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Summary 

Identifying and targeting cancer cell components that play non-degenerate 

and non-redundant functions within cancers could lead to the development 

of more effective therapies. Myc is considered a prime example of such a 

target, and has been characterized as a downstream effector of multiple 

oncogenic pathways. Indeed, several studies have shown that inhibiting Myc 

displays notable therapeutic potential against different types of cancer. 

However, targeting Myc pharmacologically – directly or indirectly – is still 

considered challenging. 

Use of the Myc dominant negative mutant termed Omomyc provided the 

first evidence of the efficacy and safety of targeting Myc and displayed one 

of the most outstanding anti-tumorigenic potentials to date.  

This thesis project is divided into two major tasks: firstly, we aimed to better 

determine the source of Omomyc’s therapeutic effect, which could provide 

clues on how to develop better Myc inhibitors; Secondly, despite the claims 

that Omomyc itself could not be used as a drug, we assessed different ways 

in which it could be effectively delivered to cancer cells to validate the first 

Omomyc-based drugs. 

In the context of our first task, by expressing Omomyc in a panel of lung 

cancer cells lines, we showed for the first time a gain-of-function of 

Omomyc, which intriguingly re-locates endogenous Max on Myc-unrelated 

DNA regions, thus potentially acting not only as a Myc inhibitor but also 

producing additional effects within cancer cells. Moreover, its dimerization 

with endogenous Max and the occupancy of DNA were identified as key 

effectors of Omomyc’s anti-tumorigenic efficacy. 

In the context of generating the first Omomyc-based pharmacological 

approaches, Omomyc was first produced as a polypeptide. Remarkably, we 

determined that its systemic administration is safe and effective against 

subcutaneously implanted lung cancer cells, both as monotherapy and in 

combination with standard chemotherapy. Second, we generated Omomyc-

encapsulating liposomes, which are able to improve the cellular uptake of 

the polypeptide and its nuclear localization. Finally, we provided the first 

evidence that Omomyc could be delivered as mRNA into cells that will 

translate it into a functional nuclear peptide product.    
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Together, our results provide insights into Omomyc’s mechanism of action 

that might be used to develop new therapeutic approaches, including more 

effective Omomyc-derived drugs. Furthermore, we show that these could be 

delivered to cancer cells as cell-penetrating peptides (CPPs), liposomes 

and/or mRNA, providing an arsenal of tools to effectively and safely inhibit 

the Myc oncogene in the clinic.                                   



 

 

 

 

 

 

 

 

 

“Twenty years from now you will be more disappointed by 

the things that you didn't do than by the ones you did do. So 

throw off the bowlines. Sail away from the safe harbor. 

Catch the trade winds in your sails. Explore. Dream. 

Discover.” 

 

- MARK TWAIN 
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1. Introduction 

1.1. The problem of cancer 

In medicine, cancer refers to a group of related diseases, which are 

characterized by an abnormal and uncontrollable proliferation of the body’s 

cells and their spread to other tissues. These diseases are the second leading 

cause of mortality worldwide, accounting for approximately 14.1 million new 

cases, 32.6 million people living with cancer (within 5 years of diagnosis) and 

8.2 million deaths in 2012 [1, 2]. According to the American Cancer Society, 

the average lifetime risk of developing or dying from cancer in the US 

population is 1 in 3 and 1 in 5 respectively [3]. The economic burden of 

cancer is also significant and increasing. In 2010, the annual costs of cancer 

worldwide were estimated around US$ 1.16 trillion [4]. Thus, cancer remains 

a major health, social and economic problem.   

1.2. Heterogeneity in cancer  

Cancer arises from changes in genes that regulate the functions of cells, 

especially how they divide and how they die. These changes are usually 

acquired during a person’s lifetime, when errors during cell division occur or 

due to DNA damage produced by specific environmental exposures. A total 

of 294,881 mutations in 20,000 protein-coding genes from 3,284 tumors 

have been reported [5].The number of genes that can drive cancer is highly 

variable across cancer types (Figure 1). In common solid tumors such as 

colorectal, breast, brain or pancreatic cancers, an average of 33 to 66 genes 

show somatic mutations that affect their protein product. However, other 

types of cancer such as lung cancer and melanoma display around 200 of 

those type of mutations per tumor [5]. These alterations trigger multiple 

newly acquired capabilities in tumors, known as hallmarks of cancer, that 

contribute to  its initiation, growth and survival: promoting proliferation 

signaling, replicative immortality, angiogenesis, genomic instability, 

inflammation, invasion and metastasis, avoidance of cell death and immune 

destruction, and reprograming of cell metabolism (Figure 2) [6]. These 

multiple driving mutations and different altered cellular functions exemplify 

the complexity  



Introduction 

10 

 

Figure 1:  Prevalence of somatic mutations in different cancers. Every black 

dot represent a sample, while red lines represent the median number of 

mutations. Y axis (log scale) shows the number of mutations per megabase, 

while X axis shows the cancer type ordered by the median number of 

mutations. Obtained from [7]. 

 

Figure 2: Acquired capabilities necessary for tumor growth and progression 

known as hallmarks of cancer. Adapted from [6].  

and heterogeneity of human cancers. Indeed, while all cancers have been 

traditionally gathered as one disease and treated similarly, nowadays it is 

well-established, thanks to the developments in genomic techniques, that 

every cancer might be different, even if originating from the same tissue [8]. 

On the basis of this heterogeneity, a novel therapeutic strategy has emerged 

called “precision medicine”, which uses personalized treatments according 



Introduction 

11 

to the specific alterations present in the tumor of each patient. In 

combination with regular chemotherapy, radiotherapy and surgery, 

personalized therapies have opened a new era in cancer therapeutics [9].  

1.3. Precision medicine in cancer therapies 

Precision, personalized and individualized medicine are often used as 

synonyms. However, some physicians claim that patients have always been 

treated on the personalized/individualized level. Therefore, precision 

medicine is the preferred term to  emphasize the new aspects of this field: 

while the personalized approach in the relationship doctor-patient is still a 

central aspect of precision medicine, the term refers to the use of new 

biomedical information beyond visible disease signs and symptoms, and 

implies the incorporation of broad arrays of individual data such as clinical, 

lifestyle, genetic, immunohistologic and biomarker information that 

distinguish a given patient from others with similar disease presentation [10, 

11].  

An example of this novel strategy is found in lung cancer diagnosis, where 

the traditional classification based on the histology of the tumors (large-cell 

carcinoma, squamous cell carcinoma, adenocarcinoma and small-cell lung 

cancer) is complemented by the molecular testing of genetic markers such as 

EGFR, MET, RAS and ALK among others (Figure 3). For instance, the few lung 

cancer patients (<5%) harboring tumors driven by an ALK rearrangement can 

benefit from a dramatic clinical response if they are treated with the 

targeted inhibitor crizotinib. Conversely, patients without ALK fusion will not 

be treated with this drug, avoiding a likely ineffective and costly treatment 

that could even trigger toxic side effects [12].  

Another clear example of a revolutionary step achieved by precision 

medicine in lung cancer therapy was made with the discovery of mutations 

and the targeting of EGFR. Ligands of EGFR (such as EGF) can bind to the 

extracellular domain of the transmembrane receptor, which will form dimers 

with other EGFR molecules or HER family members, undergoing the 

phosphorylation of key residues and triggering the activation of different 

downstream signaling pathways. Mutations or amplifications in EGFR can 

constitutively activate this receptor and the downstream effector pathways 

and have been described as oncogenic alterations that can initiate and 

sustain tumor progression. Only 2 types of alterations in EGFR account for 
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90% of the known activating mutations: deletions in exon 19 and an L858R 

substitution in exon 21. The treatment of patients harboring these 2 

molecular alterations using tyrosine kinase inhibitors (TKI) has resulted in an 

improved clinical outcome. The 12-month progression-free survival of 6.7% 

with chemotherapy was increased to 24.9% with the TKI gefitinib in EGFR-

mutated lung cancer patients [13]. Erlotinib and afatinib also demonstrated 

that first-line EGFR-TKI offered improved objective response rate, 

progression-free survival and better quality of life compared to 

chemotherapy [14, 15]. However, none of these studies demonstrated a 

clear benefit in overall survival of EGFR-targeted therapies [16, 17]. On the 

other hand, more recent retrospective analysis of several studies show that 

those patients with EGFR-activating mutations can benefit from a 

significantly longer survival advantage (13.5 months) when treated with 

EGFR-TKIs [18], or at least in a subgroup of those patients with deletion in 

exon 

 

Figure 3: Distinction of NSCLC by histology and adenocarcinoma by mutated 

genetic markers. Adapted from [16]. SCLC: Small-cell lung cancer; NSCLC: 

Non-small cell lung cancer.     
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19 [19]. This later study suggested, in addition, that the different responses 

observed in patients presenting the different activating EGFR mutations 

(deletion in exon 19 vs. L858R mutation) might be distinct and therefore 

these 2 groups of patients should be differentiated in future trials, 

illustrating new degrees of complexity in the stratification of patients with 

lung cancer, and possibly, other types of cancer as well.  

1.4. Primary or acquired resistance to targeted therapies 

Cancer patients have benefited from precision medicine and will continue 

doing so even further given the rapid technological developments in next-

generation sequencing and fierce competition of pharmacological companies 

to provide novel and more potent molecular targeted drugs. This medical 

approach, while harboring promising prospects, is currently at its infancy and 

must overcome a number of problems and deficiencies [20]. To start, intra-

tumoral genetic heterogeneity has important implications for precision 

medicine and is one of the key factors that limit its therapeutic efficacy. In 

fact, it is now well established that, within each tumor, there are multiple 

subpopulations of cancer cells presenting different molecular alterations. 

Studies in advanced colorectal [21] and breast cancers [22], for example, 

suggest that treating patients with drugs matching certain molecular targets 

might not always produce an improved outcome, because, even if the tumor 

responds initially to the targeted therapy, the intra-tumoral genetic 

heterogeneity and the selective pressure of the treatment might trigger the 

emergence of resistance. For instance, the previously mentioned EGFR-

mutated tumors that initially respond to EGFR-TKIs might develop acquired 

resistance by the uprising of cells presenting secondary mutations in EGFR 

(T790M), phenotypic transformation (from adenocarcinoma to small cell lung 

cancer) or the activation of alternative pathways (amplification of MET and 

HER2) [23]. Hence, continued investigation needs to be undertaken to 

understand how tumors circumvent targeted therapeutic strategies and 

evolve into resistant clones in order to rationally design more effective 

treatment combinations or drugs.  

A strategy to counteract resistance has been implemented, for instance, in 

BRAF-mutated melanoma treated with the BRAF inhibitor vemurafenib. This 

inhibitor has displayed an initial outstanding efficacy in these types of 

tumors, which however develop resistance by activation of EGFR. Because of 

that, this type of resistance can be targeted by the combination of 
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vemurafenib with EGFR-TKIs [24, 25]. Other potential solutions to effectively 

implement precision medicine are the use of targeted therapies at earlier 

stages of the diseases, when likely fewer molecular alterations have 

accumulated, and the monitoring of the cancer genotype progression to re-

adjust therapeutic regimens as needed [26].  

The problem of primary or acquired resistance of tumors to targeted 

therapies is in part a consequence of the redundancy of their molecular 

targets in cancer cell function. Resistances often emerge because the 

molecular target has a function within cancer cells that becomes dispensable 

for tumor progression because it can be easily compensated by alternative 

molecular pathways. Thus, the therapeutic intervention produces no 

significant effect in the global outcome, resulting in modest or no overall 

survival increase [27]. Indeed, the efficacy of cancer drugs does not only 

depend on how well they can reach the cancer cell and effectively inhibit the 

target, but in the nature of the target itself.                

1.5. The ideal cancer target 

Nowadays, more than 34,000 drugs allow us to target more than 3,000 

molecules [28]. Drugs used in the clinic are able to target a variety of cellular 

components, most of which are relatively easy to inhibit, such as G protein-

coupled receptors, ion channels, kinases and proteases [29]. There is 

currently an arsenal of drugs that target some of the molecules found 

mutated or deregulated in cancer (Figure 4). However, other more complex 

molecular targets might hold the key for more effective and broader 

responses compared to current targeted therapies. There are some features 

that may constitute the ideal cancer target. First, the target should be a 

molecule whose function is central to many types of cancer and, 

consequently, whose inhibition could display efficacy in a variety of tumor 

types. Second, to avoid the problem of resistance, the target should be part 

of a functionally non-degenerate and non-redundant node, indispensable for 

the maintenance and survival of the tumors. Third, while the target’s 

function should be essential for cancer cell survival, it must be dispensable 

for normal cells, thus displaying minimal or, preferentially, no side effects. 

Finally, the molecule must be effectively druggable and mechanistically well 

characterized, allowing the development of compounds that could totally  
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Figure 4: Representation of the main signaling pathways involved in 

proliferation and progression of cancer and some of the targeted therapy 

agents against them. EGF: Epidermal growth factor; EGFR: EGF receptor; 

HGF: hepatocyte growth factor; c-MET: mesenchymal– epithelial transition 

factor; PDGF: Platelet-derived growth factor; PDGFR: PDGF receptor; IGF-1: 

insulin-like growth factor-I; IGF-1R: IGF-1 receptor; PI3K: phosphatidylinositol 

3-kinase; Ras: Rat sarcoma subfamily of GTPases; AKT: protein kinases B; 

PDK1: pyruvate dehydrogenase kinase isozyme 1; mTOR: mammalian target 

of rapamycin; MEK: mitogen-activated protein kinase kinase; VEGF: vascular 

endothelial growth factor; VEGFR: VEGF receptor; BRAF: B-type RAF kinase; 

src: v-Src (Rous sarcoma virus) tyrosine kinase; BCRABL: Philadelphia 

chromosome; JAK/STAT: Janus kinases/signal transducers and activators of 

transcription; PTEN: phosphatase and tensin homolog; HDAC: histone 

deacetylases. Image adapted from [30].   

neutralize its deregulated function and downstream effects [31, 32]. Among 

the few molecules and pathways that could potentially match these features, 

we have focused on the Myc oncogene. Myc was discovered in 1979 as 

responsible for inducing myelocytomatosis in birds [33] and 3 years later it 

was implicated for the first time in a human malignancy [34]. Today, almost 

40 years later, Myc is considered one of the most frequently deregulated 
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oncogenes in many different types of cancer and one of the most attractive 

therapeutic targets [35, 36].   

1.6. The Myc oncogene 

The Myc family is composed of c-Myc (hereinafter Myc), N-Myc and L-Myc, 

which act as transcription factors that form dimers with Max and regulate 

the expression of multiple genes across the genome [37]. 

The many pathways transducing growth signals that converge on Myc show 

the central role of this transcription factor in regulating cell proliferation 

(Figure) [38-45]. The importance of Myc’s function in normal cells and its 

pathological potential are also mirrored by its tightly controlled regulation. 

Beyond gene expression, multiple mechanisms regulate Myc at both the 

mRNA and protein levels. Myc’s mRNA stability and translation can be 

controlled by microRNAs and RNA-binding proteins [46, 47]. At the protein 

level, Myc’s translational activity, stability and degradation are controlled by 

kinases, ubiquitin ligases, acetyl transferases, long non-coding RNAs and 

other partnering proteins within its network [38, 48-52].The various 

upstream proliferative signals use these mechanisms to regulate the 

expression of Myc and its short-lived mRNA and protein levels, ensuring Myc 

presence only  when it is required. Hence, in the absence of such sustained 

stimuli, Myc expression is switched off, the mRNA and protein levels rapidly 

fall and the cell undergoes growth arrest. Additional check-points within 

normal cells also protect the organism against Myc deregulation, so that 

abnormal Myc expression causes cell growth arrest or even cell death [53]. 

Indeed, Myc-induced apoptosis in the absence of other oncogenic lesions 

might be a reason why Myc is rarely the driving alteration in cancers at early 

stages [54]. However, loss of these check-points or obstruction of apoptosis 

is able to synergize and cooperate with Myc deregulation to promote 

proliferation and tumorigenesis [55-58]. In this context, Myc deregulation is 

typically the result of oncogenic mutations in the various upstream signaling 

pathways that control its expression and/or stability [35].  

Once it is expressed, Myc is able to develop its function through its different 

domains: a nuclear localization sequence, that directs Myc to the nuclei of 

cells where it performs its function; a helix-loop-helix leucine-zipper (HLH-LZ) 

dimerization domain that interacts with Myc’s partner Max to form 

functional dimers; a basic DNA-binding domain that selectively recognizes 
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target gene promoters; a transactivation domain (TAD) harboring Myc boxes 

I and II that controls the transcriptional activity of the target genes through 

the recruitment of co-activator proteins; and a central domain that harbors 

Myc boxes III and IV , which contribute to transcription repression and 

induction of apoptosis among other functions (Figure 5) [59]. These domains 

are distributed among all the protein length: the unstructured N-terminal 

transcriptional regulatory domain contains the highly conserved boxes I and 

II, followed by III and IV and one nuclear localization sequence [60-62]; the C-

terminal region contains the b-HLH-LZ dimerization domain, which harbors a 

second nuclear localization sequence, heterodimerizes with Max to bind 

mainly to consensus DNA regions called E-boxes (CACGTG) and regulate the 

expression of thousands genes across the genome [63].  

The basic principle of equilibrium behind the specific heterodimerization of 

Myc and Max relies on the formation of more stable heterodimers compared 

to the formation of respective homodimers. The b-HLH-LZ of Myc (Myc’SH) is 

intrinsically disordered and presents low solubility. Only in the presence of 

Max b-HLH-LZ (Max’SH), Myc’SH is able to form stable secondary, tertiary 

and quaternary structures upon binding with Max’SH [64]. The heterodimers 

bind to DNA through specific recognition of E-boxes, while the N-terminal 

domain form complexes with co-factors such as TFIIH, TRRAP and GCN5 that 

regulate gene expression through chromatin modification [65, 66]. 

Transactivating activity by Myc/Max is regulated and counteracted by 

Mad/Max heterodimers and Max/Max homodimers, which reduce the Max 

monomers available for Myc heterodimerization and compete to bind E-box 

DNA sequences [67].  

 

Figure 5: Topology of Myc and Max proteins. (1) Myc box-I: located between 

amino acids 45 and 63 and contains T58 and S62 phosphorylation sites, which 

regulate Myc stability [68, 69]. (2) Myc box-II: located between amino acids 

128 and 143, this is most studied region within the TAD and responsible of 

the binding to multiple key interactors including histone acetyltransferases 
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complexes such as TRRAP [70]. The MBI-II TAD region is also associated to 

effectors of Myc activity such as BRD4 and P-TEFb [71, 72]. (3) Myc box-IIIa: 

located between amino acids 188 and 199, represses transcription by 

interacting with HDAC3 [73]. (4) Myc box-IIIb: located between amino acids 

259 and 270, this region facilitates Myc recruitment on target gene 

promoters through WDR5 [74]. (5) Myc box-IV: located between amino acids 

304 and 324, has been associate to regulation of DNA binding, apoptosis, 

transformation and G2 arrest [62]. (6) Nuclear localization signal: this region, 

from amino acids 320 to 328 (PAAKRVKLD), is the main responsible for Myc’s 

nuclear localization [60]. (7) Basic region: located between amino acids 355 

and 369, it mediates DNA recognition and binding to E-boxes, and harbors a 

second nuclear localization signal within residues 364 to 374 (RQRRNELKRSP) 

[60, 63]. (8-9) Helix-loop-Helix leucine zipper: from amino acid 370 to 439, 

this region mediates the dimerization of Myc with its principal partner Max, 

and others such as Miz-1 and SKP2 [59].    

