation of histone H3-K4 methylation (PMID:18413740 [IMP]) NS NS NS NS NS * 

5157

3 negative regulation of histone H3-K9 methylation (PMID:18413740 [IMP]) NS NS NS NS NS * 

5160

3 proteolysis involved in cellular protein catabolic process (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000023342) NS NS NS * * * 

5172

6 regulation of cell cycle (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000064680) * NS * * * * 

5178

2 negative regulation of cell division (PMID:11781842 [IMP]) NS NS NS NS NS * 

5508

5 transmembrane transport (Reactome:REACT_15518 [TAS]) * NS NS NS NS NS 

6023

1 mesenchymal to epithelial transition (PMID:17336183 [TAS]) NS * NS NS NS NS 

6023

5 lens induction in camera-type eye (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000124738) NS NS NS NS * NS 

6025

3 negative regulation of glial cell proliferation (PMID:19808959 [IMP]) NS NS NS NS NS * 

6035

6 leucine import (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000025196) * NS NS NS NS NS 

6052

8 

secretory columnal luminar epithelial cell differentiation involved in prostate glandular acinus development 

(GO_REF:0000033 [IBA] PANTHER:PTHR11829_AN377) NS NS NS NS NS * 

6054

8 negative regulation of cell death (PMID:15603737 [IDA]) NS NS * NS * NS 

6066

6 

dichotomous subdivision of terminal units involved in salivary gland branching (GO_REF:0000019 [IEA] 

Ensembl:ENSMUSP00000131840) NS NS NS NS NS * 

6067

5 ureteric bud morphogenesis (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000023171) NS NS * NS NS NS 

6068

7 

regulation of branching involved in prostate gland morphogenesis (GO_REF:0000019 [IEA] 

Ensembl:ENSMUSP00000033952) NS NS * NS NS NS 

6069

9 regulation of endoribonuclease activity (PMID:19188445 [IDA]) * NS NS NS NS NS 

6074

9 mammary gland alveolus development (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000052648) NS NS * NS * NS 

6090

4 regulation of protein folding in endoplasmic reticulum (PMID:19816510 [TAS]) * NS NS NS NS NS 

6012

4 positive regulation of growth hormone secretion (PMID:11773624 [NAS]) NS NS NS * NS NS 

6074

9 mammary gland alveolus development (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000052648) NS NS NS * NS NS 

6113

6 regulation of proteasomal protein catabolic process NS NS NS NS * * 

7068

3 decatenation checkpoint (GO_REF:0000033 [IBA] PANTHER:PTHR10169_AN42) NS * NS * * NS 
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7093

4 CRD-mediated mRNA stabilization NS * NS * * * 

7152

6 semaphorin-plexin signaling pathway NS NS * NS * * 

7160

3 endothelial cell-cell adhesion NS * NS NS NS * 

7168

1 cellular response to indole-3-methanol NS NS NS * * NS 

7266

1 protein targeting to plasma membrane NS NS NS NS NS * 

7236

9 regulation of lipid transport by positive regulation of transcription from RNA polymerase II promoter NS NS NS NS * NS 

9000

7 regulation of mitotic anaphase (PMID:21041660 [IMP]) NS NS NS NS * NS 

2000

144 positive regulation of DNA-dependent transcription, initiation * * NS NS NS NS 

2000

146 negative regulation of cell motility NS NS * NS NS NS 

2001

014 regulation of skeletal muscle cell differentiation NS NS * NS NS NS 

2001

243 negative regulation of intrinsic apoptotic signaling pathway NS NS NS NS NS * 

2001

244 positive regulation of intrinsic apoptotic signaling pathway * * NS NS NS NS 

 

Molecular Functions 

Cat. Description 

F2-

12H 

F2-

24H 

F2-

48H 

F3-

12H 

F3-

24H 

F3-

48H 

33 alpha-1,3-mannosyltransferase activity (PMID:12684507 [IDA]) NS NS NS NS NS * 

49 tRNA binding (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0820) NS NS NS * * * 