Besides acting as transactivator, Myc can also repress genes implicated in cell 

cycle arrest by less well-characterized mechanisms, mainly through binding 

to Miz-1 and other co-regulators and activation of miRNAs [75, 76]. For 

instance, Myc represses CDKN2B (p15INK4b) by binding to Miz-1 and 

displacing its transcriptional co-factors [77]. Similarly, E2F1, a key Myc 

effector of cell cycle control, can also be attenuated by Myc-mediated 

activation of miR-17-92 cluster of miRNAs [78].  

Although Max has been described as Myc’s obligate partner, in some 

contexts Myc function remains active even in the absence of a functional 

Max protein [79, 80], although it is not clear to what extent. In fact, some 

recent studies suggest that Max inactivation is implicated in the initiation 

and progression of some tumors [81, 82].  

The pleiotropic role of Myc is illustrated by its broad range of target genes 

[83, 84], controlling processes such as proliferation, cell death, metabolism, 

senescence, angiogenesis, immune response, microenvironment remodeling 

and differentiation [85-87]. The pivotal role of Myc in integrating the various 

upstream growth signals to coordinate these multiple processes through the 

expression of thousands of genes makes it functionally non-redundant. 

Indeed, developmental plasticity is not able to circumvent the absence of 

Myc since its deficiency is embryonically lethal in mice [88] and ablation of 

Myc in Rat1 fibroblasts (that, in addition, express neither N-Myc nor L-Myc) 
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causes multiple defects in cell cycle that notably slow down cell proliferation 

[89]. Both observations illustrate the unique function that Myc serves within 

the complex cellular pathway network.  

The same programs that Myc controls during normal somatic cell expansion 

become pathological when Myc is deregulated, as observed in the majority 

of cancers. There, Myc deregulation contributes to autonomous proliferation 

and growth, relentless DNA replication, increased protein biogenesis, global 

changes in cellular metabolism, activation of the angiogenic switch, 

suppression of the response to autocrine and paracrine regulatory programs 

and a restraint of host immune response (Figure 6) [90]. Various switchable 

in vivo models show how Myc’s pathological activation can trigger 

tumorigenesis in different tissues and fuel the survival and progression of 

tumors, as evidenced by the fact that Myc de-activation causes tumor 

regression [91-94]. Thus, many published studies suggest that reverting a 

single oncogenic lesion such as Myc deregulation, to which cancers may be 

addicted, could represent a specific and effective treatment approach for 

different types of cancer [95, 96].  

 

Figure 6: Myc is a central conduit of tumorigenesis. Myc acts as a key 

cellular node that couples various upstream signaling pathways to multiple 

functions and processes within cells, both in physiological and pathological 

conditions.   



Introduction 

20 

1.7. Modelling Myc inhibition using Omomyc 

Although many studies placed Myc as an interesting therapeutic target, 2 

important issues still remained to be clarified. Firstly, as described before, 

many human cancers are not induced by direct Myc overexpression. Rather, 

other upstream alterations are responsible for the deregulation of 

endogenous Myc, which might not be exactly recapitulated by ectopic and 

acute Myc overexpression. Thus, the role of endogenous Myc in tumor 

survival when deregulated by other oncogenic lesions remained unclear. 

Secondly, Myc is essential for normal cell proliferation. Therefore, potential 

catastrophic side effects of its inactivation in normal proliferating tissues 

could counteract the use of Myc inhibition as an effective therapeutic 

approach against cancer.  

To address both concerns, Soucek et al. tested the effects of systemic Myc 

inhibition in a KRAS-driven model of lung cancer [97] using the Myc 

dominant negative called Omomyc [98-100]. In this study, the Omomyc 

transgene was placed under the control of the TRE promoter (TRE-Omomyc) 

together with the constitutive expression of the reverse tetracyclin-

dependent  transactivator (rtTA) driven by the CMV promoter [101]. In this 

model, upon the addition of doxycycline to the drinking water, Omomyc 

expression was systemically induced in virtually all tissues of the mouse. 

Surprisingly, systemic Myc inhibition did not produce any general toxicity 

measured by weight loss. Animals only exhibited mild and well-tolerated side 

effects in proliferating tissues when they were analyzed by tissue histology. 

For instance, the intestine villi presented a certain degree of atrophy, but 

blood tests revealed that nutrient absorption was not affected by Myc 

inhibition. Testis and skin tissues showed a reduction in proliferative rate as 

well, but no cell death was observed. Importantly, all these effects observed 

in normal tissues were fully reversible upon Omomyc repression and 

restoration of endogenous Myc function.  

In order to assess the therapeutic effect of systemic Myc inhibition in cancer, 

the Omomyc transgenic mouse model was crossed with the widely used LSL-

KRas mouse model [97], which develops adenocarcinomas in the lungs 

within 16 weeks following adeno-CRE intranasal administration. 

Unexpectedly, while Omomyc expression displayed lack of toxicity in normal 

tissues, not only had a cytostatic effect on established tumors, but also 
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caused potent cytotoxicity that triggered their complete regression after only 

7 days of expression [101].  

Later on, this same model was also crossed with a functionally inactive p53 

(p53-ER) to allow the development of more aggressive and heterogeneous 

tumors [102], in order to better mimic their human counterpart. In this new 

model, metronomic Omomyc expression (4 weeks on and 4 weeks off) was 

enough to indefinitely extend the survival of the animals (Figure 7). After 

every cycle of induction, histology revealed that fewer tumors emerged, until 

they were completely eradicated. Only those rare tumors that spontaneously 

lost Omomyc expression were present at the endpoint. These results 

demonstrated that endogenous Myc is required for tumor maintenance in 

KRAS-driven tumors and that its inhibition could represent a safe and 

effective therapeutic approach without the emergence of resistance even 

after long term treatment.  

Importantly, Omomyc expression proved to be effective in various other 

mouse models that develop tumors in different tissues driven by different 

genetic alterations, including direct Myc overexpression in the skin [98]. For 

instance, in the RIP1-Tag2 model of pancreatic insulinomas driven by SV40 

T/t antigens (which develops tumors through the simultaneous alteration of 

p53 and Rb functions [103]), Myc inhibition by Omomyc expression in 

tumorigenic β cells triggered shrinkage of the tumors through the collapse of 

their microenvironment [104]. Similarly, in a Harvey-RAS-driven glioma 

model, Omomyc expression triggered cancer cell death by mitotic 

catastrophe [105]. Again in glioma, Omomyc expression in an orthotopic 

xenograft model of glioma patient-derived cells extended mouse survival  

[105, 106]. Finally, in 2 different breast cancer models driven by either WNT 

or HER signaling pathways and in a KRAS-driven model of pancreatic ductal 

adenocarcinoma, Omomyc expression also caused tumor regression 

(unpublished data, personal communication with the Evan laboratory). 

Together, all these studies confirm the lack of compensatory mechanisms 

that could overtake the unique and essentially non-redundant function of 

Myc in cancer cell survival. Coupled with the broad anti-tumorigenic efficacy 

of Myc inhibition, the lack of severe side effects position Myc as a 

therapeutic target to treat many, perhaps all, cancers. However, 

pharmacological Myc inhibition has been considered a pipe dream for a long 
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time, since transcription factors have been generally seen as “undruggable” 

[107].            

 

Figure 7: Omomyc confers survival advantage to animals bearing lung 

adenocarcinomas. Survival curve of mice subjected to metronomic Omomyc 

expression (4 weeks on, 4 weeks off) (Red) compare to mice expressing a 

single cycle of Omomyc (blue) and no-Omomyc control mice (black). Image 

obtained from [102].   

 

1.8. Pharmacological Myc inhibition 

Despite the identification of Myc as a potentially effective and safe 

therapeutic target, today there is still no Myc inhibitor in the clinic. Indeed, 

Myc has been shown challenging to target with classical small molecules, at 

least in part because, in order to inhibit Myc, the drug must travel to the 

nuclei of cells and interfere with large protein-protein interactions, a more 

complex task than classical inhibition of enzymes [36, 108]. However, various 

scientists have come up with different pharmacological approaches to target 

Myc, either directly or indirectly (Figure 8) [109]. 

1.8.1. Direct Myc inhibitors 

Several approaches have been tested to directly inhibit Myc: 

1. G-quadruplexes stabilization: G- quadruplexes are guanine-rich DNA 

regions that form tertiary structures, like the one present in the control 

region of the Myc promoter. Some studies have shown that stabilization 
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of the Myc G-quadruplex leads to downregulation of the oncogene [110, 

111].  

2.  Myc mRNA inhibition: antisense nucleotides as a tool to inhibit the 

translation of the targeted mRNAs by promoting their degradation [112, 

113] were also used to downregulate Myc protein levels. However, no 

such drug has so far reached the market [114]. Similarly, lentiviral delivery 

of small-interference RNA (RNAi) has been used to inhibit Myc translation 

in vitro [115] and a lipid nanoparticle delivering Myc RNAi (DCR-MYC) 

even entered clinical trials. Unfortunately, the efficacy results did not 

match the expectations of the company and Dicerna stopped any further 

development to focus on its other promising compounds.  

3. Oncolytic viruses: a relatively new approach that is starting to show great 

promise in the treatment of cancer is the use of oncolytic viruses [116]. 

This therapeutic strategy has also been tested to deliver siRNA against N-

Myc and inhibit neuroblastoma tumor growth in vivo [117].  

4.  Inhibition of Max/DNA binding: although Myc is an intrinsically 

disordered protein that does not present an active site or binding pocket, 

its binding to Max and DNA have been considered good targets for 

specific inhibitors. Thus, drugs aimed at inhibiting Myc protein 

interactions and DNA binding have also been tested, but their poor 

selectivity has mainly limited their use in vivo [118]. Another therapeutic 

strategy to achieve Myc inhibition, as mentioned above, is inhibiting the 

DNA binding of the Myc/Max dimers required to modulate the expression 

of target genes.  

1.8.2. Indirect Myc inhibitors 

Myc has proven difficult to target directly. Small molecules have in general 

displayed low affinity and specificity towards Myc and poor bioavailability. 

Thus, other more tractable targets around Myc have been proposed to affect 

Myc’s transcriptional regulation, stability and activity. Various approaches to 

indirectly target Myc has been tested: 

1. Inhibition of bromodomain and extra-terminal domain (BET): one of the 

most widely used BET inhibitors, JQ1, was found to downregulate Myc by 

interfering with the chromatin-dependent signal transduction to RNA 

polymerase mediated by BET proteins [119, 120]. However, the capacity 

of BET inhibitors to downregulate Myc seems very context-dependent, 

since BET inhibition has displayed anti-tumorigenic potential 
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independently of Myc regulation in other tumor types, such as non-small 

cell lung cancer [121] and pancreatic ductal adenocarcinoma [122], 

among others [123-127]. Concerns about the accelerated progression of 

BET inhibitors toward clinical trials, without an appropriate biological 

knowledge of their properties and molecular mechanisms, have also been 

discussed [128]. BET bromodomain inhibitors with different chemical 

scaffolds are currently being tested in the clinic for various 

haematological and solid tumor types, including pancreatic ductal 

adenocarcinoma and NSCLC. The most advanced ones include CPI-0610, 

GS-5829, GSK525762, INCB054329, INCB057643 and BMS-986158, which 

are currently being evaluated in Phase I/II or Phase II studies.  

2. Inhibition of CDK7: in addition to the BET inhibition strategy, Myc 

transcription has also been inhibited by targeting CDK7, a catalytic 

subunit involved in the transcriptional initiation complex that 

phosphorylates serine-5 of RNA pol II [129]. This approach has recently 

being tested in preclinical mouse model [130, 131]. However, to our 

knowledge, information of the efficacy of this strategy in patients is not 

yet available. 

3. Inhibition of mTOR: besides Myc transcription, its mRNA translation can 

also be blocked. In this context, mTOR seems to act as a key element in 

mediating the translation of Myc’s mRNA [132]. Thus, targeting mTOR or 

upstream molecular pathways, such as PI3K or MAPK, for which there are 

various drugs already approved, represents a feasible strategy [133]. 

However, in a mouse model of colorectal cancer, direct inhibition of 

mTOR failed to inhibit Myc translation, while inhibiting eIF4A using 

silvestrol did[134]. In addition, more recent data demonstrated that 

double targeting of HDAC and PI3K displays therapeutic impact in various 

mouse models of Myc-driven tumors [135] and the first preliminary data 

of this drug, CUDC-907, in clinical trials is encouraging and a phase II study 

is currently ongoing [136]. 

4. Increase of Myc degradation: various E3 ligases, such as FBW7, are able to 

ubiquitinate Myc to promote its degradation. Some ubiquitin-specific 

proteases (USPs) on the other hand are able to deubiquitinate Myc and 

stabilize it. Therefore, either induction of FBW7 or inhibition of USPs 

could downregulate Myc due to proteasomal degradation [137, 138].     
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1.8.3. Polypeptide Myc inhibitors  

Most small molecules and targeting upstream pathways to inhibit Myc are 

likely to display low selectivity for Myc, either because the drug is not 

specific enough and may target other molecules, or because the molecular 

pathways are involved in other cellular processes besides Myc regulation. In 

this regard, peptides and miniproteins directly targeting Myc might provide 

higher selectivity  due to the larger interaction surface they enable with the 

target [139]. 

Therapeutic peptides are a novel and promising approach for the 

development of anti-cancer agents [140]. Peptide and miniproteins aimed to 

inhibit Myc comprise mainly a group of structurally-related molecules based 

on regions and domains of the proteins within the Myc network. To our 

knowledge, 2 peptides have been used pharmacologically to inhibit Myc so 

far:  

1. A modified Myc peptide of 14 aminoacids based on the H1 region of Myc 

was used: this region bears 2 substitutions at non-conserved residues 

(S6A and F8A) that confer greater helicity and increase its heterodimeric 

interaction with Myc’SH interfering with its DNA binding [141, 142]. This 

peptide was fused to an internalization sequence [143] to translocate the 

fusion product through biological membranes and inhibit Myc 

transcriptional activity in vitro [144]. Initial results showed poor in vivo 

efficacy, in part due to an ineffective nuclear translocation that could be 

improved by fusion proteins that direct the drug to the nucleus [145]. 

More recently, docetaxel was used to arrest cells in G2/M and prolong 

the disassembly of the nuclear envelop prior to the treatment with the H1 

peptide. The strategy slowed down tumor growth and improved animal 

survival [146]. Its efficacy against brain tumors was also improved by 

thermally targeted delivery of a H1-fused thermally responsive 

biopolymer, elastin-like polypeptide, and Bac cell-penetrating peptide, 

Bac [147].  

2. The b-HLH-LZ domain of Max (Max*) has shown to behave as protein 

transduction domain, spontaneously transducing cells, entering into the 

nucleus and inhibiting Myc transcriptional activity in HeLa cells [148]. The 

efficacy of this strategy is based on the formation of Max*/Max* 
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homodimers that could compete with endogenous Myc/Max dimers for 

DNA-binding sites. 

Other peptide-based approaches have been used as well to interfere with 

Myc/Max DNA binding [149, 150]. Although the results are encouraging, 

further investigation will reveal if these approaches represent valid 

pharmacological strategies.     

 

Figure 8: Myc have been inhibited using a variety of drugs that target the 

oncogene at different levels. Some examples of drugs that can target Myc 

either directly or indirectly are represented.  

Thus, during the last years, an arsenal of drugs that inhibit Myc in various 

ways and at different levels has been tested. However, despite the efforts, 

unfortunately, no Myc inhibitor has reached the clinic. While some therapies 

failed, others might have been discontinued and we hope that the most 

promising ones are still under development. Looking at the future, we clearly 

need to keep trying to effectively inhibit Myc pharmacologically by refining 

the current drugs and/or creating new ones more specific and potent. 

Although Myc can be inhibited in many different ways, not all the strategies 

might be equally effective. Thus, to create these new drugs, we must also 
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examine in depth the features of the best Myc inhibitors shown to date to 

find out the best place and the best way in which Myc can be knocked out. 

1.9. Omomyc mechanism of action  

Among the various pharmacological and genetic approaches that have 

proven to inhibit Myc, Omomyc has been one of the most effective and the 

one providing the first proof of concept for the feasibility of systemic Myc 

inhibition. Unfortunately, to date, Omomyc itself has not been used as a 

pharmacological approach. However, as a proof of principle, Omomyc could 

provide valuable insights to guide future development of cancer therapies 

against Myc.  

As mentioned above, Max is considered to be Myc’s obligate partner to 

trigger activation of target genes. Both Myc and Max must form dimers to 

bind DNA, which is mediated mainly by their Leucine Zipper (LZ) domain and 

their basic region respectively (Figure 9A). Interactions with other partners 

and cofactors might take place also through the TAD or/and HLH domains 

[59]. The LZ domain that mediates the dimerization is present in other 

transcription factors as well [151]. This region is formed by an amphipathic 

helix that harbors repetitions of 7 residues called heptad repeats 

((abcdefg)n(abcdefg)n+1(abcdefg)n+2…(abcdefg)n+n) [152]. LZs interact with 

each other and are stabilized by the presence of interfacial hydrophobic 

aminoacids residues at “a” and “d” positions of each LZ. In fact, the high 

incidence of leucines at positions “d” gave the name to this domain. In 

addition, electrostatic interactions between the residues “g” and “e” of the 

different LZ further stabilize the structure. The remaining residues at 

positions “b”, “c” and “f” are less well conserved and are thought to 

contribute little to the formation of stable dimers.  

Exceptions to this canonical structure of LZs exist however within the LZ 

structure of Myc and Max that explain their specific dimerization properties. 

Instead of nonpolar aminoacids at positions “a”, Myc presents several 

charged aminoacids (E410, E417 and R424) (Figure 9B). The repulsive forces 

that act when these residues from 2 different Myc molecules face each other 

prevent the stable homodimerization of Myc [99, 153]. Max also presents 

polar residues at “a” N78 and “d” H81 positions, which in certain conditions 

can be positively charged. In contrast to Myc, Max is able to form 

homodimers despite the presence of these interfacial polar residues, 
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although the formation of heterodimers with Myc is favored by the presence 

of a buried salt bridge between the interfacial residues E410-E417 of Myc 

and H81 of Max [154]. 

 

Figure 9: The interactions that promote specific dimerization take place in 

the leucine zipper (LZ) interface of Myc and Max, while the residues that 

mediate binding to DNA are located in the basic region. (A) Crystal structure 

of a Myc’SH/Max’SH heterodimer bound to DNA. Left panel shows the 

interaction of H-E-R between the basic region and DNA (in yellow). Residues 

are highlighted in red and polar contacts are labelled in green dotted lines. 

Right panel shows a schematic helical wheel representation of the LZ region 

A 

B 
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of both Myc and Max and the interaction of residues at positions from “a” to 

“g”. Electrostatic interactions “g-e” and hydrophobic core “a-d” that can 

stabilize the interaction are indicated. Arrows indicate the direction of the 

helix (from N-terminal to C-terminal). (B) Myc (in blue), Omomyc (in green) 

and Max (in red) are represented. Arrow from Myc to Omomyc indicate that 

Omomyc was derived from the Myc b-HLH-LZ. The 4 “*” represent the 4 

amino acid substitutions that differentiate the 2 LZ domains. The aminoacid 

sequences forming the b-HLH-LZ of the 3 peptides are shown. The residues 

that mediate the specific interaction of the basic region with DNA bases are 

colored in red, the residues forming the hydrophobic core of the LZs are 

colored in yellow and the 4 amino acids of Omomyc that differ from Myc are 

colored in green. In addition, the “a-g” nomenclature is indicated.     