166 nucleotide binding (GO_REF:0000002 [IEA] InterPro:IPR016040) NS * * * * * 

1085 RNA polymerase II transcription factor binding * NS NS NS NS NS 

1671 ATPase activator activity (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000023771) NS NS NS * NS NS 

1849 complement component C1q binding (PMID:11781389 [IDA]) NS * * * NS NS 

2135 CTP binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000026920) * NS NS NS NS NS 

3682 chromatin binding (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000109203) NS NS * * * * 

3688 DNA replication origin binding (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000061923) NS * NS NS * NS 

3697 single-stranded DNA binding (PMID:15811850 [IDA]) NS * NS NS NS * 

3712 transcription cofactor activity (PMID:12218053 [IDA]) NS NS * NS * NS 

3713 transcription coactivator activity (PMID:15207693 [IDA]) * NS NS NS NS NS 

3714 transcription corepressor activity (PMID:10973986 [IDA]) NS NS NS * NS NS 

3723 RNA binding (PMID:3323886 [TAS]) ** ** ** *** *** *** 

3724 RNA helicase activity (PMID:8871553 [TAS]) * NS * * * * 

3725 double-stranded RNA binding (GO_REF:0000002 [IEA] InterPro:IPR001159) * NS NS NS NS * 

3729 mRNA binding (PMID:18626009 [IDA]) NS * * * NS ** 

3735 structural constituent of ribosome (GO_REF:0000002 [IEA] InterPro:IPR001813) * **** ** ** **** NS 

3743 translation initiation factor activity (PMID:9341143 [TAS]) * * * * * * 

3756 protein disulfide isomerase activity (GO_REF:0000003 [IEA] EC:5.3.4.1) * NS * NS * * 

3777 microtubule motor activity (GO_REF:0000002 [IEA] InterPro:IPR004273) NS NS * NS NS NS 

3779 actin binding (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0009) NS NS * NS NS NS 

3824 catalytic activity (GO_REF:0000002 [IEA] InterPro:IPR000326) NS NS NS * NS NS 

3869 4-nitrophenylphosphatase activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000039657) * NS NS NS NS NS 

3872 6-phosphofructokinase activity (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001625) NS * * NS NS NS 

3918 DNA topoisomerase (ATP-hydrolyzing) activity (GO_REF:0000002 [IEA] InterPro:IPR013500) NS * NS * NS NS 

3924 GTPase activity (PMID:17107948 [IDA]) NS * * * NS * 

3987 acetate-CoA ligase activity (GO_REF:0000002 [IEA] InterPro:IPR011904) NS * NS * NS * 
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3989 acetyl-CoA carboxylase activity (GO_REF:0000002 [IEA] InterPro:IPR013537) NS NS NS * NS * 

4003 ATP-dependent DNA helicase activity (GO_REF:0000002 [IEA] InterPro:IPR000212) NS * NS NS * ** 

4004 ATP-dependent RNA helicase activity (PMID:7610041 [TAS]) * * * ** * ** 

4013 adenosylhomocysteinase activity (GO_REF:0000003 [IEA] EC:3.3.1.1) NS NS NS * NS NS 

4066 asparagine synthase (glutamine-hydrolyzing) activity (Reactome:REACT_277 [EXP]) NS NS NS * * NS 

4075 biotin carboxylase activity (GO_REF:0000003 [IEA] EC:6.3.4.14) NS NS NS NS NS * 

4128 cytochrome-b5 reductase activity (PMID:7980462 [TAS]) NS NS * NS NS NS 

4298 threonine-type endopeptidase activity (GO_REF:0000002 [IEA] InterPro:IPR001353) NS NS NS * * * 

4310 farnesyl-diphosphate farnesyltransferase activity (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000029808) * NS NS NS NS NS 

4329 formate-tetrahydrofolate ligase activity (GO_REF:0000002 [IEA] InterPro:IPR000559) NS NS NS NS * NS 

4345 glucose-6-phosphate dehydrogenase activity (PMID:743300 [IMP]) NS NS NS * * NS 

4386 helicase activity (PMID:7874112 [TAS]) * NS NS NS NS NS 

4477 methenyltetrahydrofolate cyclohydrolase activity (Reactome:REACT_11205 [TAS]) NS NS NS * NS NS 

4488 methylenetetrahydrofolate dehydrogenase (NADP+) activity (GO_REF:0000003 [IEA] EC:1.5.1.5) NS NS NS NS * * 

4559 alpha-mannosidase activity (GO_REF:0000002 [IEA] InterPro:IPR000602) NS NS NS NS * NS 

4576 oligosaccharyl transferase activity (GO_REF:0000002 [IEA] InterPro:IPR003674) NS NS NS NS NS * 

4579 

dolichyl-diphosphooligosaccharide-protein glycotransferase activity (GO_REF:0000024 [ISS] 

UniProtKB:E2RG47) NS NS NS * * * 

4748 ribonucleoside-diphosphate reductase activity (GO_REF:0000002 [IEA] InterPro:IPR000358) NS NS * NS NS NS 

4812 aminoacyl-tRNA ligase activity (GO_REF:0000002 [IEA] InterPro:IPR000738) NS NS NS * * * 

5007 fibroblast growth factor receptor activity (PMID:8676562 [NAS]) NS NS * NS NS NS 

5083 small GTPase regulator activity (GO_REF:0000029 [NAS]) NS NS NS NS NS * 

5093 Rab GDP-dissociation inhibitor activity (GO_REF:0000002 [IEA] InterPro:IPR000806) NS NS NS * * NS 

5095 GTPase inhibitor activity (PMID:9271386 [TAS]) NS NS NS NS NS * 

5178 integrin binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000059250) NS NS * NS NS * 

5198 structural molecule activity (GO_REF:0000002 [IEA] InterPro:IPR001664) NS NS * * * NS 

5200 structural constituent of cytoskeleton (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000059250) NS * * NS NS NS 

5388 calcium-transporting ATPase activity (GO_REF:0000003 [IEA] EC:3.6.3.8) NS NS NS NS * * 

5488 binding (GO_REF:0000002 [IEA] InterPro:IPR016024) NS NS NS * NS * 

5515 protein binding (PMID:12681488 [IPI] UniProtKB:Q7Z465) **** **** *** *** *** *** 

5524 ATP binding (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0067) * ** *** *** *** **** 

5525 GTP binding (PMID:17107948 [IDA]) NS * NS * NS * 

8013 beta-catenin binding (PMID:18356165 [IPI] UniProtKB:P35222) NS NS NS NS * NS 

8022 protein C-terminus binding (PMID:11053425 [IPI] UniProtKB:Q9H257) * NS * NS NS * 

8026 ATP-dependent helicase activity (PMID:9539711 [IDA]) * NS * * * * 

8080 N-acetyltransferase activity (PMID:12192000 [IDA]) NS NS * NS NS NS 

8092 cytoskeletal protein binding (PMID:10470015 [IDA]) NS NS NS NS NS * 

8134 transcription factor binding (PMID:19303849 [IPI] UniProtKB:P22415) NS NS * NS * * 

8135 translation factor activity, nucleic acid binding (PMID:9790762 [TAS]) * * * * * * 

8139 nuclear localization sequence binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000025788) NS NS * NS * * 

8143 poly(A) RNA binding (PMID:8524242 [IDA]) NS NS * NS NS * 

8379 thioredoxin peroxidase activity (PMID:9388242 [TAS]) NS NS NS * NS NS 

8426 protein kinase C inhibitor activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000005077) NS NS NS * NS NS 

8565 protein transporter activity (PMID:8812458 [TAS]) NS NS * NS NS * 

15035 protein disulfide oxidoreductase activity (GO_REF:0000002 [IEA] InterPro:IPR002109) * NS NS NS * * 

15036 disulfide oxidoreductase activity (PMID:9668102 [IDA]) NS NS NS NS * * 
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15116 sulfate transmembrane transporter activity (GO_REF:0000029 [NAS]) NS * NS NS NS NS 

15171 amino acid transmembrane transporter activity (PMID:10799513 [TAS]) NS * NS NS NS NS 

15175 neutral amino acid transmembrane transporter activity (GO_REF:0000024 [ISS] UniProtKB:Q794F9) * * * NS * NS 

15186 L-glutamine transmembrane transporter activity (PMID:21757002 [TAS]) NS * NS NS NS NS 

16208 AMP binding (PMID:15196008 [IDA]) NS * NS NS NS NS 

16887 ATPase activity (PMID:12110673 [IDA]) * * * ** *** ** 

17111 nucleoside-triphosphatase activity (GO_REF:0000002 [IEA] InterPro:IPR003593) NS NS NS NS * ** 