Once Myc/Max heterodimers are formed, they are able to recognize and 

bind DNA, preferentially to canonical E-boxes (5’-CACGTG-3’) but also 

independently of the nucleotide sequences with lower affinity [155]. The 

DNA binding occurs via the basic regions of both Myc and Max. The specific 

contacts with DNA are mostly mediated by residues H359, E363 and R367 of 

Myc and the corresponding H-E-R residues of Max [156, 157]. Other 

positively charged residues present at the basic and H1 regions also 

contribute to the non-specific interaction of the transcriptions factors with 

the DNA backbone phosphate groups [156].     

Omomyc was conceived as a tool to inhibit Myc through interference with 

Myc/Max dimerization. Based on the b-HLH-LZ domain of Myc, Omomyc 

bears 4 amino acid substitutions (E410>T, E417>I, R423>Q and R424>N) 

which abolish the net electrostatic repulsion that destabilizes the Myc 

homodimer [99]. Thus, Omomyc was shown to homodimerize, 

heterodimerize with Myc, while still retaining the ability to heterodimerize 

with Max, thereby interfering with Myc/Max dimerization. In fact, Omomyc 

is able to dimerize with all Myc family members [158, 159]. The mutations of 

Omomyc also allow it to homodimerize. The weak DNA binding affinity of the 

Myc/Omomyc dimers contributes to prevent the transactivation of Myc 

target genes [99]. In addition, Omomyc is also able to directly compete with 

Myc DNA-binding through Omomyc/Omomyc and Omomyc/Max dimers. 

Indeed, while it has been shown that Myc/Omomyc does not bind DNA, 

Omomyc/Omomyc and Omomyc/Max dimers are still able to occupy DNA 
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with high efficiency and compete with transcriptionally active Myc/Max 

heterodimers for DNA-target regions [99, 158]. 

Overall, Omomyc has been described to interfere with Myc transactivation in 

4 ways: sequestering Myc away from DNA, breaking Myc/Max dimers by 

binding to Max, competing for DNA binding sites as transcriptionally inactive 

Omomyc/Max heterodimers and as Omomyc/Omomyc homodimers (Figure 

10). Importantly, Omomyc selectively affects Myc/Max dimerization since 

structurally similar transcription factors such as HEB, ID1 and HIF-1α did not 

bind Omomyc or, in the case of MAD, bound it very inefficiently [158]. While 

further experiments confirmed that Omomyc inhibited Myc transcriptional 

activation, surprisingly, Omomyc also enhanced transcriptional repression 

and potentiated Myc-induced apoptosis presumably through Miz-1, which 

was shown to co-precipitate with Omomyc [100, 158]. Thus, Omomyc-based 

Myc inhibition did not simply ablate all Myc functions as direct Myc 

depletion would do. Instead, Omomyc inhibits Myc-mediated transactivation 

while it enhances transrepression.   

 

Figure 10: Schematic representation of Omomyc’s proposed mode of action. 

The described mechanisms by which Omomyc might be able to inhibit Myc 

are: (1) binding to Myc and sequestering it away from Max and from DNA; (2) 

binding to Max and (3) occupying Myc-target DNA regions; and (4) forming 

homodimers that bind Myc-target DNA sites. Omomyc would act in (1) and 

(2) by competing with the formation of Myc/Max dimers and in (3) and (4) by 

competing with the binding of Myc/Max on its target genes.   
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The relative contribution of these different events on Omomyc’s anti-

tumorigenic effect is still not clear. However, a recent study provided some 

new insights. Jung et al. hypothesized that Omomyc forms more stable 

homodimers (Omomyc/Omomyc) than Myc/Omomyc and Omomyc/Max 

heterodimers, due to the existence of putative repulsive interactions and/or 

lack of stabilizing interactions between Omomyc and Myc and Max [160]. 

Moreover, the electrophoretic mobility shift assay (curiously performed at 

12˚C) using b-HLH-LZ constructs suggested that Omomyc/Omomyc 

homodimers are able to bind DNA with an affinity even higher than Myc/Max 

complexes. Thus, Omomyc/Omomyc would be able to inhibit Myc mainly by 

competing for its DNA-binding sites. Indeed, the same study demonstrated 

that mutating the H-E-R aminoacids of Omomyc’s basic region responsible 

for base-specific interactions impaired DNA binding and partially suppressed 

Omomyc’s capability of inhibiting Myc occupancy from its DNA-target 

regions. An independent study also supported the importance of Omomyc 

homodimers during Omomyc-based Myc inhibition [106]. In this case, 

through ChIP-sequencing/qPCR analysis, a reciprocal DNA binding pattern of 

Myc and Omomyc was observed. In addition, the inhibition of Max binding 

when Omomyc was expressed indicated that Omomyc occupies Myc-target 

DNA regions mainly as homodimers, the most abundant state within cells. 

These studies are in contrast with previous evidence that defined a potential 

key role of the ability of Omomyc to effectively dimerize to Myc and Max and 

the competition of Omomyc/Max dimers with Myc/Max on DNA occupancy 

[99, 158]. Thus, more investigation is required to fully understand the 

relative contribution of the different events that Omomyc triggers inside 

cancer cells to inhibit Myc. Elucidating Omomyc’s precise molecular 

mechanism could lead to the rational design of more effective Myc 

inhibitors.  

1.10. Omomyc-derived peptide-based drugs as therapeutic 

agents 

To date, Omomyc has demonstrated an extraordinary potential in inhibiting 

tumorigenesis and triggering cancer eradication, and it is not clear whether a 

different molecule could gather all the features that currently make Omomyc 

an excellent anti-cancer prototype. Therefore, besides investigating new 

drugs that mimic the mechanism of action of Omomyc, a complementary 
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strategy would be to create a drug from Omomyc itself. Some reports have 

claimed that Omomyc cannot be used as a drug since its polypeptide would 

be too bulky to reach the desired cellular compartment [148, 158, 161]. 

However, an Omomyc therapeutic peptide could represent an invaluable 

tool against cancer, since, as previously noted in this thesis, peptides are 

recognized for providing a potential high selectivity and efficacy, while being 

at the same time relatively safe, as it is mirrored by the increased interest in 

peptides in pharmaceutical research and development [162]. 

1.10.1. Cell-penetrating peptides 

As described before, Max* showed to act as a cell-penetrating peptide (CPP) 

[148]. Importantly, Omomyc shares a similar structure and properties 

compared to Max*, which is formed by a b-HLH-LZ of around 10KDa and a 

predominant amount of positive charges in the N-terminus basic region. 

Hence, we posit that if Omomyc harbored an intrinsically CPP potential 

similarly to Max*, the peptide could be directly used as a CPP drug.  

In fact, CPPs have been successfully applied for intracellular delivery of a 

variety of cargo molecules, including peptides and proteins [163]. Cationic 

CPPs, in particular, have shown great potential for intracellular delivery and 

cross epithelial barriers [164]. Moreover, the so-called “dual-acting CPP” is 

an emerging concept that refers to those peptides harboring both 

membrane-permeating and bioactive properties [165] such as 

neuroprotectant or anti-tumorigenic [166, 167]. Indeed, CPPs have already 

been tested against oncological pathologies in preclinical models. For 

example, a TAT-mediated transducible peptide based on the C-terminal 

regulatory domain of p53 was developed to restore the endogenous 

proapoptotic activity of the tumor suppressor p53, the most frequently 

mutated gene in cancer [168]. Systemic administration of the peptide 

inhibited the growth of subcutaneous tumors, extended the survival of mice 

harboring terminal peritoneal carcinomatosis and resulted in the generation 

of disease-free animals that were initially bearing in peritoneal lymphoma. 

CPPs have been also used to improve the pharmacokinetics and the efficacy 

of chemotherapeutic agents and siRNAs in preclinical models [169, 170].  

All these achievements of CPPs in various preclinical models have 

encouraged their clinical application. Pharmaceutical companies have thus 

undertaken clinical development of CPPs against different diseases including 
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cancer [171]. A recent example of such application is a 28-amino-acid 

peptide derived from the bacterial protein azurin, p28, which enters cells and 

inhibits degradation of p53 [172]. The drug entered a Phase I clinical trial to 

test for potential side effects in patients with p53-positive solid tumors 

resistant to the standard therapies (NCT00914914). The compound was well-

tolerated and effective in patients with disease refractory to prior 

treatments [173].  

Given the number of CPPs that have reached the clinical stage for several 

diseases, a potential CPP based on Omomyc could be a good candidate for its 

use in patients. Further, in the case-scenario in which an Omomyc peptide 

could not be directly delivered as a therapeutic agent itself, various 

strategies have been proposed to effectively deliver proteins into cells [174]. 

Among them, lipid drug delivery has shown great promise for use with 

therapeutic peptides.    

1.10.2. Liposomal nanoparticles 

Nanotechnology has been used to facilitate the cell-entrance and improve 

the in vivo biodistribution of several compounds, potentially reducing the  

side-effects and increasing the efficacy [175]. In particular, liposomes have 

been successfully used to deliver peptides and proteins such as enzymes, 

peptide hormones and cytokines such as insulin, IL-2, EGF and IFN-γ [176-

180].  

Liposomes are composed of phospholipids which self-assemble to form 

spheres of lipid bilayers around an aqueous core, thanks to their amphiphilic 

nature [181]. Because of the presence of both an aqueous core and a lipid 

bilayer, liposomes can incorporate hydrophilic and/or hydrophobic drugs, 

providing a very flexible system for drug encapsulation. A level of versatility 

is also brought by the possibility of decorating the surface of liposomes with 

distinct molecules, ligands or antibodies (Figure 11). For instance, the coating 

of insulin-containing liposomes with polyethylene glycol (PEG) or mucin 

resulted in long-lasting lowering of glucose levels following oral 

administration [182]. Intravenous administration of PEG-insulin-liposomes 

also provided the strongest and longest decrease in glucose, supporting the 

hypothesis that the concentration in blood is maintained for a longer time 

thanks to the coating [177]. Especially in cancer, liposomes can also be 

coated with antibodies or ligands to achieve improved pharmacokinetics by a 
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high accumulation of the drug in the tumor site. Long-circulating liposomes 

loaded with doxorubicine and linked to an anti-HER2 monoclonal antibody 

(trastuzumab) provided targeted drug delivery to HER2-overexpressing cells. 

Higher efficacy compared to any other combination was observed [183]. 

Similarly, transferrin-PEG-liposomes displayed specific receptor binding and 

receptor-mediated endocytosis to target cells expressing transferrin receptor 

in vivo [184].  

The intrinsic characteristics of a pathological zone can also be used to 

increase the accumulation of drugs in certain tissues. For instance, 

intratumoral pH is slightly more acidic than blood pH, around 6.5 and 7.4 

respectively, due to hypoxia and cell death [185]. Interestingly within cells, 

pH also varies from cytosol and endosomal vesicles, where it can reach 

values lower than 5.5. Liposomes sensitive to changes in pH would 

destabilize and release their content upon a decrease of pH, thus in the 

tumor tissue or within lysosomes to favor endosomal escape [186]. pH-

sensitive liposomes are usually composed of a surfactant with pH-titratable 

carboxylate groups and fusogenic, conical shaped lipids such as DOPE and 

weakly acidic amphiphilic such as CHEMS [187]. Cisplatin-containing 

liposomes for the treatment of peritoneal carcinomatosis displayed longer 

circulation time and increased tumor uptake compared to the free drug. The 

lack of efficacy observed in phase I-II clinical trials was attributed to low 

bioavailability and slow release [188, 189]. The liposomes were then 

reformulated as pH-sensitive using DOPE, CHEMS and DSPE-PEG and showed 

higher drug retention by the tumor, higher efficacy and lower toxicity than 

free cisplatin [190, 191]. External stimuli can also be applied to direct 

liposomal delivery to targeted tissues, such as used of sterically stabilized 

magnetolipisomes which can be controlled by magnetic fields [192]. 

Importantly, the use of liposomes has already been approved by the FDA and 

Doxil®, a PEG-liposome-encapsulated form of doxorubicin whose use was 

granted in 1995, represents a good example of it [193].  

Hence, liposomal encapsulation of a potential Omomyc-based peptide could 

be used to improve its solubility, prevent degradation during storage or after 

administration, avoid recognition by the immune system extending 

circulating time, and improve pharmacokinetics by passive or active targeting 

and increase the therapeutic index, all using biodregradable and nontoxic 

materials.     
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Figure 11: Schematic representation of a liposome. Principal features of 

liposomes, including potential cargos and surface-decorations, are shown.  
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2. Research Objectives 

The results of this thesis are divided into 2 different sections. Each section is 

conceived to address specific questions and therefore is formed by its own 

hypothesis and objectives. 

 

Section 1:  

Investigating Omomyc’s fundamental mechanism of action in lung cancer 

 

Background 

Myc has been described as a common non-redundant node indispensable for 

cancer cell survival in different cancers. Omomyc, a Myc dominant negative 

that inhibits Myc’s transactivation, has shown dramatic therapeutic potential 

in various mouse models of cancer. Thus, unravelling the mechanism by 

which Omomyc produces this effect could lead to the design of more 

effective Myc inhibitors.  

 

Hypothesis 

We hypothesize that Omomyc expression in various lung cancer cell lines, 

which represent one of the most heterogenic types of cancer, will be 

effective regardless of their diverse mutational profile. In addition, we 

predict that the different cell lines will show communalities in their response 

that might underpin Omomyc’s anti-tumorigenic action.  

 

Objectives: 

- Create a lentiviral Omomyc expression vector to generate stable lung 

cancer cell lines that inducibly express Omomyc.  

- Characterize the effects of Omomyc expression in the various cell 

lines and determine common responses across them.  

- Further investigate the common responses that could explain 

Omomyc’s effect on cancer cells and use Omomyc variants to 

confirm its putative mechanism of action.   
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Section 2:  

Transforming Omomyc from proof of principle to a clinically viable 

therapeutic strategy 

 

Background 

Omomyc has shown dramatic therapeutic potential in various mouse models 

of cancer. However, Omomyc has been conceived as proof of concept to 

model Myc inhibition, but not as a potential therapeutic agent itself. 

Unfortunately, to date, no Myc inhibitor has matched the expectations 

generated by Omomyc and none has been approved for clinical application.  

 

Hypothesis 

We hypothesize that an Omomyc peptide could be used as a 

pharmacological therapeutic approach, either by direct delivery - due to its 

potential cell-penetrating properties -  or by delivering it using liposomal 

nanoparticles. 

 

Objectives 

- Use in vivo models derived from human lung cancer cell lines to 

determine the biodistribution and the therapeutic index of 

intravenously administered Omomyc-based pharmacological 

approaches.  

- Determine the cell-penetrating potential of an Omomyc peptide and 

characterize its efficacy in vitro and in vivo 

- Engineer other pharmacological strategies to overcome the potential 

limitations of delivering a “naked” Omomyc peptide.      
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3. Materials and Methods 

3.1. Cloning strategy of expression vectors 

The original Inducible Dharmacon™ TRIPZ™ Lentiviral shRNA (GE Healthcare) 

(Figure 12) was kindly donated by Joan Seoane’s laboratory (VHIO, 

Barcelona, Spain). The shRNAmir insertion site was removed from the 

original vector by ClaI/MluI double digestion and the resulting plasmid was 

re-circularized to obtain a pTRIPZ-RFP vector. Both the amplicon and the 

pTRIPZ-RFP vector were digested using AgeI and purified. The Omomyc 

amplicon was inserted into the AgeI-linearized vector by ligation, upstream 

the RFP sequence. The ligation product was transformed in competent cells, 

selected with ampicillin and surviving colonies expanded. DNA was purified 

by Miniprep (Qiagen) to assess the right orientation of the insert by 

sequencing. The colony harboring such vector was further expanded and a 

Maxiprep (Invitrogen) performed to purify the vector.    

 

Figure 12: Schematic representation of the commercial pTRIPZ-RFP 

lentiviral vector. Obtained from www.snapgene.com.  

http://www.snapgene.com/


Materials and Methods 

40 
 

OmoHER and ΔMyc sequences (provided by the laboratories of Martin Eilers’ 

and Gerard Evan respectively) from unidentified vectors were amplified 

using the same conditions (see below section). Omomyc sequence was cut 

out from the new pTRIPZ Omomyc-RFP by AgeI digestion. OmoHER and 

ΔMyc amplicons were also digested using AgeI and a ligation reaction was 

performed for both sequences with the AgeI-linearized pTRIPZ RFP.   

3.2. PCR conditions  

An Omomyc amplicon was generated by PCR using primers harboring AgeI 

restriction sites at both 3’ and 5’ extremes. The 3’ primer was design to 

maintain RFP in frame with the Omomyc sequence, to finally express an 

Omomyc-RFP fusion protein. 

The Omomyc sequence was amplified from the pBP-Omomyc vector using 

the following 5’-Plus and the 3’-AgeI primers (5’- 

GCGCACCGGTACCATGGAGACCGAGGAGAATGTCAAGAGGCGAACACACA-3’   

and 5’-GCGCACCGGTGAATTCTTCGCACAAGAGTTCCGTAGCTG-3’ respectively). 

The PCR mixture was as follows: 10µL of PCR buffer (Sigma) + 1µL of dNTPs 

(Sigma) + 1µL of each of the primers (from stocks at 25µM) + 10ng of pBP-

Omomyc vector + 0.5µL of Taq DNA polymerase (Sigma) + ddH2O to 50µL. A 

vector-free negative control was included. PCR amplification was initiated at 

98˚C for 30 seconds followed by 35 cycles of: 98˚C for 7 seconds, 55˚C for 30 

seconds and 72˚C for 30 seconds. After the completion of the cycles, an 

additional elongation step was set at 72˚C for 10 minutes. Samples were 

loaded in an agarose gel and, after confirming the absence of amplified 

bands in the negative control, the bands that appeared at 300bp were cut in 

a UV transilluminator and were placed in a 1.5mL tube. The Gel DNA 

Recovery Kit (Zymoclean) was used to recuperate the DNA from the gel 

following the manufacturer’s protocol. Each gel piece was weighed, 3 

volumes of ADB to each volume of agarose were added into the tube and 

incubated at 50˚C until gel slices were completely dissolved (10-15 minutes 

approximately). The melted agarose was transferred into the Zymo-Spin 

columns in side collection tubes. Columns were then centrifuged for 1 

minute at maximum speed and the flow-through was discarded. 200µL of 

DNA Wash Buffer were added into the columns and centrifuged for 30 

seconds. The washing step was repeated once again. Finally, columns were 

placed in clean 1.5mL tubes and 30µL of ddH2O were added into each to 



Materials and Methods 

41 
 

recover the DNA. All DNA concentrations were quantified using NanoDrop 

(Thermo).  

3.3. Restriction enzyme digestion 

All enzymes were purchased at New England Biolabs (NEB). Digestions were 

performed using the recommended buffers for each restriction enzyme 

according to NEB’s website. The components were mixed as follows: 3µg of 

DNA + 2µL of recommended buffer (10x) + 0.5µL of restriction enzyme + 

ddH2O to 20µL. The digestion was incubated at 37˚C for 2 hours.  