17137 Rab GTPase binding (PMID:10859313 [IPI] UniProtKB:P20336) NS NS NS NS * * 

17154 semaphorin receptor activity NS NS * NS * NS 

19534 toxin transporter activity (PMID:17408620 [IDA]) NS NS * NS * NS 

19838 growth factor binding (PMID:9360546 [IPI] UniProtKB:P01241) NS NS * * NS NS 

19843 rRNA binding (GO_REF:0000037 [IEA] UniProtKB-KW:KW-0699) NS * * NS NS NS 

19899 enzyme binding (PMID:15169895 [IDA]) NS NS NS NS NS * 

19901 protein kinase binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000044119) NS NS NS NS NS * 

19903 protein phosphatase binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000044119) NS NS NS NS NS * 

19904 protein domain specific binding (PMID:11984006 [IPI] UniProtKB:Q99698) NS NS * NS * * 

30235 nitric-oxide synthase regulator activity (PMID:12828935 [IDA]) * * * NS * NS 

30346 protein phosphatase 2B binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001659) NS NS NS NS * NS 

30515 snoRNA binding (PMID:17636026 [IDA]) NS NS * * NS * 

30544 Hsp70 protein binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000019409) * * * * * * 

30674 protein binding, bridging (PMID:20484083 [IDA]) NS NS NS * NS NS 

30898 actin-dependent ATPase activity (PMID:12672820 [IDA]) NS NS NS NS * NS 

30911 TPR domain binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000024287) * * NS NS NS NS 

30971 receptor tyrosine kinase binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000027271) NS NS NS * * NS 

31177 phosphopantetheine binding (GO_REF:0000002 [IEA] InterPro:IPR006162) NS NS NS * NS NS 

35255 ionotropic glutamate receptor binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000026098) * NS NS NS NS NS 

30957 Tat protein binding (PMID:12944466 [IDA]) NS NS * NS NS NS 

32549 ribonucleoside binding (GO_REF:0000002 [IEA] InterPro:IPR015712) NS NS NS * NS * 

32947 protein complex scaffold (PMID:9601641 [IDA]) NS NS NS NS NS * 

42153 RPTP-like protein binding (GO_REF:0000033 [IBA] PANTHER:PTHR23315_AN54) NS NS NS NS NS * 

42169 SH2 domain binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000044119) NS NS NS NS NS * 

42393 histone binding (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000053672) NS NS NS NS NS * 

42605 peptide antigen binding (PMID:17317671 [IPI] UniProtKB:P04637) NS NS * NS NS NS 

42623 ATPase activity, coupled (PMID:16174732 [NAS]) * NS NS NS NS NS 

42802 identical protein binding (PMID:8681376 [IPI] UniProtKB:Q13158) NS NS * NS NS * 

42826 histone deacetylase binding (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000019938) NS * NS NS * * 

43022 ribosome binding (PMID:19570978 [IDA]) NS NS * * * * 

43023 ribosomal large subunit binding (PMID:18809582 [IDA]) NS NS * NS NS NS 

43130 ubiquitin binding (PMID:20603016 [IDA]) NS NS NS * * NS 

43236 laminin binding (PMID:19786618 [IMP]) NS NS NS * NS NS 

43531 ADP binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000022892) * NS NS NS NS NS 

44020 histone methyltransferase activity (H4-R3 specific) (PMID:11448779 [IDA]) NS NS NS * NS * 

45182 translation regulator activity (PMID:9891060 [IDA]) NS * NS NS NS NS 

45296 cadherin binding (PMID:9531566 [IDA]) NS NS NS NS NS * 

46912 

transferase activity, transferring acyl groups, acyl groups converted into alkyl on transfer (GO_REF:0000002 

[IEA] InterPro:IPR002020) NS NS NS NS * NS 
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46933 

hydrogen ion transporting ATP synthase activity, rotational mechanism (GO_REF:0000002 [IEA] 

InterPro:IPR000131) NS NS * NS * NS 

46983 protein dimerization activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000096209) NS NS NS NS * NS 

48029 monosaccharide binding (GO_REF:0000024 [ISS] UniProtKB:Q9D132) NS NS NS * NS NS 

48037 cofactor binding (PMID:10786676 [TAS]) NS * NS NS NS NS 

47485 protein N-terminus binding (PMID:16107709 [IPI] UniProtKB:Q03468) NS NS * NS NS NS 

50321 tau-protein kinase activity (PMID:14594945 [IDA]) NS NS NS NS NS * 

50681 androgen receptor binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000009129) * NS NS NS NS NS 

50733 RS domain binding (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000105985) * NS NS NS NS NS 

51015 actin filament binding (PMID:15823560 [IDA]) NS NS * NS NS NS 

51059 NF-kappaB binding (PMID:16280327 [IDA]) * NS NS * NS * 

51082 unfolded protein binding (GO_REF:0000002 [IEA] InterPro:IPR002194) ** *** ** *** *** ** 

51087 chaperone binding (PMID:15603737 [IPI] UniProtKB:P08107) ** * * * * * 

51434 BH3 domain binding (PMID:21036904 [IPI] UniProtKB:Q16611) NS NS NS NS NS * 

51787 misfolded protein binding (PMID:11123922 [IDA]) * NS NS NS NS NS 

51920 peroxiredoxin activity (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000030805) NS NS NS NS * NS 

51996 squalene synthase activity * NS NS NS NS NS 

61133 endopeptidase activator activity NS NS NS * * * 

70095 fructose-6-phosphate binding (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000035212) NS * NS NS NS NS 

70628 proteasome binding (PMID:18162577 [IDA]) NS NS NS * * * 

70644 vitamin D response element binding (PMID:17426122 [IDA]) NS NS * * NS NS 

Cellular Compartments 

Cat. Description 

F2-

12H 

F2-

24H 

F2-

48H 

F3-

12H 

F3-

24H 

F3-

48H 

118 histone deacetylase complex (PMID:12711221 [TAS]) NS * NS NS NS NS 

275 mitochondrial proton-transporting ATP synthase complex, catalytic core F(1) (PMID:8227057 [NAS]) NS NS NS NS * NS 

502 proteasome complex (PMID:8811196 [TAS]) * * ** **** **** *** 

775 chromosome, centromeric region (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0047) NS NS * NS NS NS 

785 chromatin (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000074236) NS NS * NS * * 

793 condensed chromosome (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000045667) NS NS NS ** NS NS 

800 lateral element (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000079909) NS NS NS NS NS * 

1725 stress fiber (PMID:10470015 [IDA]) NS NS * NS NS NS 

1726 ruffle (GO_REF:0000024 [ISS] UniProtKB:Q9JKL5) NS * NS NS NS NS 

2116 semaphorin receptor complex (PMID:19909241 [TAS]) NS NS NS NS NS * 

5605 basal lamina (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000005532) NS NS * ** * NS 

5606 laminin-1 complex (PMID:10964500 [NAS]) NS NS NS ** NS NS 

5624 membrane fraction (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000065023) NS NS NS NS NS * 

5625 soluble fraction (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000050703) NS * ** ** * * 

5626 insoluble fraction (PMID:12915590 [IDA]) NS NS NS ** * * 

5634 nucleus (PMID:19188445 [IDA]) * NS ** *** ** *** 

5641 nuclear envelope lumen (PMID:8245774 [IDA]) NS * NS ** ** ** 

5638 lamin filament (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000029142) NS NS NS NS NS * 

5643 nuclear pore (PMID:11024021 [NAS]) NS NS * ** * ** 

5654 nucleoplasm (PMID:15615785 [IDA]) * ** *** **** **** **** 

5663 DNA replication factor C complex (PMID:2565339 [TAS]) NS NS NS NS NS * 

5681 spliceosomal complex (PMID:8670905 [IDA]) NS NS * NS ** ** 
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5689 U12-type spliceosomal complex (PMID:21041408 [IDA]) NS NS NS NS * * 

5694 chromosome (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0468) NS NS * NS NS NS 