3.4. CIP phosphatase and ligation 

Before ligating the Omomyc amplicons inside the pTRIPZ-RFP vector, the 

AgeI-digested pTRIPZ was treated with CIP (Calf Intestine Phosphatase, 

Roche) to prevent re-circularization. A maximum of 4µg of DNA were 

incubated with 4µL of phosphatase in 40µL of total volume (4µL of 10x 

Dephosphorylation Buffer and remaining volume of H2O). The mixture was 

incubated at 50˚C for 1 hour. After that, the ezyme was inactivated by adding 

EGTA to a final concentration of 20mM and heated to 65˚C for 15 minutes.     

To ligate the AgeI-digested Omomyc amplicons and the CIP-treated pTRIPZ-

RFP vector, the T4 DNA ligase (NEB) was used. The mixture was as follow: 

2µL of T4 DNA Ligase Buffer (10x) + 100ng of vector + 1µL T4 DNA ligase + 

ddH2O to 20µL. To insert Omomyc in the pTRIPZ-RFP vector, the AgeI-

digested Omomyc amplicons were added into the mixture in different 

insert:vector DNA mass ratios (for 3:1, 5:1 and 7:1, 6.5ng, 11ng and 15ng 

respectively). The mixture was incubated 1 hour at room temperature and 

then left at 4˚C overnight.    

3.5. Bacterial transformation 

To transform vectors in competent cells, Max Efficiency® DH5αTM Competent 

Cells (Thermo) were thawed on ice. The first time, aliquots of 50µL of 

competent cells in polypropylene tubes were prepared and refrozen in dry 

ice. 2µL of the ligation product or 10ng of purified DNA were added into 50µL 

of competent cells and incubated in ice for 30 minutes, gently mixing every 

10 minutes. Cells receive then a heat-shock pulse at 42˚C for 45 seconds 

using a thermoblock and placed again in ice for at least 2 minutes. 450µL of 

S.O.C. (or S.O.B) medium stored at room temperature were added to the 
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competent cells and shaken at 200 rpm at 37˚C for 1 hour. If purified DNA 

was used to transform, 20µL of cells were spread in LB plates containing 

ampicillin 100µg/mL (LBA). In case of transforming a ligation, cells were 

centrifuged at 600rcf, 450µL of supernatant removed and the pellet 

resuspended in the remaining volume (approx. 50µl) and spread in the LBA 

plate. The plates were then incubated overnight at 37˚C.  

3.6. Plasmid purification 

Colonies from transformation plates were picked using a 100µL-tip and 

transferred into tubes containing 5mL of LBA. The tubes were then placed in 

a shaker at 200rpm/37˚C and incubated overnight. 1mL of LBA with grown 

bacteria (LBA should be more opaque than the previous day) was transferred 

into a 1.5mL tube and centrifuged at 6.000rpm for 10 minutes. The 

remaining volume was maintained at 4˚C to be used as a pre-culture for a 

Maxiprep (see next paragraph). To extract DNA from the pellet of bacteria, 

QIAprep® Miniprep (Qiagen) was used applying the manufacturer’s protocol. 

The pellet was resuspended in 100µµof resuspension buffer. 200µL of lysis 

buffer were then added to the cells and incubated in ice for 5 minutes. 150µL 

of precipitation buffer were added and incubated for 5 minutes at 4˚C. The 

mixture was centrifuged at 4˚C for 10 minutes at maximum speed 

(13.000rpm) and supernatant transferred to a new tube. 300µL of 

isopropanol were added and the solution was mixed by inversion and 

immediately centrifuged at 4˚C for 10 minutes at maximum speed 

(13.000rpm). Pellet was finally resuspended in 100µL of ddH2O after letting it 

dry for 20 minutes at room temperature.  

To purify a larger amount of DNA, 500µL of the overnight culture were added 

in an Erlenmeyer flask containing 300mL of LBA. The flask was left incubating 

overnight at 200rpm and 37˚C. Bacteria were centrifuged at 4.000g for 10 

minutes. The MaxiPrep PureLink® HiPurePlasmid Filter Purification kit 

(Qiagen) was used to extract the DNA according to manufacturer’s protocol. 

The pellet was resuspended in 10mL of resuspension buffer (R3). 10mL of 

lysis buffer (L7) were then added and incubated for 5 minutes. 10mL of 

precipitation buffer (N3) were added and mixed by gently inverting the tube. 

The filter previously equilibrated with 30mL of equilibration buffer (EQ1) was 

loaded with the bacterial lysate. The filter was removed from the column and 

50mL of wash buffer (W8) were added. To elute the DNA, the column was 

placed in a clean 50mL tube and 15mL of elution buffer (E4) added until 
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complete elution of the column after 30 minutes. 10.5mL of isopropanol 

were added into the eluted DNA and centrifuged at 4.000rpm. The pellet was 

gently washed with 5mL of 70% ethanol, centrifuged again and pellet left 

drying for 20 minutes before resuspending it in ddH2O.      

3.7. Cell lines 

NSCLC cells lines were provided by the laboratories of Jun Yokota (A549, 

H441, H23, H1975, PC-9, HCC193, N417, PC-14 and H1299), Joaquin Arribas 

(H292 and HCC827) and Joan Seoane (Hop62). All these cells were grown in 

RPMI (Life Technologies) supplemented with 10% of FBS and 1% of 

glutamine. Classification of cancer subtype and EGFR/KRAS status was done 

according to literature. Experiments with U87-MG cells were performed at 

Vladimir Torchilin’s laboratory (NEU, Boston, USA). U87-MG were grown in 

DMEM supplemented with 10% FBS. HEK293 cells (a gift from the Arribas 

laboratory, VHIO) were cultured in DMEM supplemented with 10% FBS and 

1% glutamine.  

All cells were maintained in a humidified incubator at 37˚C and 5% CO2. To 

freeze cells, 10% DMSO was added to the respective complete medium, cell 

vials were placed in a Mr. Frosty container (Thermo) with isopropanol and 

maintained at -80˚C for at least 48 hours. Then cells were transferred to 

liquid nitrogen. To thaw cells, vials were placed in contact with water at 37˚C 

for 2 minutes and then all the contents plated in a 10cm dish with 20mL of 

complete medium. 24 hours later, the medium containing the DMSO was 

replaced by complete medium.          

All cell lines were tested mycoplasma free or cleaned using Plasmocin 

(Invivogen). 

3.8. Lentiviral production and transduction of target cells 

The same protocol was used to transduce cells with pTRIPZ 

(Omomyc/OmoHER/ΔMyc)-RFP. 5 million HEK293 cells (kindly provided by 

Joaquin Arribas’ laboratory) were seeded in 15-cm dishes in DMEM 10% FBS. 

8 hours after cells were treated for 2 hours with chloroquine at a final 

concentration of 25mM. Cells were then transfected with the DNA using 

calcium phosphate: 125µL of CaCl2 were mixed with 1.25mL of 2xHBS (NaCl 

280mM + HEPES 100mM + Na2HPO4 1.5mM; pH 7.12) with the pTRIPZ 
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vectors (25µg) along with the pMD2G (8.75µg) and psPAX2 (16.5µg) vectors 

and 1.125µL of sterile water. 24 hours later the medium was replaced by 

fresh medium containing 5% FBS and 5mM of sodium butyrate. 24 hours 

later the medium containing viral particles was harvested and filtered 

through a PES 0.45µM filter. Polybrene and FBS were added to a final 

concentration of 8mg/mL and 5% respectively to the filtered-medium 

containing viruses and added to the target cells (first round of infection). 

HEK293 cells were refed with DMEM 5%FBS + 5mM of sodium butyrate and 

the same process repeated after 24 hours (second round of infection). At his 

point, HEK293 plates were discarded. Between the first and the second 

round of infection, RPMI 10% FBS was added to the target cells for 4 hours. 

After the second round, cells were allowed to recover for 48 hours in 

complete RPMI. Then, puromycin was added to transduced cells at a final 

concentration of 2µg/mL until the non-transduced control was dead. Once 

the selection was complete, all cells were maintained in 1µg/mL of 

puromycin.  

3.9. Induction of Omomyc expression 

Either Omomyc-RFP or RFP only were induced in all cell lines by adding a 

final amount of doxycycline of 0.6µg/mL in the culture media.  

3.10. Quantification of cell number, RFP intensity and cell size 

To directly quantify the number of cells, cell size and RFP expression, cells 

were trypsinized, centrifuged and resuspended in either medium or PBS and 

counted with the TALI Image Cytometer (Thermo). 20µL of cell suspension at 

a concentration between 5x105 and 3x106 cells/mL were introduced in R 

Cellular Analysis Slides and cell number, cell size and RFP intensity were 

measured. 

To estimate cell viability, either AlamarBlue (Thermo) or Cell Titer-Blue 

(Promega) was used. After treating cells in 96-well plates, medium was 

removed from the wells. Either of the reagents was diluted 1:10 in complete 

medium and 50µL of the mixture was added to cells. The plate was incubated 

at 37˚C to allow cells to metabolize the medium until control wells lose the 

blue intensity (from 1 to 2 hours, depending on the cell line). Fluorescence 

signal was measure at excitation/emission of 530/590nm.  
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To measure cell density in 96-well plates, medium was removed after the 

treatment and cells were fixed with 4% formaldehyde for 20 minutes. Cells 

were then stained using a solution of crystal violet (Sigma) at 0.5% for 20 

minutes. Staining was removed and wells washed twice with tap water. Cells 

were left to dry up-side-down overnight at room temperature before diluting 

the dye in 10% acetic acid for 20 minutes in agitation. Crystal violet intensity 

was measured at 590nm with a spectrophotometer.      

3.11. BrdU and cell cycle 

Cells were plated in 6-cm dishes and treated with doxycycline or untreated 

for 3 days. BrdU (Sigma) was diluted in water at 20mM and added to cells at 

a final concentration of 10µM for 2 hours. Cells were then trypsinized, 

collected and centrifuged (1.500rpm at 4˚C). The pellet was washed with cold 

PBS and centrifuged again. The pellet was resuspended this time in 1mL of 

cold PBS and then 3mL of cold 100% ethanol was added dropwise while 

gently vortexing. Cells were stored in the fridge for 2-3 days. Fixed cells were 

centrifuged and resuspended in cold washing buffer (0.5% BSA in PBS) twice 

and then incubated for 20 minutes at room temperature in 300µL of 

denaturing buffer (HCl 2M in ddH2O). 1mL of washing buffer was added; cells 

were centrifuged, resuspended in 500µL of neutralizing buffer (0.5M borate 

pH 8.5) and incubated 2 minutes at room temperature. Cells were washed 

with washing buffer and pellet was incubated for 1 hour with 100µL of anti-

BrdU-FITC (BD Pharmingen) dilution: washing buffer + 0.5% Tween+ 20% 

anti-BrdU. Cells were washed and incubated for 30 minutes with propidium-

iodide (PI) solution: 25mg/L of PI + Triton X-100 1:1000 in PBS. Alternatively, 

2mg/L of DAPI could also be used. FITC and PI intensity were measured by 

cell cytometry (Navios, Beckman). Analysis and representation of the 

cytometry results was done either using Cyflogic or FCS Express.              

3.12. Cycloheximide treatment        

To determine the relative protein stability of Max, cells either uninduced or 

expressing Omomyc-RFP for 2 days were treated with 20 g/mL of 

cycloheximide (Sigma) for 0, 18, 36 and 45 hours. Cells were then harvested 

to perform Western Blots.  
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3.13. Immunofluorescence of cells and tissues 

To perform immunofluorescence in cultured cells, 13mm-tissue culture 

coverslips were placed inside 12-well plates and cells were plated on top. 

Treatments were applied accordingly. Medium was then aspirated, wells 

washed with PBS and cells fixed using 4% formaldehyde for 15 minutes. Cells 

were then washed twice with PBS and plates stored in the fridge up to 1 

week. In case of storing the cells at 4˚C, PBS was warmed at room 

temperature before proceeding. Cells were then permeabilized with 0.5% of 

Triton X-100 for 5 minutes. After washing the wells with PBS, blocking 

solution (PBS 0.2% Triton X-100 + 2% BSA) was added and cells were 

incubated at room temperature for 1 hour. Primary were diluted in blocking 

buffer antibodies (1:100 for all of them; anti-Myc N-262 (SantaCruz), anti-

Max C-17 (SantaCruz) and anti-Omomyc (primary rabbit polyclonal anti-

Omomyc antibody affinity purified and selected against the MYC b-HLH-LZ) 

and, for each coverslip, 100µL were added in a parafilm placed in a wet 

chamber. Coverslips were placed upside-down on top of each 100µL. The 

wet chamber was closed and placed at 4˚C overnight. The following day, 

coverslips were acclimated at room temperature before washing them twice 

with PBS. Secondary antibodies (either mouse or rabbit) conjugated to 

Alexa488 were 1:500 diluted in Triton-free blocking solution (to co-visualize 

Myc or Max with Omomyc-RFP, secondary antibodies conjugated to 

Alexa488 were used. 100µL of the dilution were placed on parafilm, 

coverslips placed up-side-down on to each drop of antibody and incubated at 

room temperature for 1 hour. Cells were incubated with DAPI 1µg/mL for 10 

minutes and washed 3 times with PBS. Coverslips were mounted with Dako 

Fluorescent Mounting Medium (Agilent) on microscope slides. Slides were 

dried overnight and the next day confocal images were acquired.  

To perform immunofluorescence on tissue sections, either lungs or 

subcutaneous tumors were introduced in tissue cassettes and fixed in a 

beaker containing 4% formaldehyde for 24 hours. Cassettes were transferred 

into 70% ethanol and kept in the fridge. Samples were paraffin-embedded, 

cut and placed on microscope slides. Slides were heated at 65˚C overnight 

and let cool down before proceeding with the deparaffinization. To 

deparaffinate, samples went through the following washes, during 5 minutes 

each: xylene (x2), ethanol 100%, ethanol 90%, ethanol 70% and H2O. To 

retrieve the antigens, slides were introduced in Citrate buffer (10mM sodium 
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citrate, 0.05% Tween 20, pH 6.0) and boiled in a microwave (20 minutes at 

400 watts). Buffer and samples were left to recover room temperature 

around 30 minutes. Slides were washes with PBS twice, permeabilized using 

PBS-Tween 2% during 30 minutes and washed again. Primary antibodies anti-

Ki67 (clone MIB-1, SantaCruz) and anti-Omomyc were mixed in blocking 

solution (PBS + 3% of BSA) at 1:100 and 1:250 respectively. Slides were 

placed in a wet chamber. Approximately 120µL of the solution were placed 

on top of each section and parafilm used to extend the solution across the 

tissue. Samples were incubated with the mixture of antibodies overnight at 

4˚C. Samples were brought up to room temperature before washing them 

with PBS. The secondary antibodies anti-mouse Alexa488 and anti-rabbit 

Alexa568 (Invitrogen) were mixed 1:500 in Dako REAL Antibody Diluent 

(Agilent) and DAPI diluted at 1µg/mL. Microscope slides were placed in a wet 

chamber. Approximately 150µL were added on each tissue section and 

spread by covering them with parafilm. Samples were incubated for 1-2 

hours at room temperature and protected from light. Slides were then 

washed and tissue sections totally covered by coverslips using Fluorescent 

Mounting Medium (Agilent). Mounting medium was dried at room 

temperature for at least 5 hours and fluorescent signal was analyzed in the 

confocal microscope.  

Confocal microscopy images were captured using a Nikon C2+ confocal 

microscope and NIS-elements software. 

3.14. Cell synchronization with nocodazole 

To synchronize cells in G2/M, H1299 pTRIPZ-Omomyc-RFP cells were plated 

in 44 15-cm dish at 3x106 cells/dish. Doxycycline was added to 22 plates to 

express Omomyc-RFP. After 2 days, nocodazole (Sigma), previously diluted in 

DMSO at 10mg/mL, was added into 11 plates both expressing and not 

expressing Omomyc at a final concentration of 5µg/mL. One dish of each 

group (-Omomyc-nocodazole; +Omomyc-nocodazole; -Omomyc+nocodazole; 

+Omomyc+nocodazole) was trypsinized, cells were counted to determine 

number of cells per plate and cell cycle analyzed by flow cytometry to 

determine enrichment of G2/M populations. The remaining 10 dishes were 

prepared for ChIP analysis as described below.      
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3.15. Western Blot 

Cells were either treated with doxycycline or untreated for 3 days. After 

removing the medium, cells were collected using a cell scraper and harvested 

in 10mL of cold 1mM EDTA in PBS. Cells were first added in a 15mL tube and 

centrifuged at 1.500rpm. The pellet was resuspended in 1mL of cold PBS, 

transferred into a 1.5mL tube and centrifuged at 3.000rpm. The supernatant 

was removed and the pellet was quickly frozen using dry ice and stored at -

80˚C.  

The frozen pellet was resuspended in 100µL of cold RIPA buffer 

complemented with a Halt Protease Inhibitor Cocktail (Thermo). Samples 

were incubated in ice for 30 minutes, vortexing them every 10 minutes to 

help disrupting the cell membrane. Samples were centrifuged at 4˚C at 

maximum speed (13.000rpm) to separate unsolubilised cell debris from 

soluble components. The pellet was discarded and supernatant kept in ice. 

Protein concentration was quantified with DCTM Protein Assay (Bio-Rad). For 

each 980µL of RA reagent, 20µL of RS was added to make up the AS mixture. 

A BSA standard curve (ranging from 5µg/mL to 0.15µg/mL) was prepared 

fresh. 5µL of each sample or standard was added into the wells of a 96-well 

plate. 25µL of the AS mixture and 200µL of the RB reagent were 

consecutively added into each well. Samples were protected from light and 

incubated in mild agitation for 15 minutes. Absorbance was measured at 

650nm to determine protein quantification. Protein concentrations were 

diluted to the most diluted sample of the group of samples using RIPA. 

Laemmli buffer 4x (+15% 2-mercaptoethanol) was added to the samples.  

Equivalent protein amounts of each samples or 12µL of molecular marker 

(Precision Plus Protein™ Dual Color Standards, Bio-Rad) were loaded in 10% 

or 12%, 15- or 10-well respectively, NuPAGE Bis-Tris Precast gels (Thermo). 

For electrophoresis, XCell SureLock Electrophoresis Cell (Thermo) was used 

and gels were run at 125 volts for 3 hours in Running Buffer. Gel cassettes 

were dissambled and incubated in Transfer Buffer. The PVDF membrane was 

activated using methanol for 20 seconds, then washed with ddH2O and 

incubated in Transfer Buffer together with the blotting papers and pads. For 

the transfer, the XCell II Blot Module was used and components placed as 

sandwich in the following order: pad-pad-paper-gel-membrane-paper-pad-

pad. Transfer Buffer was added in the sandwich structure up to until the 

sandwich was totally covered. DdH2O water was added to the outer 

chamber. The structure was placed in a box with ice to maintain the low 
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temperature and voltage set at 25-30 for 2 hours. The structure was 

dissassembled and membranes stained with Ponceau S (Bio-Rad). The 

staining was scanned and used as a protein loading control. Membranes 

were then washed with PBS-Tween 0.1% (PBS-T) until the staining is gone 

and blocked for 1 hour in PBS-T + 5% milk (v/w). Membranes were washed 3 

times before overnight incubation with the primary antibody. Antibodies 

were diluted in red solution (5% BSA + azide 0.02%+phenol red) 1:1000 for 

anti-Myc (9E10, SantaCruz), 1:500 for anti-Max (C-17, SantaCruz). The next 

day membranes were washed 3 times and incubated for 1 hour with either 

mouse (for 9E10) or rabbit (for C-17) secondary antibodies conjugated to 

horseradish peroxidase (HRP) diluted 1:5.000 in PBS-T + 5% milk. Membranes 

were washed again 3 times before detection using PierceTM ECL Western Blot 

Substrate (Thermo). Chemiluminescent signal was revealed using Fuji 

Medical X-Ray films (FujiFilm). 