5720 nuclear heterochromatin (PMID:10570185 [TAS]) NS * NS NS * NS 

5730 nucleolus (PMID:18029348 [IDA]) * ** **** **** **** **** 

5732 small nucleolar ribonucleoprotein complex (GO_REF:0000024 [ISS] UniProtKB:P32495) NS NS * ** * * 

5737 cytoplasm (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000065023) * * *** **** *** *** 

5739 mitochondrion (PMID:18029348 [IDA]) NS NS NS *** ** ** 

5743 mitochondrial inner membrane (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000037348) NS NS NS NS * * 

5753 mitochondrial proton-transporting ATP synthase complex (PMID:12110673 [IDA]) NS NS * NS * NS 

5759 mitochondrial matrix (Reactome:REACT_2027 [TAS]) NS NS NS ** * * 

5783 endoplasmic reticulum (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0095) ** NS ** *** ** ** 

5784 translocon complex (PMID:9286695 [NAS]) NS NS NS ** * NS 

5788 endoplasmic reticulum lumen (Reactome:REACT_23843 [TAS]) ** NS * ** * * 

5789 endoplasmic reticulum membrane (Reactome:REACT_10043 [TAS]) * NS * ** * * 

5792 microsome (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0166) * NS NS NS NS NS 

5793 ER-Golgi intermediate compartment (PMID:15308636 [IDA]) * NS NS ** * * 

5811 lipid particle (PMID:14741744 [IDA]) NS NS * *** * * 

5813 centrosome (PMID:21399614 [IDA]) NS NS NS NS * ** 

5819 spindle (PMID:11943150 [IDA]) NS NS * NS NS NS 

5829 cytosol (Reactome:REACT_1442 [TAS]) * *** *** **** **** *** 

5832 chaperonin-containing T-complex (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000031402) NS ** ** *** ** ** 

5838 proteasome regulatory particle (PMID:8816993 [TAS]) NS NS * *** * * 

5839 proteasome core complex (GO_REF:0000002 [IEA] InterPro:IPR001353) NS NS NS *** * * 

5840 ribosome (GO_REF:0000002 [IEA] InterPro:IPR001813) NS **** ** *** **** ** 

5852 eukaryotic translation initiation factor 3 complex (PMID:9341143 [TAS]) NS NS NS ** * * 

5853 eukaryotic translation elongation factor 1 complex (GO_REF:0000002 [IEA] InterPro:IPR001326) NS * * NS NS NS 

5856 cytoskeleton (PMID:11171322 [TAS]) NS NS * NS NS NS 

5874 microtubule (PMID:21525035 [IDA]) NS * ** NS NS NS 

5905 coated pit (GO_REF:0000029 [NAS]) NS * * NS NS * 

5911 cell-cell junction (PMID:10588738 [TAS]) NS NS NS NS NS * 

5913 cell-cell adherens junction (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000125453) NS NS * NS * * 

5915 zonula adherens (PMID:19041755 [IDA]) NS NS * ** * * 

5925 focal adhesion (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0118) NS NS * NS NS * 

5945 6-phosphofructokinase complex (PMID:6444532 [IDA]) NS * * NS NS NS 

8180 signalosome (PMID:18850735 [IDA]) * * * ** * * 

8303 caspase complex (PMID:12665508 [IDA]) * NS NS NS NS NS 

8250 oligosaccharyltransferase complex (GO_REF:0000024 [ISS] UniProtKB:E2RG47) NS NS NS NS * * 

8278 cohesin complex (PMID:17349791 [IDA]) NS NS NS NS NS * 

9295 nucleoid (GO_REF:0000002 [IEA] InterPro:IPR007406) NS * NS NS NS NS 

9986 cell surface (PMID:8137822 [IDA]) * * NS ** NS NS 

1049

4 stress granule (PMID:17392519 [IDA]) NS NS NS NS NS * 

1250

7 ER to Golgi transport vesicle membrane (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0078) NS NS NS NS * NS 

1503

0 Cajal body (PMID:15988025 [IDA]) NS NS NS ** * * 

1562

9 actin cytoskeleton (PMID:18029348 [IDA]) NS NS * NS NS NS 

1593

4 large ribosomal subunit (GO_REF:0000002 [IEA] InterPro:IPR005721) NS NS NS ** * NS 
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1593

5 small ribosomal subunit (PMID:15883184 [IDA]) NS ** * ** ** NS 

1602

3 cytoplasmic membrane-bounded vesicle (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000128483) NS NS * NS * * 

1623

5 aggresome (PMID:14675537 [IDA]) NS NS * ** * * 

1628

1 eukaryotic translation initiation factor 4F complex (PMID:2390971 [TAS]) * * * ** * * 

1632

4 apical plasma membrane (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0015) NS * NS NS NS NS 

1632

8 lateral plasma membrane (GO_REF:0000024 [ISS] UniProtKB:E9Q612) NS * * ** NS * 

1634

2 catenin complex (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000008614) NS NS NS ** NS NS 

1645

9 myosin complex (PMID:11546872 [ISS] UniProtKB:Q91ZE9) NS NS NS NS * * 

1646

1 unconventional myosin complex (PMID:12547197 [IDA]) NS * NS NS NS NS 

1636

3 nuclear matrix (PMID:10973986 [IDA]) NS NS * NS NS * 

1651

4 SWI/SNF complex (PMID:8804307 [IDA]) NS NS * NS NS NS 

1659

3 Cdc73/Paf1 complex (PMID:16307923 [IDA]) NS NS NS NS NS * 

1660

0 flotillin complex (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000072136) NS * NS NS NS NS 

1660

7 nuclear speck (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0186) * NS * NS NS * 

1710

1 aminoacyl-tRNA synthetase multienzyme complex (PMID:14500886 [IDA]) NS NS * NS NS NS 

1971

8 rough microsome (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000050877) NS * * ** NS NS 

1990

7 cyclin-dependent protein kinase activating kinase holoenzyme complex (PMID:11445587 [IDA]) NS * NS NS NS NS 

1977

3 proteasome core complex, alpha-subunit complex (GO_REF:0000002 [IEA] InterPro:IPR000426) NS NS NS ** * * 

2262

5 cytosolic large ribosomal subunit (PMID:12962325 [IDA]) * ** ** ** **** * 

2262

7 cytosolic small ribosomal subunit (PMID:8358435 [NAS]) NS *** ** ** ** NS 

3001

8 Z disc (GO_REF:0000024 [ISS] UniProtKB:Q8BHK2) * NS NS NS NS NS 

3002

7 lamellipodium (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000102254) NS NS * NS NS NS 

3013

7 COPI-coated vesicle (GO_REF:0000024 [ISS] UniProtKB:Q28735) NS NS NS NS * * 

3005

6 hemidesmosome (PMID:12482924 [IDA]) NS * * ** NS NS 

3005

7 desmosome (PMID:7527055 [NAS]) NS * * ** NS * 

3013

0 clathrin coat of trans-Golgi network vesicle (PMID:11964161 [NAS]) NS NS * NS NS NS 

3042

4 axon (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000028377) NS NS * NS NS NS 

3049

6 midbody (PMID:17310996 [ISS] UniProtKB:Q6PER3) NS NS * ** * * 

3052

9 ribonucleoprotein complex (PMID:17289661 [IDA]) ** ** ** **** **** *** 

3053

0 heterogeneous nuclear ribonucleoprotein complex (PMID:22446626 [IDA]) NS * * ** * ** 

3053

2 small nuclear ribonucleoprotein complex (PMID:7512861 [TAS]) NS NS NS NS * * 

3065

9 cytoplasmic vesicle membrane (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0089) NS NS * NS NS NS 

3067

3 axolemma (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000001759) NS NS NS NS * * 

3068

7 preribosome, large subunit precursor (PMID:17353269 [IDA]) NS NS NS NS * NS 

3068

8 preribosome, small subunit precursor (PMID:17652137 [ISS] UniProtKB:P35194) NS NS NS ** NS * 

3087

7 beta-catenin destruction complex (PMID:19759537 [IDA]) NS NS NS NS NS * 

3101

2 extracellular matrix (PMID:22261194 [ISS] UniProtKB:F1SS24) NS NS NS ** NS NS 

3108

0 Nup107-160 complex (PMID:17098863 [IDA]) NS NS NS NS * NS 

3122

4 intrinsic to membrane (PMID:10381623 [TAS]) NS * NS NS * NS 

3125

2 cell leading edge (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000019865) NS NS NS NS * * 