3.16. Co-immunoprecipitation  

Once the cell pellets were collected as previously described for Western Blot, 

they were resuspended in 200µL ice-cold lysis buffer (20mM HEPES pH 7.5, 

200mM NaCl, 0.2% NP-40, 0.5 mM EDTA and 10% glycerol). Resuspended 

cells were placed in ice for 30 minutes and mixed by pipetting every 10 

minutes. Cell lysates were centrifuged at maximum speed (13.000rpm) for 10 

minutes at 4˚C. Supernatant was transferred to a clean pre-cooled tube and 

300µL of dilution buffer (20mM HEPES pH 7.5, 200mM NaCl and 0.5mM 

EDTA) were added. To equilibrate the RFP-Trap®_MA beads (Chromotek) 

used to immunoprecipitate RFP, beads were vortexed and 25µL (for each 

500µg of protein) diluted in 475µL of ice-cold dilution buffer. Beads were 

magnetically separated and supernatant removed. Dilution buffer was added 

and discarded again following the same procedure. Cell lysate was added to 

the beads, saving 50µL for a parallel Western Blot analysis (input). The bead-

lysate mixture was incubaded at 4˚C for 2 hours in mild agitation. Then, 

magnetically separate the beads until the supernatant is clear. Save 50µL of 

the supernatant for parallel Western Blot analysis (depleted fraction). After 

removing the supernatant, wash the beads twice as previously described. To 

dissociate the immunocomplexes, resuspend beads in 2x SDS buffer (120 

mM Tris/Cl pH 6.8, 20% glycerol, 4% SDS, 0.04% bromophenol blue and 10% 

β-mercaptoethanol) and incubate the mixture at 95˚C for 10 minutes. After 
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separating the beads, the sample is ready to be loaded, along with the other 

2 fractions previously separated.        

3.17. Production, purification and labelling of OmomycCPP 

The Omomyc peptide sequence was reverse transcribed, codon optimized 

for expression in E.coli, cloned in a pET3a expression vector (Novagen) and 

purified from BL21 (DE3) Arabinose-Inducible (Invitrogen®) bacterial strain 

using protocols adapted from the Max° purification protocol [194]. 

Identification of the purified construct was confirmed by mass spectrometry 

and by western blot analysis. Maleimide conjugation with AlexaFluor488- 

(Invitrogen), FITC- or DFO- (Macrocyclics) moieties to the unique C-terminal 

cysteine residue of Omomyc was performed according to the manufacturers’ 

indications. The covalently modified peptides were purified from the free 

labelling agent by cationic exchange followed by size exclusion 

chromatography, and the complete labelling and purity were confirmed by 

mass spectrometry analysis, SDS-PAGE and UV spectroscopy. A diagram of 

the complete process is represented in Figure 13.  

 

Figure 13: Schematic representation of the OmomycCPP production 

procedure.  

3.18. Liposomal production and treatment 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Corden), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine (DOPE, Avanti), 1,2-dioleoyl-sn-glycero-

3-phospho-L-serine (DOPS, Avanti), 1,2-dioleoyl-3-trimethylammonium-
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propane (DOTAP, Avanti), cholesterol (Sigma) and cholesteryl hemisuccinate 

(CHEMS, Avanti) dissolved in chloroform were mixed in a round-bottom flask 

to obtain the desired formulation. Chloroform was evaporated in a rotary 

evaporator creating lipid films at the bottom of the flasks, which were left 

overnight in a vacuum chamber. 100µM of purified OmomycCPP (or 90µM of 

OmomycCPP+ 10µM of OmomycCPP-FITC when specified) were dissolved in 

encapsulation buffer (10mM HEPES + 9% sucrose) and solutions were used to 

hydrate the lipid films. The flasks were gently agitated and sonicated to 

completely dissolve the lipids. Resulting liposomes went through 5 cycle of 

freeze-thaw and then were extruded through 100nm-membranes. 1,2-

Distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(polyethylene 

glycol)-2000) (PEG2000-PE, Corden) corresponding to 2% of the total amount 

of lipids was added in a round-bottom glass tube, chloroform was 

evaporated using nitrogen gas and the tube was placed in a vacuum chamber 

for 2 hours. Extruded liposomes were added into the tubes containing 

PEG2000-PE and incubated overnight at 4˚C in agitation. Non-encapsulated 

OmomycCPP was separated from the PEGylated liposomes by injecting the 

mixture in HiTrap SP HP columns (GE Healthcare Life Science) according to 

manufacturer’s instructions. Encapsulation efficacy and final concentration 

of OmomycCPP was determined by DC Protein Assay (Bio-Rad) and 

OmomycCPP-FITC by fluorescent HPLC. Reverse-phase chromatography was 

used to detect OmomycCPP by UV/Vis absorbance or OmomycCPP-FITC by 

fluorescence detection. Liposomes were dissolved 1:100 in acetonitrile:water 

70:30 and loaded into a C18 column. Size of liposomes was determined using 

a Zetasizer (Malvern). A diagram of the complete process is represented in 

Figure 14. 

3.19. Endocytosis and entrance inhibition 

Rhodamine-PE (0.25% molar ratio) was included in the liposomal formulation 

to produce labelled-liposomes. A549 and U87-MG were plated in 12-well 

plates at 100.000 cells per well. The following day, cells were pretreated for 

1 hour with endocytosis inhibitors: 5.25µM of chlorpromazine (Sigma) was 

used as inhibitor of clathrin inhibitor; 150µM of genistein (Sigma) as caveolae 

inhibitor; and 5µM of cytochalasin D (Sigma) as macropinocytosis inhibitor. 

Cells were then treated with 1mg/mL of rhodamine-labelled liposomes (1:10 

dilution of the final production) for another hour.           

 



Materials and Methods 

52 
 

 

Figure 14: Schematic representation of the OmomycCPP-encapsulation 

procedure. Adapted from [195].  

3.20. Treatment with modified-mRNA 

Omomyc modified-mRNA (OmomycmRNA) sequence was purchased from 

TriLink BioTechnologies. MessengerMax Lipofectamine (Thermo) was used to 

transfect the mRNA into cells following the manufacturer’s procedure.   

To perform efficacy tests, A549 and U87-MG cells were plated in 96-well 

plates. 24 hours after, medium was removed from the wells and replaced by 

50µL/well of serum-free media. OmomycmRNA and lipofectamine were 

separately diluted in different eppendorfs containing serum-free media. For 

each 4µg of mRNA in 50µL of media, 3µL of lipofectamine were diluted in 

50µL of media. mRNA and lipofectamine were then mixed (in a final volume 

of 100µL) and incubated for 10 minutes. Media was removed from the first 

well and the 100µL of lipofectamine+mRNA added. 50µL were then removed 

and 1:2 serial dilutions were done in the following wells. Therefore, the 

maximum concentration was 2µg of mRNA in 50µL serum-free media 

(approximately 200nM) and 1.5µL of lipofectamine. Cells were transfected 

during 4 hours at 37˚C and then transfecting medium was replaced by 

complete medium. Cells were then incubated for 3 days and cell density 

determined by crystal violet.     

To perform immunofluorescence, cells were plated on coverslips in 12-well 

plates. In 500µL of FBS-free medium, cells were treated at approximately 

200nM (20µg of OmomycmRNA and 15µL of lipofectamine). The cells were 

maintained in transfecting medium for 4 hours at 37˚C and then refed with 
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complete medium. Cells were fixed 24 hours after refeed and 

immunofluorescence using the Omomyc antibody was performed as 

previously described.    

3.21. ChIP-qPCR and ChIP-sequencing 

ChIP experiments were performed in collaboration with Pete Rahl (Syros 

Pharmaceuticals Inc., Massachusetts, USA) and Bruno Amati (Istituto Italiano 

di Tecnologia, Milan, Italy). For ChIP-qPCR of Omomyc-RFP expression in 

A549, approximately 1x108 A549 cells were treated with doxycycline for 72 

hours or untreated. For ChIP-sequencing of Omomyc-RFP expression in 

H1299, 1x108 cells were treated/synchronized with doxycycline/nocodazole 

or untreated as previously described. For ChIP-sequencing of A549 treated 

with the OmomycCPP, 1x108 A549 cells were plated; 24 hours later cells were 

treated with the peptide at 20µM or untreated for 48 hours. After the 

respective times, medium was removed and cells were cross-linked with 1% 

formaldehyde solution in PBS for 20 minutes (15mL for 15cm dishes). Glycine 

was added to the formaldehyde and incubated for 15 minutes. Then cells 

were washed twice with PBS. Cells were scraped, harvested and frozen in 

liquid nitrogen. Frozen cells were then shipped to our collaborators for 

analysis.  

Briefly, whole cell extracts were sonicated to solubilize the chromatin. The 

chromatin extracts containing DNA fragments with an average size of 500 

base pairs were immunoprecipitated using an antibody recognizing the N-

terminus of Myc (N-262) or Max (C-17).  

3.22. Animal studies 

All the animal studies were performed in accordance with the ARRIVE 

guidelines and the 3 Rs rule of Replacement, Reduction and Refinement 

principles. Mice were maintained and treated following the protocols 

approved by the CEEA (Ethical Committee for the Use of Experimental 

Animals) at the Vall d'Hebron Institute of Oncology, Barcelona, Spain. All the 

mice from these studies are immunocompromised females BALB/cAnNRj-

Foxn1nu (Balb/c) purchased at Janvier Labs.  

To express Omomyc-RFP in vivo, H1975 and A549 cell lines were inoculated 

intrapleurally (Figure 15) as previously described [196] to a total of 32 
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animals (16 animals for each cell lines). In short, animals were anesthetized 

with 2.5% of isoflurane, placed with the chest -up and 3/4 of a 27G needle 

introduced from the lateral between the ribs in an angle of 20-30˚C.  1x106 

cells in 100µL of serum-free medium were inoculated to each animal.      

 

Figure 15: Intrapleural injection of cancer cells in anesthetized mice.  

The progression of the tumors was monitored weekly by IVIS imaging. (IVIS 

procedure). Images of the thoracic cavity were acquired and quantified. Mice 

showing 2 consecutive weeks of tumor growth were included in the study 

and treated with either sucrose (5%) or doxycycline (2g/L in 5% of sucrose) in 

the drinking water. Both sucrose and doxyxycline were replaced by fresh 

solution twice a week. Luciferase signal from the thorax relative to the day of 

the treatment was calculated for each week. Weight was recorded twice a 

week and general health monitored by physical appearance and respiratory 

distress. Weight-loss of 15% relative to the maximum weight of the animal or 

severe respiratory distress was established as end-point criteria. The day of 

euthanasia was recorded to perform survival curves of treated vs. untreated 

animals. The study was finished at 90 days, when all remaining animals were 

euthanized.  

To initially assess the effect of systemic (i.v.) administration of the 

OmomycCPP, 2x106 of were injected subcutaneously to nude mice. For H1975, 

15 animals were inoculated with one tumor in each right and left back flank 

(2 tumors per mouse, 30 tumors in total). Tumor volume (mm3) was 

measured according to the following: (Dxd2)/2, where “D” represents the 

larger diameter of the tumor measured with a caliper and “d” the smaller 

diameter. Tumors were allowed to develop until they reached 100-300mm3. 

Animals were then randomized in 2 groups (treated and untreated) with 
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similar means and deviation. Either 93.75mg/kg of Omomyc peptide or 

sterile PBS were injected intravenously 4 times a week, with resting days 

every 2 consecutive injections (1101100). Measures were recorded every 3-4 

days until a total of 26 days. Weight of the animals was recorded as a 

measure of their general health the day after the first treatment 

administration and every 3-4 days later on until day 26. At day 26, 24 hours 

after the last administration, animals were euthanized, tumors fixed and 

paraffin-embedded for histological and immunofluorescent analysis.  

To determine the efficacy of an increased dose of OmomycCPP and the 

potential synergy with standard chemotherapy, 2x106 H1975 were injected 

subcutaneously to 50 nude mice in both right and left back flanks (2 tumors 

per mouse, 100 tumors in total). Tumor volume was measured as described 

above and when 100-300mm3 were reached, animals were randomized in 4 

different groups (vehicle, OmomycCPP only, paclitaxel only, and combination). 

Vehicle group was treated with PBS and OmomycCPP group with 187.5mg/kg 

of OmomycCPP following the same regimen previously described (1101100). 

Paclitaxel, alone or in combination, was administered at 5mg/kg twice 

weekly leaving resting days between the treatments (1001000). Weight and 

tumor size were recorded every 3-4 days until day 29.        

3.23. In vivo biodistribution  

In vivo biodistribution was performed in collaboration with Miguel Angel 

Morcillo (CIEMAT, Madrid, Spain).  

OmomycCPP, OmomycCPP-DFO and mice subcutaneously inoculated with 

H1975 cells were supplied to CIEMAT. OmomycCPP-DFO concentration was 

estimated by measuring the absorbance at 280nm using the relationship that 

an A280 of 0.24 = 0.1mM (obtained from OmomycCPP).  

For radiolabelling of Omomyc-DFO, 89Zr (T1/2=78.4 h, β+=22.6%; ~2.7 GBq/mL 

supplied in 1M oxalic acid) was obtained from BV Cyclotron VU (Amsterdam, 

The Netherlands). The required volume of 89Zr-oxalic acid solution 

corresponding to 74 MBq was adjusted to a total volume of 200µL using 1M 

oxalic acid; 90µL of 2M Na2CO3 (Sigma) were added and incubated for 3 min 

at room temperature. 1mL of 0.5M HEPES and 710µL of Omomyc-DFO (2.17 

mg/mL) were added and incubated at room temperature for 60 min on a 

rotating shaker; pH was checked to be at 7.0-7.5. The reaction mixture was 



Materials and Methods 

56 
 

loaded on a previously equilibrated PD-10 column and eluted with 

phosphate-buffered saline (PBS) into fractions of 500µL. The collected 

fractions were measured in a dose calibrator (IBC, Veenstra Instruments). 

Quality control was performed by instant thin-layer chromatography (ITLC) 

on ITLC strips (model 150-771, Biodex) using 0.02M citrate buffer (pH 

5.0):acetonitrile (9:1) as eluent. The radiochemical yield, purity, and specific 

activity of the Omomyc-DFO-89Zr used in this study were >98%, >99% and 34 

MBq/mg respectively, assuming virtually complete recovery of the Omomyc-

DFO-89Zr conjugates after size exclusion chromatography; therefore, the 

compound was used with no further purification. Stability studies in HS and 

PBS at 37˚C showed that more than 99% of the radiotracer remained intact 

after 24h, whereas in DTPA, more than 96% of the radiotracer remained 

intact after 24h at 37˚C, showing that Omomyc-DFO-89Zr constitutes a 

suitable probe for in vivo studies. 

4.3 mg/kg of Omomyc-DFO-89Zr were administered via tail-vein injection. Ex 

vivo biodistribution of Omomyc-DFO-89Zr was quantified at 3 days post-

injection. Manually drawn regions of interest (ROIs) in PET images or ROIs 

selected from PET images using CT anatomical guidelines (such as in 

subcutenous tumors) were used to determine the mean radiotracer 

accumulation in units of percentage injected dose per gram (%ID/g) using the 

decay-corrected injected dose and dividing the obtained average tracer 

concentration (kBq/cm3) in the region by the total ID (kBq), under the 

assumption that the density of tissues was 1g/cm3: %ID/g=Injected dose 

(kBq)/ kBq/cm3 (measured in ROI). A calibration factor predetermined by 

scanning a cylindrical phantom containing a known activity of 89Zr was used 

to convert counts per pixel/sec to kBq/cm3. PET imaging experiments were 

conducted on a small-animal Argus PET-CT scanner (SEDECAL, Madrid, 

Spain).
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4.1.1. Design and characterization of an Omomyc-RFP inducible vector 

To enable inducible expression of Omomyc in vitro, we cloned the Omomyc 

sequence into a commercial doxycycline-inducible vector, placed upstream 

and fused to the RFP protein at the 3’extreme (Figure 16A). Sequencing was 

used to assess the correct insertion of the sequence (Figure 16B).      

 

Figure 16: Omomyc was cloned inside the AgeI site of the pTRIPZ-RFP 

vector. (A) Schematic representation of the insertion is shown. Numbers in 

brackets indicate the position of the restriction site. The red arrow indicates 

the direction of the transcription. (B) Sequencing confirmed the insertion of 

Omomyc within AgeI sites and upstream of RFP. Upper sequence represents 

the 5’-extreme of Omomyc and the upstream elements (AgeI restriction site 

and Kozak starting site). Lower sequence represents the 3’-extreme of 

Omomyc and the downstream elements (EcoRI and AgeI restriction sites, and 

the beginning of the RFP sequence (placed in frame with Omomyc).  

 

To assess the expression of this newly generated Omomyc-inducible vector, 

the A549 NSCLC cell line was transduced with lentiviruses harboring either 

the Omomyc-RFP or the control RFP plasmids. The resulting cells were 

selected with puromycin until non-transduced cells were all dead. Omomyc-

RFP was induced with doxycycline (0.6 mg/ml) and cells were analyzed and 

collected after 48 hours. By fluorescent microscopy, differences in the 

subcellular localization between the RFP products of the 2 vectors were 

observed: while RFP alone distributes throughout the whole cells, Omomyc-

RFP accumulates mainly in the nuclei (as expected for the Omomyc protein) 

(Figure 17A). Cells were then trypsinized and analyzed by cell cytometry and 

Western Blot. Cytometry analysis showed that in both Omomyc-RFP and RFP 

A B 
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infected cells more than 99% of the population was red, being the control 

RFP-only cells the ones that displayed higher red intensity (Figure 17B). 

Omomyc expression and lack of leakiness in the untreated cells was 

confirmed by Western Blot (Figure 17C). Since Omomyc DNA sequence is 

around 270bp and RFP is 700bp, the resulting fusion protein appeared, as 

expected, around 35KDa.  

 

Figure 17: Inducible expression of Omomyc-RFP in A549 using doxycycline 

results in a protein of predicted size (35KDa) and nuclear RFP fluorescence. 

Cells transduced with either pTRIPZ Omomyc-RFP or RFP only were treated 

with doxycycline for 48 hours. (A) Cellular localization of Omomyc-RFP and 

RFP are shown by microscopy and (B) RFP intensity determined by cytometry. 

(C) Switchability of vector and size of the expressed construct were confirmed 

by Western Blot. Cells transduced with pTRIPZ Omomyc-RFP were either 

treated (+) with doxycycline (DOX)or left untreated (-) for 2 days. Protein 

extracts were then collected and immunoblot performed against Omomyc 

using the 9E10 anti-Myc antibody. Ponceau S is shown as protein loading 

control.  

4.1.2. Anti-tumorigenic efficacy of Omomyc-RFP expression in A549  

To determine the functionality of the Omomyc-RFP product expressed from 

this new doxycycline-inducible vector, Omomyc-RFP and RPF expression 

were switched on in A549 for 3, 6 and 9 days. Cells were fixed at each time 

point and stained with crystal violet to look at cell density (Figure 18A). Then, 

the cell-bound dye was dissolved and absorbance measured. Quantification 

of crystal violet absorbance showed that cell growth is significantly inhibited 

when Omomyc-RFP is expressed (Figure 18B). In contrast, no effect was 

detected upon RFP expression.  