3125

3 cell projection membrane (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000028981) NS NS NS NS NS * 

3142

8 box C/D snoRNP complex (PMID:17636026 [NAS]) NS NS * ** * * 

3152

3 Myb complex (PMID:18548008 [IDA]) NS NS NS NS * NS 

3161

8 nuclear centromeric heterochromatin (PMID:20551165 [IDA]) NS NS * NS NS NS 

3194

1 filamentous actin (PMID:10339567 [IDA]) NS * NS NS * NS 
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3196

5 nuclear membrane (PMID:18029348 [IDA]) NS NS NS ** * ** 

3215

4 cleavage furrow (PMID:14508515 [IDA]) NS NS * NS * * 

3311

6 ER-Golgi intermediate compartment membrane (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0099) NS NS NS ** * * 

3466

3 endoplasmic reticulum chaperone complex (PMID:18400946 [IDA]) * NS * ** * NS 

3474

7 Axin-APC-beta-catenin-GSK3B complex (GO_REF:0000033 [IBA] PANTHER:PTHR10845_AN318) NS NS NS NS NS * 

3509

7 histone methyltransferase complex (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000106443) * NS NS NS NS NS 

3526

7 NuA4 histone acetyltransferase complex (PMID:14966270 [IDA]) NS NS NS NS * NS 

4238

2 paraspeckles (PMID:9659921 [IDA]) NS * NS NS NS NS 

4240

5 nuclear inclusion body (PMID:15615787 [IDA]) NS NS NS NS NS * 

4247

0 melanosome (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0161) **** *** ** **** **** *** 

4255

5 MCM complex (PMID:17296731 [IDA]) NS NS NS NS * * 

4264

5 mitochondrial nucleoid (PMID:18063578 [IDA]) NS NS NS ** * * 

4282

4 MHC class I peptide loading complex (PMID:12788224 [NAS]) NS NS * ** * NS 

4319

0 ATP-binding cassette (ABC) transporter complex (PMID:10873640 [TAS]) NS NS NS NS * NS 

4321

9 lateral loop (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000000312) NS NS NS ** NS NS 

4323

1 intracellular membrane-bounded organelle (PMID:18029348 [IDA]) NS NS NS NS * ** 

4323

4 protein complex (PMID:11256614 [IDA]) * NS * ** * * 

4325

9 laminin-10 complex (PMID:16236823 [TAS]) NS NS * ** * * 

4326

0 laminin-11 complex (PMID:16236823 [TAS]) NS NS * ** * * 

4356

4 Ku70:Ku80 complex (PMID:20383123 [IDA]) NS NS NS NS * NS 

4444

5 cytosolic part (GO_REF:0000019 [IEA] Ensembl:ENSRNOP00000005374) NS * * NS * NS 

4445

9 plasma membrane part (PMID:20399176 [IDA]) * * NS NS NS NS 

4847

1 perinuclear region of cytoplasm (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0198) * NS * ** NS * 

4526

1 

proton-transporting ATP synthase complex, catalytic core F(1) (GO_REF:0000038 [IEA] UniProtKB-KW:KW-

0139) NS NS NS NS * NS 

4847

1 perinuclear region of cytoplasm (GO_REF:0000039 [IEA] UniProtKB-SubCell:SL-0198) NS NS NS NS * NS 

5123

3 spindle midzone (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000019133) NS NS NS NS NS * 

7006

2 extracellular vesicular exosome (GO_REF:0000019 [IEA] Ensembl:ENSMUSP00000018710) ** * * ** * * 

7054

5 PeBoW complex (PMID:16738141 [IDA]) NS NS NS ** * NS 

7093

7 CRD-mediated mRNA stability complex NS * NS ** * * 

7101

3 catalytic step 2 spliceosome (PMID:11991638 [IDA]) ** * ** ** ** ** 

7155

6 integral to lumen side of endoplasmatic reticulum membrane * NS NS ** * NS 

7156

4 npBAF complex NS NS * NS NS * 

7192

0 clevage body NS NS * NS NS NS 

7266

9 T-RNA splicing ligase complex NS NS NS NS * NS 

 

 

 