A B C 
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Figure 18: Omomyc-RFP expression causes a reduction in cell growth of 

A549 cells. (A) Images of fixed pTRIPZ Omomyc-RFP (OmoRFP) or RFP only 

(RFP) A549 cells after 3, 6 and 9 days, either doxycycline treated (+) or 

untreated (-), stained using crystal violet. (B) Quantification of cell density by 

absorbance at 560nm after dissolving the crystal violet in acid acetic. Means 

and standard deviations of one representative experiment out of 2 

independent experimnts performed are shown. Significance was determined 

by Student’s t-test. “-OmoRFP” vs. “+OmoRFP” shows statistical significance 

at 6 and 9 days, p<0.001 (***). Comparisons between the other groups show 

no statistical significance.  

4.1.3. Myc inhibition in A549 upon Omomyc-RFP expression  

As previously mentioned, Omomyc is able to inhibit Myc by different 

mechanisms: it can sequester Myc away from DNA, sequester Max away 

from Myc, and/or bind DNA forming Omomyc/Max heterodimers or 

Omomyc/Omomyc homodimers. All of these events will trigger a common 

downstream effect: an impairment of Myc to occupy its target-binding sites. 

Therefore we started assessing whether Omomyc-RFP expression was able to 

inhibit Myc occupancy on DNA by ChIP-qPCR. To do so, Omomyc-RFP was 

expressed in A549 for 3 days; cells were then fixed, harvested and frozen. 

Samples were sent to Syros Pharmaceuticals, where our collaborator, Dr. 

Pete Rahl, performed the ChIP analysis. Myc and Omomyc-RFP were ChIPped 

separately in parallel experiments using anti-Myc (N-262) and anti-Omomyc, 

a polyclonal antibody specifically generated against Omomyc by our 

laboratory. Quantification of key Myc bona fide DNA-binding sites showed a 

decrease of Myc binding when cells expressed Omomyc-RFP (Figure 19A). 

Using our specific Omomyc polyclonal antibody, Omomyc-RFP was detected 

bound to Myc-target regions where Myc was displaced (Figure 19B). These 

B A 
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results confirm that Omomyc-RFP occupies Myc-binding sites and displaces 

Myc, therefore actin as an inhibitor of Myc-dependent transcription. 

Figure 19: Omomyc-RFP binds to specific Myc binding sites and inhibits Myc 

occupancy. Quantifications by qPCR of Myc-target DNA regions (NPM1, NCL 

and PVT1 transcription sites) obtained from (A) Myc-ChIP and (B) Omomyc-

ChIP are shown. Quantification from untreated (-Omomyc-RFP) and 

doxycycline treated (+Omomyc-RFP) cells are represented with black and red 

respectively. The Myc-unrelated HNRNPA2B1 transcription starting site (TSS) 

is also shown in the Omomyc-ChIP as negative control. 

4.1.4. Evaluation of Omomyc-RFP’s efficacy in different lung cancer cell 

lines 

Myc is one of the most frequently overexpressed and/or deregulated 

oncogenes in several malignancies, which makes it an interesting therapeutic 

target in many types of cancer. Consistently, several publications show that 

Myc inhibition by Omomyc is effective against different tumor models, 

suggesting that Omomyc might be used to treat different cancers regardless 

of their genetic profile. However, most of the data in literature are related to 

mouse tumors, not necessarily representative of human mutational 

heterogeneity. Hence, to determine whether Omomyc is equally effective 

against human cancer cells harboring different mutations, we made use of a 

panel of cell lines from lung cancer (one of the most heterogeneous types of 

cancer). The panel depicted in Table 1 is mainly divided according to the 

KRAS and EGFR status, the 2 most frequently mutated oncogenes in NSCLC. 

However, cell lines harboring mutations in other oncogenes such as NRAS, 
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RAF, PI3K and RET mutations, or in tumor suppressor genes like p53, LKB1, 

p16, BRG1, RB, FOXO3 and FOX2L, and cells resistant to tyrosine kinase 

targeted therapies (H1975 and HCC827) are also represented. Clearly, 

additional molecular alterations can also be present in the cell lines besides 

the ones mentioned in the table. Finally, a cell line representing another 

subtype of lung cancer, small-cell lung cancer (SCLC), was also included in the 

panel as additional control. All these cell lines showed differences in their cell 

size, morphology and proliferation rates, which evidences their high 

heterogeneity. Again, as shown before for A549, lentiviral particles were 

generated using the pTRIPZ Omomyc-RFP vector and used to transduce the 

whole panel of 12 cell lines (Table 1).  

 

 

Table 1: Panel of 12 lung cancer cell lines selected for the study. The name 

of the cell line, the lung cancer subtype (AD: adenocarcinoma; LCC: large cell 

carcinoma; SCC: squamous cell carcinoma; SCLC: small-cell lung cancer), the 

status of both KRAS and EGFR (None: wild-type for both (yellow); KRAS: only 

KRAS mutated (red); EGFR: only EGFR mutated (blue)) are represented. Other 

additional mutations in different oncogenes and tumor suppressors are also 

mentioned. The list of mutations was obtained from ATCC and COSMIC 

databases.   
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After inducing Omomyc-RFP for 6 days using doxycycline, cell growth and 

Omomyc-RFP levels were determined (Figure 20A). Cell counts of treated 

plates relative to the untreated counterparts demonstrated that all the cell 

lines responded to Omomyc by presenting fewer number of cells at the 

endpoint. A similar degree of response was observed in all the cell lines, 

leading to treated cell numbers being only 13 to 35% compared to their 

respective controls. These different responses did not correlate with the 

status of KRAS, EGFR or any other oncogene or tumor suppressor identified 

in Table1. Quantification of Omomyc-RFP levels by RFP intensity revealed a 

high variability across the different samples, but are more likely to reflect 

Omomyc expression levels. However, an XY representation of the response 

vs. the RFP expression shows that a group of cell lines (HCC827, PC9, H292 

and H1975 – all presenting alterations in EGFR) displays a similar response 

compared to other cell lines that express higher levels of Omomyc (PC14, 

A549, HCC193 and Hop62) (Figure 20B). This observation seems to indicate 

that, while all the cell lines responded to Omomyc regardless their 

mutational profile, cell lines presenting alterations in EGFR are prone to 

respond more effectively. 

To further investigate the anti-tumorigenic effects of Omomyc on cell 

proliferation and cell death, representative cells from each group (KRAS 

mutated, EGFR mutated and KRAS/EGFR wild type) were selected. Cells were 

treated with doxycycline for 3 days, then exposed to BrdU for 2 hours and 

fixed. Incorporated BrdU was detected using an anti-BrdU antibody tagged 

with FITC and cell cycle analyzed by propidium iodide (Figure 21A-C). In all 

the 6 selected cell lines, Omomyc expression produced a reduction of BrdU 

incorporation (Figure 21D), indicating a decrease in proliferation, and an 

increase in G1 (Figure 21E). Interestingly, quantification of the subG1 fraction 

showed a significant increase in only 3 cell lines, one of which is KRAS 

mutated, and expresses the highest Omomyc levels (Hop62), and the other 2 

present constitutively active EGFR (Figure 21F). Together, these results show 

that the response to Omomyc is mainly reflected by a reduction in cell 

proliferation, accompanied in some cases by an increase in cell death. 

Overall, Omomyc expression seems an effective anti-tumorigenic approach 

in all the cancer subtypes, independently of their genetic alterations.  
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Figure 20: Omomyc displays anti-tumorigenic efficacy in the selected panel 

of lung cancer cell lines. (A) Relative cell number of cells after 6 days of 

Omomyc expression compared to the untreated counterparts (grey bars, left 

axis) and Omomyc-RFP expression levels determined by RFP-intensity (red 

dots, right axis). For cell counts, mean and standard deviation of 3 

independent experiments are represented. Statistical significance was 

determined by Student’s t-test. All the values show statistical significance 

when compared to each untreated counterpart, p<0.0001 (not represented). 

For RFP intensity, a representative cytometry result is shown; mean and 

standard deviation of the events is represented. (B) XY representation of 

relative cell number at 6 days and the RFP-intensity of the different cell lines. 

95% confidence intervals are defined by the dotted lines.       
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Figure 21: Omomyc expression reduces cell proliferation, increases cells in 

G1 and, in some cells, increases the SubG1 population. (A) Dot plots of cell 

cycle (x axis) and BrdU incorporation (y axis). (B) Histograms of BrdU 

incorporation and (C) cell cycle. Left panels show control cells (-DOX) and 

right panels correspond to Omomyc-expressing cells (+DOX). Bar graphs show 

(D) quantification of BrdU incorporation, (E) G0/G1 population and (F) SubG1 

population. Student’s T-test was used to assess statistical significance; 

p<0.05(*), p<0.01(**) and p<0.001(***). One representative experiment is 

represented out of 2 independent experiments performed.  

4.1.5. Omomyc-RFP’s dependent macroscopic change  

Given the broad efficacy of Omomyc expression in all cell lines regardless of 

the mutational profile, we hypothesized that Omomyc might trigger similar 

alterations at the molecular level as well. According to this line of thought, 

we aimed at finding communalities in the response of all the cell lines when 
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Omomyc is expressed. For example, an increase in cell size was detectable by 

microscopy upon Omomyc-RFP expression across a representative group of 

cell lines (Figure 22A). Quantification of cell size by TALI confirmed the bigger 

size even when cells are trypsinized, indicating that their diameter is not only 

dependent on their ability to adhere to plates (Figure 22B). This result was 

confirmed by cytometry analysis: gating cells with different levels of 

Omomyc-RFP expression showed that this increase in cell size is more 

pronounced in individual cells expressing higher levels of Omomyc (Figure 

22C). Further investigation will be required to determine the source of this 

intriguing phenotype that is displayed by virtually all the cell lines expressing 

Omomyc.  
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Figure 22: Omomyc expression produces an increase in cell size in all the cell 

lines. (A) Microscopy images of control cells (-OmoRFP) and Omomyc-

expressing cells (+OmoRFP). (B) Average cell size determined by Tali 

cytometer of Omomyc expressing cells (red) and control counterparts (black). 

Means and standard deviations of 3 independent experiments are 

represented. P-values were calculated using a two-tailed Student’s T-test; 

p<0.05(*), p<0.01(**) and p<0.001(***). (C) Cell size of a populations 

selected by gating increasing Omomyc-RFP intensities. Darker red indicates 

higher RFP intensity and black represents control cells.      

4.1.6. Characterization of the effect of Omomyc expression on Myc and 

Max levels and their subcellular location 

Since Omomyc-RFP can bind to both Myc and Max, we decided to look at the 

protein content of both partners in several cell lines by Western Blot. Cells 

were collected after 3 days of Omomyc expression and lysed using RIPA 

buffer. Equivalent amount of total protein were loaded in the wells. The 

9E10 anti-Myc antibody was used to detect both Omomyc and Myc, and the 

C-17 anti-Max antibody to detect Max. First, we confirmed that despite 

presenting different protein levels of Myc and Max, Omomyc expression was 

effective across the various cell lines. Second, we looked at whether Myc and 

Max protein levels were affected by Omomyc expression. No consistent 

changes in Myc levels were detected upon Omomyc treatment (Figure 23A). 

However, Max showed an increase in all the cell lines when Omomyc was 

expressed. We hypothesized that this increase could be triggered by Max 

forming more stable complexes with Omomyc than with other partners or in 

its monomeric form. Thus, protein stability was determined for Max in the 

presence and in the absence of Omomyc using cycloheximide to stop protein 

synthesis. Addition of cycloheximide to Omomyc-expressing Hop62 and PC9 

showed a more pronounced stabilization of Max after 45 and 18 hours of 

treatment respectively (Figure 23B). Hence, Max protein increase is, at least 

in part, caused by its stabilization.   

In parallel to Max stabilization following Omomyc expression, we observed 

communality in all treated cell lines. Since the Omomyc transgene is tagged 

with RFP, the expressed construct can be seen by epifluorescence. This 

allowed us to observe that Omomyc-RFP co-localizes with condensed DNA 

during mitosis in all cells. More in detail, to visualize both Omomyc-RFP and 

DNA at the same time, cells were seeded on coverslips, treated with 
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doxycycline and fixed after 3 days. Then, cells were permeabilized, DNA 

stained using DAPI, coverslips mounted and Omomyc/DNA visualized by 

confocal microscopy (Figure 24).  

 

Figure 23: Omomyc expression stabilizes Max in the different cell lines. (A) 

Western Blots against Myc and Max were perform using extracts untreated (-

) and treated (+) with doxycycline (DOX) from different cell lines. All the cell 

lines were stably transduced with the pTRIPZ Omomyc-RFP vector. A 

representative Western Blot out of 2 independent experiments performed is 

shown. (B) Hop62 cells (expressing (+) or not (-) Omomyc-RFP) were treated 

with cycloheximide (CHX) for 18, 36 or 45 hours before collecting the protein 

extracts. PC9 cells were treated for 18 hours only. Ponceau S is shown as 

protein loading control.  

 

Figure 24: Omomyc co-localizes with DNA when it condenses during mitosis. 

Omomyc is tagged with RFP while DNA was stained using DAPI. Images were 

acquired by confocal microscopy.   
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To investigate whether this co-localization is a common feature of similar 

transcription factors and whether Omomyc is able to affect the localization 

of its binding partners Myc and Max during mitosis, 3-day untreated and 

doxycycline-treated cells were fixed, permeabilized and immunofluorescence 

was performed against Myc and Max as well. Confocal images of the 

immunofluorescence show that neither Myc nor Max displays a co-

localization with mitotic DNA in normal conditions, in the absence of 

Omomyc (Figure 25A). However, when Omomyc is expressed, while Myc still 

presents poor co-localization with mitotic DNA, Max shows a different 

distribution and co-localizes with both Omomyc and DNA (Figure 25B). To 

show that this observation is independent of the molecular context, cell lines 

harboring different mutations and different levels of Myc/Max were stained. 

Regardless of the mutational profile and, importantly, the Myc and Max 

protein levels, all the cell lines show a Max re-localization on mitotic DNA 

when Omomyc was expressed (Figure 26).        

 

Figure 25: Max, but not Myc, co-localize with DNA during mitosis only when 

Omomyc is expressed. (A) Control cells (-OmoRFP) or (B) cells treated with 

doxycycline to express Omomyc (+OmoRFP) were fixed at 3 days and 

immunofluorescence was performed against Myc and Max. Images of cells 

presenting condensed DNA were acquired using confocal microscopy. Blue 

channels shows DNA, green channels shows either Myc or Max and red 

channel shows Omomyc. Images show one representative experiment out of 

3 independent experiments performed.  
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Figure 26: Omomyc and Max co-localization with DNA is a common feature 

of all the cell lines analyzed. Cells were treated with doxycycline to express 

Omomyc, fixed after 3 days and immunofluorescence was performed against 

Myc and Max. Images of cells presenting condensed DNA were acquired 

using confocal microscopy. Blue channels shows DNA, green channels shows 

either Myc or Max and red channel shows Omomyc. The experiment was 

performed once.  

4.1.7. Characterization of genome-wide changes in Myc and Max DNA-

binding upon Omomyc expression 

To characterize the molecular consequences of these observations during 

cell division more in detail, we decided to perform ChIP-sequencing analysis 

on actively dividing H1299 cells (G2/M) and compare the DNA-binding 

patterns to non-dividing cells (G1). To that end, a procedure to synchronize 

cells in G2/M using nocodazole was established (see materials and methods). 

Synchronization of cells with nocodazole is visualized in culture as an 

increase in rounded cells, corresponding to cells in mitosis (Figure 27A). 

Nocodazole, as an inhibitor of microtubule polymerization, impairs the 

normal arrangement of condensed DNA. Despite that, Omomyc can still be 

seen as co-localizing with DNA (Figure 27B). Flow cytometry analysis 

confirmed an increased percentage of dividing cells (G2/M) of more than 2-

fold upon nocodazole treatment compared to the untreated cells (for both 

Omomyc expressing and non-expressing cells) (Figure 27C). As a side note, 

the decrease of cells in G1 as a consequence of nocodazole treatment was 

more dramatic in cells that did not express Omomyc (4.0-fold and 1.7-fold 

respectively), consistent with the role of Omomyc in promoting  G1 arrest.  
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Figure 27: Upon nocodazole treatment, cells arrest during cell division and 

DNA condenses without the formation of mitotic spindles. (A) Microscopy 

images of cells treated with doxycycline (or without) and/or nocodazole. (B) 

40x microscopy images showing condensation of DNA during mitotic arrest 

due to nocodazole treatment (yellow arrows). (C) Quantification of 

populations in G1 and G2/M after 3 days of treatment with doxycycline (or 

without) and/or nocodazole. Cells were trypsinized, fixed/permeabilized and 

incubated with propidium iodide to stain DNA. Quantification was done by 

flow cytometry. One representative experiment out of 3 experiments 

performed is shown.  
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Figure 28: Omomyc expression inhibits Myc DNA-binding across the 

genome and produces an invasion of Max towards new binding sites, 

especially in distal regions. In addition, binding profiles of both Myc and 

Max are largely conserved between cells synchronized in cell division and 

non-synchronized cells. Heatmaps of the ChIP-sequencing results for Myc 

and Max in synchronized and non-synchronized cells either expressing or not 

Omomyc are shown. Cells were either treated with doxycycline or untreated 

(“+” and “-“ Omomyc respectively) for 2 days. Then, cells were either treated 

or not with nocodazole (“+” and “-“ synchronized respectively) for additional 

24 hours without removing the doxycycline. After that time, cells were fixed 

and collected. ChIP was performed with the N-262 and C-17 antibodies, to IP 

Myc and Max respectively. All the genomic sites where Myc or Max were 

detected in any of the conditions are represented. Upper panel (A) shows 

promoter regions and lower panel (B) shows distal regions. 
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Myc and Max ChIP-sequencing analysis was then performed on synchronized 

and non-synchronized cells either expressing Omomyc or not (Figure 28A). 

The results showed, as expected, a good correlation between Myc and Max 

binding sites in normal conditions (-Omomyc), in both synchronized and non-

synchronized cells, indicating that they bind DNA as Myc/Max heterodimers. 

Upon Omomyc expression (+Omomyc) there is a dramatic displacement of 

Myc across the genome. In contrast to Myc, though, Max DNA-binding was 

not only not inhibited by Omomyc but, surprisingly, even potentiated, to the 

point that multiple new binding sites appeared, especially in distal regions 

(Figure 28B). Interestingly, the binding profiles of Myc and Max between 

synchronized and non-synchronized cells present little differences. However, 

when cells are dividing, Myc displacement from DNA is more pronounced. 

These results, together with the immunofluorescence images in mitosis, 

indicate that there is an abnormal occupancy of Max on genomic regions 

when Omomyc is expressed. While this might be visible by 

immunofluorescence specifically during mitosis, the ChIP analysis indicates 

that it also occurs outside mitosis. Intriguingly, this increased Max binding to 

DNA is correlated with invasion of many distal sites. 

4.1.8. Evaluation of the efficacy of OmoHER and ΔMyc compared to 

Omomyc 

To determine whether the binding of Omomyc to DNA, together with Max, is 

required for its anti-tumorigenic effect, we decided to clone the b-HLH-LZ 

domain of Myc (ΔMyc or, as previously referred, Myc’SH) and an Omomyc 

mutant unable to bind DNA (OmoHER) inside the pTRIPZ-RFP vector (Figure 

29). ΔMyc, like Myc, is not able to form homodimers (nor bind Myc) but 

retains the ability to form dimers with Max and bind DNA. Because it lacks 

the transactivation domain, ΔMyc would act as a competitor of Myc by 

sequestering Max and binding with it to DNA, thereby resulting in a block of 

Myc transcriptional activity (Figure 30A). Thus, this would mimic only 2 out of 

4 of Omomyc’s potential mechanisms of action (interference with Max and 

occupancy of Myc-target genes by forming dimers with Max). In contrast, 

OmoHER would still sequester either Myc or Max, disrupting the active 

Myc/Max heterodimers, but would not be a direct competitor for DNA-

binding (Figure 30B). This mutant would mimic other 2 of Omomyc’s 

potential mechanisms of action (interference with Myc and Max), but would 

not occupy Myc’s target genes. OmoHER was recently described in a study 
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showing that, due to the mutations of H10, E14 and R18 to A, was unable to 

efficiently bind DNA and displace Myc from its target-genes [160]. Thus, 

ΔMyc and OmoHER (kindly donated by Gerard Evan’s and Martin Eilers’ 

laboratories respectively) were cloned into the pTRIPZ-RFP vector. H1299 

cells were then infected with both vectors, selected with puromycin and 

treated with doxycycline. RFP intensity after 3 days show a similar RFP 

expression of the different constructs (Figure 31A). Cell counts after 6 days of 

expression showed that ΔMyc is capable of reducing cell number similarly, or 

even more effectively, than Omomyc, while OmoHER displayed only a mild 

effect (Figure 31B). In agreement with previous characterizations of both 

variants, the results indicate that the DNA occupancy of Omomyc/Max is a 

necessary event for Omomyc’s potent anti-tumorigenic effect in this context. 

 

Figure 29: Omomyc sequence in which the amino acids that are mutated in 

OmoHER and ΔMyc are highlighted in green and red respectively. OmoHER 

harbors 3 amino acidic changes in the basic region compared to Omomyc: the 

histidine 10, the glutamate 14 and the arginine 18 are substituted by 

alanines. ΔMyc harbors the original Myc aminoacids in the leucine-zipper: 

threonine 61 and isoleucine 68 are replaced by glutamates and glutamine 74 

and asparagine 75 are replaced by ariginines. 

To assess whether, despite the mutations in the basic DNA-binding region 

and displaying a largely reduced efficacy, OmoHER was still able to dimerize 

with Myc and Max, we performed co-immunoprecipitation against the RFP-

fusion protein (Figure 32). The results showed that expression of both 

Omomyc and OmoHER reduced Max in the depleted fraction (compared to 

the input) and increased it in the immunoprecipitated fraction (compared to 

both beads only and non-induced cells). The detection of Max in the 

OmoHER immunoprecipitated fraction was actually even more pronounced 
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than in the Omomyc one. In contrast, although the result is not conclusive 

due to low specificity of the antibody, Myc was less present in the 

immunoprecipitated fraction of OmoHER compared to Omomyc. However, 

both Myc signals were below the background signal obtained in the non-

specific precipitation using beads. Thus, in spite of displaying a notably 

reduced anti-tumorigenic effect compared to Omomyc, OmoHER is still able 

to dimerize with Max, while we could not unequivocally determine that it 

still dimerizes with Myc, complicating our conclusions regarding the 

contribution of these different aspects of Omomyc biology to its therapeutic 

impact.     

 

Figure 30: Schematic representation of the postulated modes of action of 

ΔMyc and OmoHER. (A) ΔMyc would inhibit Myc mainly by disrupting the 

Myc/Max dimer through dimerization with Max and competing with 

Myc/Max dimers to bind DNA. (B) OmoHER would inhibit Myc mainly by 

disrupting the Myc/Max dimer by sequestering both Myc and Max.       

 

Figure 31:  ΔMyc, like Omomyc, is able to effectively reduce the number of 

cells after 6 days of expression, in contrast to OmoHER which only triggers 

a moderate reduction. (A) RFP intensity of the 3 constructs was assessed 

after 3 days of expression by cytometry. (B) Cell counts after 6 days of 

expression relative to the respective controls are represented. Student’s T-
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test was perform to evaluate statistical significance; p<0.05 (*) and p<0.001 

(***). Means and standard deviations of 2 independent experiments are 

shown.   

 

Figure 32: OmoHER dimerizes with Max. Input (IN) and depleted (DE, 

remaining protein after removing immunoprecipitated protein) fractions are 

shown in the left blots. Immunoprecipitated fractions are shown in the right 

blots. 2 fractions precipitated with agarose magnetic (AM) beads are shown 

as non-specific immunoprecipitation. RFP specific immunoprecipitation is 

shown in the last 3 lanes (-Omo, +Omo and +OmoHER). The experiment was 

performed once.    

To determine the relevance of our observations to mitosis, we investigated 

the capacity of OmoHER and ΔMyc to co-localize with mitotic DNA. Cells 

expressing both constructs were fixed and immunofluorescence against Max 

was performed. Surprisingly, OmoHER, reportedly unable to bind DNA, co-

localizes with Max and DNA during mitosis (Figure 33A). In contrast, ΔMyc, 

which retains the ability to bind DNA together with Max, showed a clear 

exclusion with condensed DNA (Figure 33B). These observations suggest that 

OmoHER, in contrast with what has been described in the literature, could in 

fact bind DNA in a way that does not impair effective cell proliferation in 

vitro. Moreover, ΔMyc shows that this potential DNA-binding feature 

observed during mitosis is not a necessary event to, at least, reduce cell 

proliferation in vitro.  



Results. Section 1 

77 

 

Figure 33: OmoHER, like Omomyc, is able to co-localize with DNA during 

mitosis and re-localize Max, in contrast to ΔMyc that is excluded from 

condensed DNA. Cells were treated with doxycycline to express either (A) 

OmoHER or (B) ΔMyc , fixed after 3 days and immunofluorescence was 

performed for Max. Images of cells presenting condensed DNA were acquired 

using confocal microscopy. Blue channels shows DNA, green channels shows 

Max and red channel shows OmoHER or ΔMyc. Representative images of one 

out of 2 independent experiments are shown.   
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4.2.1. Setting up of suitable experimental models for the preclinical 

evaluation of Omomyc-based drugs  

To identify suitable human cell lines to test Omomyc-derived drugs in vivo, 

we started with NSCLC lines we had already tested with the Omomyc 

transgene in Section 1 of this thesis. We transduced a KRAS mutated cell line 

(A549) and an EGFR mutated cell line (H1975) with luciferase to be able to 

follow their growth by IVIS imaging after inoculating them in the lungs of 

immunocompromised mice . After infection with a lentiviral vector, cells 

were selected and luciferase expression was confirmed. As a control, the 

Omomyc-RFP expression levels and the reduction in cell growth were re-

assessed and confirmed in vitro (Figure 34A). Cytometry analysis of RFP 

intensity showed similar expression levels of Omomyc-RFP and, consistently 

with data already described in Section 1, a higher sensitivity of the EGFR 

mutant H1975 to Omomyc treatment. Each cell line was then inoculated 

intrapleurally in 16 mice. IVIS imaging at 16 hours after the inoculation 

confirmed the presence of tumor cells in the thoracic cavity of the animals 

(Figure 34B-C). IVIS images were recorded weekly and tumor burden 

determined by total luciferase intensity. Once the quantification analysis 

showed 2 consecutive weeks of tumor growth, mice were randomized 

individually in either sucrose- or doxycycline-treated groups. In total, 15 and 

14 mice were included in the study, harboring A549 and H1975 cells 

respectively (Figure 35A-B). Tumor growth was quantified relative to the 

intensity at the beginning of the treatment. To perform a survival study, mice 

were euthanized when showing symptoms of respiratory distress and/or > 

15% weight loss, according to the guidelines described in the ethical 

committee protocol.  

After 2 weeks of Omomyc-RFP expression, quantification of luciferase 

intensity showed a significant and dramatic reduction of tumor burden in the 

H1975-treated cohort (Figure 35B), demonstrating a striking therapeutic 

impact by Omomyc. In contrast, no significant difference was detected in the 

A549 cohorts with or without treatment (Figure 35A). These differences in 

sensitivity to Omomyc treatment were clearly reflected by the survival of the 

animals: Omomyc-RFP expression conferred a clear survival advantage in the 

mice harboring tumors from the H1975 cells expressing Omomyc, but not in 

the A549 (Figure 36A-B). Notably, at experimental end-point (i.e. when a 15% 

weight loss was recorded -always accompanied by respiratory distress- or 
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when severe respiratory problems were observed), all animals presented 

tumors in the lungs and other regions of the peritoneal cavity, while animals 

that did not show symptoms  did not present any macroscopic tumor (90 

days post-inoculation) (Figure 36C-F).    

j  

Figure 34: H1975 and A549 transduced with a lentiviral vector expressing 

luciferase show similar Omomyc-RFP expression and response in vitro 

before the inoculation into mice, and express detectable luciferase in vivo. 

(A) Relative number of cells after 6 days of Omomyc expression compared to 

the untreated counterparts (grey bars, left axis) and Omomyc-RFP expression 

levels determined by RFP-intensity of each cells (red dots representing 10,000 

cells, right axis). Luciferase expression detected by IVIS imaging 16 hours 

after intrapleural inoculation of (B) H1975 and (C) A549 cell lines.  
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Figure 35: Omomyc expression reduced tumor burden in H1975 EGFR-

mutated cell line but not in the A549 KRAS-mutated cell line. Luciferase 

intensity relative to the onset of Omomyc expression is displayed (y axis) for 

mice inoculated with A549 (A) and mice inoculated with H1975 (B). X axis 

indicates week of treatment (were “-“ indicates “weeks before treatment 

onset”). Mice treated with doxycycline are shown in red (7 and 6 for A549 

and H1975 respectively), while control mice treated with sucrose are shown 

in black (7 for each A549 and H1975 cohorts). Means and standard 

deviations are represented for each treatment group in each time point. 

Student’s T-test was performed between group at each week; p<0.05 (*).  

Given the striking difference between the behavior of A549 cells in vitro and 

in vivo, we decided to check whether the outgrowing tumor cells in mice 

(visualized by the proliferation marker Ki67) still expressed Omomyc. 

Confocal images showed a heterogeneous expression of Omomyc across the 

tumor tissue (Figure 37). However, there was a clear mutual exclusion of 

cells expressing Omomyc and Ki67, suggesting that A549 cells indeed still 

respond to Omomyc in vivo, but those cells that have low or no expression 

levels of Omomyc manage to outgrow, masking its therapeutic impact.  
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A549 
Mouse ID 148 141 144 136 138 140 142 139 146 133 135 145 137 134 143 

Treatment Suc Suc Suc Suc Suc Dox Dox Dox Dox Suc Suc Dox Dox Suc Dox 

Onset 14 14 28 14 21 14 14 14 14 28 14 21 14 28 28 

Days treated 19 20 8 24 17 24 24 25 29 17 36 29 39 57 62 

End-point 33 34 36 38 38 38 38 39 43 45 50 50 53 85 90 

 

H1975 
Mouse ID 117 129 121 123 132 119 128 120 122 124 125 126 130 131 

Treatment Suc Suc Suc Suc Suc Suc Suc Suc Dox Dox Dox Dox Dox Dox 

Onset 35 28 35 28 35 42 42 42 35 35 42 21 28 35 

Days treated 15 23 25 33 43 43 48 48 55 55 48 69 62 55 

End-point 50 51 60 61 78 85 90 90 90 90 90 90 90 90 

 

Figure 36: Omomyc expression confers a survival advantage to mice 

inoculated with H1975 EGFR-mutated but not to mice inoculated with A549 

KRAS-mutated cells. Survival proportion of mice inoculated with A549 (A) 

and H1975 (B) grouped by treatment with doxycycline (red line) or sucrose 
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(black line). Statistical significance of the survival proportions were calculated 

using the Long-Rank (Mantel-Cox) test. P-values (p) are represented in the 

figures. (C) Table of A549-inoculated mice displaying information of mouse 

identification (ID), treatment received, day post-inoculation when treatment 

started (treatment onset), number of days during which treatment was 

received (days treated) and day post-inoculation of euthanasia (end-point). 

(D) Lung and heart tissue sections of the mice at the moment of euthanasia. 

(E) and (F) are equivalent to (C) and (D) for the H1975 cohort.       

 

Figure 37: Omomyc expression reduces the proliferation of A549 in vivo. 

Confocal images of Omomyc and KI67 co-staining of animals 140 and 142 

euthanized 38 days post-inoculation that expressed Omomyc-RFP for 2 

weeks. Ki67 (green) and Omomyc-RFP (red) are mutually exclusive.   

4.2.2. Validation of Omomyc as cell-penetrating peptide that inhibits Myc  

Omomyc has so far been used as a transgene to demonstrate that Myc 

inhibition would represent a feasible therapeutic approach in cancer. 

However, for the first time, we have recently produced the Omomyc peptide 
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itself as a potential drug that could be used as a clinical Myc inhibitor. 

Therefore, to characterize it and test its efficacy, the Omomyc peptide was 

expressed in bacteria, purified and used as therapeutic agent (see materials 

and methods). 

To investigate the potential of the Omomyc peptide to spontaneously enter 

cells, A549 and H1975 were treated with 0.5µM, 1µM, 5µM and 20µM of 

Omomyc labelled with AlexaFluor488 at the cysteine present at the C’-

terminus (Omomyc-AF488) for 15 minutes. Before the analysis, cells were 

pre-treated with 0.25% of trypsin for 30 minutes to remove the peptide 

bound to the outer part of the cell membrane. Flow cytometry showed a 

dose-dependent entrance of the peptide, detectable even at 0.5µM (Figure 

38A). Confocal images of A549 and H1975 treated with 5µM were acquired 

to determine the subcellular localization of the peptide. After 4 hours of 

treatment (in medium without FBS to limit protein precipitation and 

background), Omomyc displayed high signal within the cells and was partially 

located in the nuclei of cells (Figure 38B). The punctate cytoplasmic staining 

may correspond to an endosomal location. As a consequence of this entry, 

there was a reduced number of both A549 and H1975 cells after 5 days of 

treatment with the peptide compared to untreated cells, for which we 

determined an IC50s of 14 and 12.75µM respectively (Figure 38C). These 

results demonstrate that the Omomyc peptide behaves as a cell penetrating 

peptide (from now on the Omomyc peptide will be identified as OmomycCPP) 

and displays anti-tumorigenic potential. 

To confirm directly that the peptide is able to inhibit Myc function, ChIP-

sequencing analysis was performed in A549 after 48 hours of treatment 

(20µM). Analysis of Myc DNA occupancy revealed that the peptide is able to 

reduce the binding of Myc on target genes (Figure 38D). Importantly, this 

happens while Myc protein levels remain unaffected (Figure 38E), implying 

that Myc is activelydisplaced from its target genes, in line with Omomyc’s 

mode of action.   
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Figure 38: The Omomyc peptide (OmomycCPP) enters cells, partially localizes 

in the nuclei and acts as a Myc inhibitor that shows anti-tumorigenic 

potential. (A) Flow cytometry analysis of control cells (CTRL) and cells treated 

with 0.5, 1, 5 and 20µM of Omomyc-AF488 for 15 minutes and detached with 

0.25% of trypsin to remove membrane-bound peptide. (B) A549 and H1975 

were treated with 5µM of Omomyc-AF488 for 4 hours in FBS-free medium 

and stained with Hoechst before capturing images by confocal microscopy. 

(C) A549 and H1975 were treated with the Omomyc peptide at 

concentrations from 300nM to 40µM. Cell viability was determined using 

AlamarBlue (Thermo). (D) Myc ChIP-sequencing was performed on A549 cells 

treated for 48 hours with 20µM of Omomyc (green) or vehicle. Myc 

occupancy at selected typical Myc target proximal promoter regions is 

shown. Ribosomal protein L23 (RPL23), Chromobox protein homolog 5 

(CBX5), Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) and 

Eukaryotic translation initiation factor 4B (EIF4B). (E) Myc immunoblot (N-

262) of A549 treated 48 hours at 20µM of OmomycCPP. Ponceau S is shown as 

protein loading control. Vehicle and OmomycCPP treatments are represented 

by (-) and (+) respectively. (A), (B) and (E) are representative images of 2 

independent experiments. (C) shows means and standard deviation of 3 

independent experiments. (D) was performed once in triplicates and average 

signals are shown.  
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4.2.3. Biodistribution of OmomycCPP in vivo  

OmomycCPP is able to penetrate cells and cause an anti-tumorigenic effect in 

vitro acting as a Myc inhibitor. For its potential use in vivo, we initially 

assessed whether OmomycCPP was able to systemically distribute in a living 

animal. OmomycCPP was first labelled with DFO to allow subsequent 

radioactive labelling with 89Zr. The resulting OmomycCPP-DFO-89Zr was then 

administered intravenously to nude mice bearing subcutaneous H1975 

tumors, and mPET scan was performed after 72 hours. Radioactive signal 

detected from the different tissues, including the tumor, showed a 

predominant distribution of OmomycCPP in kidney, liver and spleen (Figure 

39). At 72h following administration, 0.3% of the injected dose of 

OmomycCPP-DFO-89Zr per gram of tissue was localized in the tumor. Hence, 

this biodistribution indicates that systemic administration of OmomycCPP 

reaches several tissues including subcutaneous tumors.  

 

Figure 39: OmomycCPP-DFO-89Zr is present in subcutaneous tumors 72 hours 

after i.v. administration. H1975 were subcutaneously inoculated in nude 

mice and 4.3 mg/kg of OmomycCPP-DFO-89Zr systemically administered via tail 

vein injection once tumors were fully developed. Means of 5 mice and 

standard deviations are represented. 
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4.2.4. In vivo efficacy of OmomycCPP  

Since i.v. administration of OmomycCPP is able to reach subcutaneous tumors 

in vivo, as well as other tissues, we evaluated the therapeutic effect and the 

potential toxicity of OmomycCPP administered by systemic treatment. Our 

previous data demonstrated the sensitivity of the H1975 cell line to Omomyc 

transgenic expression. Therefore, this cell line was selected to perform the 

first evaluation of OmomycCPP in vivo efficacy following i.v. administration. 

H1975 were subcutaneously inoculated in nude mice and were allowed to 

reach 200 mm3. Animals were then treated i.v. with either the vehicle or a 

dose of 93.75mg/kg of OmomycCPP 4 times per week (1101100) for 4 weeks. 

Weight and tumor volume were recorded twice per week. Both treated and 

control groups displayed stable weight during the treatment (Figure 40A) 

and physical evaluation of the mice did not reveal signs of side effects. 

Strikingly though, tumors displayed a significantly smaller volume in the 

treated group when compared to the control already at 15 days of treatment 

and this impairment of tumor growth continued until the experimental 

endpoint was reached at 26 days (Figure 40B).  

To confirm that the OmomycCPP reached the tumors, subcutaneous tumors of 

both experiments were collected, 24 hours after the last OmomycCPP 

administration, and paraffin-embedded to perform double Ki67/Omomyc 

immunofluorescence. Confocal microscopy images of H1975 sections 

showed a heterogeneous distribution of OmomycCPP within the tumors 

(Figure 41). Areas showing positive Omomyc and Ki67 signals correlated in 

the periphery, suggesting that highly-vascularized regions might receive 

more OmomycCPP than poorly vascularized ones (e.g. core necrotic regions). 

Confocal images captured at higher magnification revealed a predominant 

cytoplasmic localization of OmomycCPP (Figure 42). Together, these results 

show that while systemic OmomycCPP represent already an effective and safe 

therapy, the therapeutic impact could still be increased by improving the 

biodistribution and the nuclear localization of the drug.  

In this context, more investigation was conducted to, on one hand, assess 

whether increasing the dose of OmomycCPP (alone and in combination with 

standard of care to assess whether there is synergy of the treatments) might 

increase the therapeutic index of the treatment, and, on the other hand, 

formulating a new OmomycCPP-based drug that could improve both the 

biodistribution and the nuclear localization.   
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Figure 40: 93.75mg/kg of OmomycCPP administered i.v. does not cause 

toxicity to nude mice but reduces growth of H1975 subcutaneous tumors. 

H1975 cells were subcutaneously inoculated in Balb/c nude mice and, when 

tumors reached 100-300mm3, one cohort was treated with OmomycCPP for 26 

days. (A) Weights of the animals (7 per group) were measured every 3-4 days. 

Means and standard deviations of the weights of each group are 

represented. No statistical significance was found in any of the time points. 

(B) Caliper measurements from 14 tumors per group were obtained twice per 

week to calculate tumor volume of animals inoculated with H1975. Volumes 

relative to the treatment onset were calculated for each tumor. Means and 

standard deviations are represented. Student’s T-test between the groups at 

each time point was used to determine statistical significance; p<0.05 (*) 

p<0.01 (**).  
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Figure 41: After i.v. administration, OmomycCPP was detected in 

subcutaneous tumors of H1975 cells and correlated with Ki67 positive 

regions. OmomycCPP was administered for 4 weeks at 93.75mg/kg. 24 hours 

before euthanasia the last dose was injected. Subcutaneous tumors were 

then resected and paraffin-embedded to perform IF. Ki67 was used as 

proliferation marker (green), Omomyc was detected using the Omomyc 

polyclonal antibody (red) and DNA stained with DAPI (blue). Confocal 

microscopy images were acquired setting the same parameter for all the 

images of each channel. Images show representative fields of 3 different 

samples using the 10x objective.   

 

Figure 42: In vivo, OmomycCPP localizes in the cytoplasm and, to a lesser 

extent, within the nuclei. Representative image of a region displaying 

OmomycCPP-positive staining at 40x magnification is shown.    

4.2.5. Dose increase of OmomycCPP and combination with paclitaxel  

To assess whether increasing the dose of OmomycCPP would cause an even 

more dramatic therapeutic impact in H1975, this cell line was inoculated into 
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nude mice that, once the tumors were established, were treated with 

187.5mg/kg of OmomycCPP following the same regimen previously used with 

a lower dose (1101100). In addition, to determine whether OmomycCPP could 

synergize with standard chemotherapy, 2 more cohorts of mice were 

included in the study. One of these cohorts was treated with paclitaxel at 

5mg/kg only twice a week (1001000) and the other one was treated with the 

combination of both therapies, OmomycCPP and paclitaxel.  

 

Figure 43: Combining OmomycCPP with standard chemotherapy (paclitaxel) 

represents a safe therapeutic option and displays increased efficacy 

compared to both monotherapies. H1975 cells were subcutaneously 
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inoculated in Balb/c nude mice and, when tumors reached 100-300mm3, 

animals were randomized and treated with OmomycCPP (187.5mg/kg), 

paclitaxel (5mg/kg) or a combination of both for 26 days. (A) Weights of the 

animals (10 per group) were measured every 3-4 days. Means and standard 

deviations of the weights of each group are represented. (B) Caliper 

measurements from 20 tumors per group were obtained twice per week to 

calculate tumor volume. Volumes relative to the treatment onset were 

calculated for each tumor. Means and standard deviations are represented. 

One-way ANOVA (Bonferroni correction) between the 4 groups at each time 

point was used to determine statistical significance; p<0.05 (*), p<0.01 (**) 

and p<0.001 (***). Statistical significance of middle time points was found 

between OmomycCPP (at 15 days) and combination (at 15, 18, 22, 26 days) 

compared to the vehicle-treated cohort. At the endpoint, statistical 

significance of vehicle and paclitaxel groups vs the combination was also 

identified.   

The weight of the animals during the course of the treatment was used as 

read-out of general toxicity. Overall, weights were not significantly affected 

in any cohort during the 4-week treatment (Figure 43A). Moreover, the 

similar progressive gain-of-weight of all the groups revealed that the doses 

chosen for the treatments were not toxic for the mice. Interestingly, the 

increase of the OmomycCPP dose did not show any improvement of the 

efficacy compared to the half-dose previously used, suggesting that both 

doses are within a plateau of therapeutic index with the formulation that 

was used. Importantly, when both treatments were combined, the effect on 

tumor growth was dramatic and the progression was significantly inhibited at 

all time-points from 15 to 29 days after treatment (Figure 43B. This result 

indicates that OmomycCPP could synergize with standard chemotherapy to 

potentiate tumor response 

 

4.2.6. Formulation and in vitro validation of the first Omomyc-based 

liposomal nanoparticles 

To potentially improve OmomycCPP biodistribution, stability and integrity 

within the blood-stream, reduce its exposure to the immune system and 

achieve a better nuclear localization, we decided to test its encapsulation in 

liposomal nanoparticles. Thus, we established a collaboration with a 

laboratory that masters this expertise: the group of Dr. Vladimir Torchilin at 
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the Center for Pharmaceutical Biotechnology and Nanomedicine 

(Northeastern University, Boston, USA). I travelled to Boston and performed 

the initial experiments at their facilities for a period of 6 months to achieve 

the encapsulation and delivery of OmomycCPP- liposomes.  

 

Figure 44: OmomycCPP shows an almost undetectable UV absorbance 

compared to the absorbance produced by the encapsulation buffer. UV 

absorbance of 100µg/mL of OmomycCPP dissolved in encapsulation buffer (left 

panel) or 50-times dilutes encapsulation buffer (right panel). 50:50 water: 

acetonitrile was used as mobile phase. The experiment was performed once.  

To estimate liposomal encapsulation efficacy we evaluated whether 

encapsulated OmomycCPP would be detected by reverse-phase 

chromatography using an UV/Vis detector. 3µL of OmomycCPP at 10 µg/µL 

were dissolved 1:100 in acetonitrile:water 70:30 and loaded into a C18 

column. 2 peaks of elution after 2 and 5 minutes were detected (Figure 44A). 

We hypothesized that the second peak, almost undetectable, corresponded 

to OmomycCPP. To prove it, the HEPES/sucrose buffer was diluted 1:50 in a 

solution of OmomycCPP in MQ H2O at 10µg/µL, thus maintaining the 

concentration of OmomycCPP and diluting 50 times the HEPES/sucrose. The 

same parameters were applied to perform the chromatography. A notable 

decrease of the first peak was observed, confirming that the second one 

corresponded to OmomycCPP (Figure 44B). At the concentration that we 

planned to encapsulate OmomycCPP, detecting 100µg/µL will be equivalent to 

a 100% of encapsulation efficacy, and the signal obtained by the UV/Vis is 

almost undetectable compared to the buffer. To increase the detection of 

OmomycCPP by HPLC, OmomycCPP was covalently labelled with FITC at the C-
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terminus cysteine (OmomycCPP-FITC). Following a similar procedure, 

fluorescence detection of OmomycCPP-FITC by HPLC displayed a strong signal 

and allowed quantification of OmomycCPP-FITC within a linear range of stocks 

between 25 to 1.5µg/mL (Figure 45). Hence, 10% of OmomycCPP-FITC was 

used as tracer along with 90% of unlabeled OmomycCPP (hereafter, 

OmomycCPP-FITC will refer to this 10:90 mixture) to characterize the 

liposome-mediated delivery of OmomycCPP.    

 

Figure 45: OmomycCPP-FITC can be detected up to 1.5µg/mL by fluorescence 

intensity. Concentrations of OmomycCPP-FITC of 25, 12, 6 and 1.5µg/mL were 

analyzed. Fluorescence intensity correlates with the concentration of 

OmomycCPP-FITC within a linear range. 75:25 water: acetonitrile was used as 

mobile phase. The experiment was performed once.  

OmomycCPP-FITC was encapsulated in liposomes using an initial formulation 

of DPPC (56%), DOPS (12%), DOPE (10%), cholesterol (20%) and PEG-PE (2%). 

HPLC quantification of the FITC intensity exhibited an encapsulation efficacy 

of 30% (Table 2). To determine whether the OmomycCPP-liposomes improve 

the delivery of Omomyc in vitro, U87-MG and A549 were treated with 

equivalent concentrations of free OmomycCPP-FITC and OmomycCPP-FITC-

liposomes. Flow cytometry analysis of FITC intensity in U87-MG showed an 

increased entrance of OmomycCPP-FITC when encapsulated in liposomes 

compared to the free OmomycCPP-FITC (Figure 46A). Additionally, confocal 

images of OmomycCPP-FITC inside A549 showed that the FITC signal was more 

intense when 0.5µM of OmomycCPP was delivered by liposomes (Figure 46B).  
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Table 2: Liposomes composed of DPPC (56%), DOPS (12%), DOPE (10%), 

cholesterol (20%) and PEG-PE (2%) encapsulate OmomycCPP-FITC with an 

encapsulation efficacy of 29±1.59. Samples from the hydration solution 

(initial), after the extrusion (extruded) and after 3 hours of dialysis 

purification (purified). Mean area of the peaks (Area) and its standard 

deviation (SD) are described, along with the mean and standard deviation 

relative to the initial concentration (Rel. Area and Rel. SD respectively). 3 

independent experiments were performed.  

 

Figure 46: OmomycCPP-FITC encapsulated into liposomes is delivered more 

efficiently into cancer cells than the free OmomycCPP-FITC. (A) Cell cytometry 

analysis of FITC intensity in U87-MG treated with either free or encapsulated 

OmomycCPP-FITC inside liposomes for 24 hours at the specified 
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concentrations. (B) Images of A549 cells treated for 24 hours with 0.5µM of 

OmomycCPP-FITC either free or encapsulated inside liposomes. Cells were fixed 

and permeabilized before incubation with DAPI. Confocal images were 

acquired at the same exposure settings. Images show one representative 

experiment out of 2 experiments performed.    

To determine the predominant endocytic pathway that mediates the 

entrance of the OmomycCPP-liposomes, both U87-MG and A549 were treated 

with 1µM of OmomycCPP encapsulated in rhodamine-PE-labelled liposomes. 

Different inhibitors were used to interfere with the main endocytic 

pathways: chlorpromazine (against clathrin), genistein (for caveolae) and 

cytochalasin D (for macropynocitosis). Quantification of rhodamine intensity 

demonstrated that in both cell lines caveolae-mediated endocytosis plays a 

prevalent role in the delivery of OmomycCPP-liposomes (Figure 47). 

Moreover, macropynocitosis also seems to mediate the delivery of 

OmomycCPP-liposomes into cells at least in U87-MG cells.    

 

Figure 47: Caveolae-mediated endocytosis represents the main endocytic 

pathway for the entry of the OmomycCPP-liposomes in A549 and U87-MG. 

Additionally, macropinocytosis also mediates the entrance in U87-MG. 

OmomycCPP was encapsulated in rhodamine-labelled liposomes and cells were 

treated at 1mg/mL of liposomes for 1 hour. Previously cells were exposed to 

each inhibitor for an hour. Rhodamine intensity is relative to untreated cells. 

DMSO was used as control treatment. Chlorpromazine (Chlor) , genistein 

(Geni) and cytochalasin D (CytoD) were used as inhibitors of clathrin-, 

caveolae- mediated endocytosis and macropinocytosis respectively. The 

experiment was performed once.  
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To determine the subcellular localization of the OmomycCPP delivered using 

labelled-liposomes, U87-MG were treated with encapsulated OmomycCPP-

FITC at 2µM and cells were fixed after 4 hours. Confocal imaging following 

DAPI staining revealed a predominant cytosolic localization (Figure 48). The 

high co-localization of OmomycCPP-FITC and Rhodamine-PE, as well as the 

punctuated pattern observed, suggest an endosomal entrapment. Together, 

these results indicate that, while liposomal delivery enhances the entrance, it 

does not seem to trigger a good nuclear localization of OmomycCPP. 

 

Figure 48: OmomycCPP-FITC presents a predominant cytoplasmic localization 

when delivered encapsulated into liposomes. U87-MG cells were treated 

with 2µM of OmomycCPP-FITC encapsulated into rhodamine-labelled 

liposomes for 24 hours. Cells were fixed and permeabilized before incubation 

with DAPI. Representative images of 2 independent experiments are shown.   

4.2.7. Optimization of OmomycCPP-liposomes 

To improve the endosomal escape of the OmomycCPP as well as the 

encapsulation efficacy, different liposomal formulations were conceived and 

produced incorporating CHEMS and/or increasing the DOPE content. First, 

the z-potentials of empty formulations, a measure of the net charge of the 

nanoparticles, were examined. An increase of CHEMS/DOPE molar ratio 

provided negative z-potential to the liposomes, while an increase of DOTAP 

provided positive z-potential (Table 3A). Moreover, post-PEGylated 

liposomes presented lower z-potential compared to the non-PEGylated 

counterparts. All formulations displayed stability in solution, with the 

exception of formulation number 4 that resulted in aggregated liposomes 

after PEGylation. Second, these same formulations were used to encapsulate 
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OmomycCPP-FITC and determine encapsulation efficacies. All formulations 

with molar ratios of CHEMS:DOPE of 10:10 or above produced a precipitate 

in the presence of OmomycCPP-FITC, with the exception of the formulation 

presenting DOTAP (Table 3B). The 2 formulations below these molar ratios 

also formed stable nanoparticles. However, the encapsulation efficacies of 

the OmomycCPP-FITC for these stable formulations were relatively low (10-

15%).  

 

Table 3: Composition and characterization of size and z-potential (ZP) of the 

different formulations tested (A to J). Form.: formulation; DPPC: 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine; DOPE: 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine; CHEMS: cholesteryl hemisuccinate; DOTAP: 1,2-

dioleoyl-3-trimethylammonium-propane; DOPS: 1,2-dioleoyl-sn-glycero-3-

phospho-L-serine; CHOL: cholesterol. EE: Encapsulation efficacy. Size is 

measured in nanometers. Z-potential is measured in mV. Experiments of the 
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upper and middle table were performed once. Lower table shows 2 

independent experiments performed.   

In order to improve the encapsulation efficacy, in addition to a formulation 

similar to “D”, 3 formulations were tested, all of them with negative zeta-

potential. Despite the negative charges of these new formulations, none of 

them precipitated. Interestingly, the encapsulation efficacy was dramatically 

increased by using CHEMS only up to 5% (Table 3C). The formulation that 

displayed the higher encapsulation efficacy (around 50%) formed aggregates 

after the liposomes were extruded through a 100nm membrane. These 

aggregates were however prevented upon liposomal PEGylation after the 

extrusion step (Figure 49). These series of observations indicate the 

formation of a complex between the negatively charged components of the 

liposomes and the positively charged OmomycCPP at neutral pH. 

 

Figure 49: Liposomes from formulation “I” aggregate after hydration with 

OmomycCPP and extrusion, which is prevented by the PEGylation. Graph 

shows size of liposomes (y axis, LOG10 scale) after different steps of the 

production of liposomes (x axis) for both OmomycCPP-liposomes and empty 

liposomes. Graph shows means and standard deviation of one out of 3 

independent experiments performed.  

To assess the potential efficacy of the formulations G to J, A549 and U87-MG 

were treated with the same concentrations of liposomes following the 

encapsulation process. The reduction of cell viability after 3 days of 
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treatment was compared to the naked-peptide at concentrations of peptide 

equivalent to formulation “I” (assuming encapsulation efficacy of 50%): 12.5, 

6.25, 3.13 and 1.56µM. Alamar Blue reading showed that formulation “J”, 

which encapsulated Omomyc with the lowest encapsulation efficacy (15%), 

displayed the lowest anti-tumorigenic efficacy and was comparable to a 3-

fold higher concentration of naked-peptide (Figure 50). Consistently, 

formulation “I” showed both the highest encapsulation efficacy and effect on 

U87-MG and A549. Similarly to formulation “J”, the encapsulation of 

OmomycCPP in formulation “I” improved 4 times the efficacy of the peptide in 

U87-MG and 3 times in A549. All OmomycCPP-liposomal formulations seemed 

to be more effective in U87-MG than in A549. Given these results, 

formulation “I” was selected to look at the nuclear localization. 
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Figure 50: Quantification of cell viability after 3 days of treatment shows 

that all 4 final formulations (table) reduce the number of U87-MG and A549 

cells, and that formulation “I” is the most effective in both cell lines. Cells 

were treated with equivalent amount of liposomes (x axis) for each 

formulation. For each concentration of liposomes (2.50, 1.25, 0.63 and 0.31 

mg/mL), concentrations of free OmomycCPP were 12.5, 6.25, 3.13, 1.56µM 
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respectively. Concentrations of for each formulation is dependent on their 

encapsulation efficacy (for “G”: 10, 5, 2.5, 1.25µM; for “H”: 8.75, 4.38, 2.19, 

1.09µM; for “I”: 12.5, 6.25, 3.13, 1.56µM; for “J”: 3.75, 1.88, 0.94, 0.47µM). 

Encapsulation Buffer (Buffer) was used along with untreated cells (Control). 

Graphs represent means and standard deviation of one representative 

experiment out of 2 experiments performed.     

OmomycCPP-liposomes were prepared using formulation “I” and U87-MG 

cells were treated at a concentration of OmomycCPP of 2µM. After 4 hours 

cells were fixed and immunofluorescence using an anti-Omomyc antibody 

was performed. Confocal images reveal a cytoplasmic and nuclear 

localization of OmomycCPP, along with accumulations of peptide in specific 

regions within the cells (Figure 51). This formulation was also tested against 

U87-MG and A549. After 3-day treatment with OmomycCPP-liposomes, wells 

presented fewer cells at concentrations up to 3.16µM in A549 and 1.56µM in 

U87-MG of OmomycCPP compared to the cell number of untreated wells 

(Figure 52). The treatment with empty liposomes exhibited some degree of 

reduction in the final number of cells in both cell lines as well, although to a 

less extent compared to when OmomycCPP was present.   

 

Figure 51: OmomycCPP-liposomes show intracellular localization, both 

cytoplasmic and nuclear. U87-MG were treated with 2µM of OmomycCPP 

encapsulated in formulation “I” for 4 hours. Cells were then fixed and 

permeabilized and OmomycCPP was detected using an Omomyc-specific 

antibody. DNA was stained with DAPI. Representative images of one 

experiment out of 2 independent experiments performed are shown.   
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Figure 52: OmomycCPP-liposomes reduce the number of viable cells after 3 

days, while empty liposomes also display some effect in cell number. Cells 

were treated with either empty or OmomycCPP-liposomes for 3 days and cell 

viability quantified using CellTiter-Blue. The number of viable cells relative to 

untreated control was calculated. Means and standard deviations of 

triplicates from a representative experiment out of 2 experiments performed 

are represented. One-way ANOVA was used to calculate statistical 

significance between the 3 groups at each concentration; p<0.05(*), 

p<0.01(**) and p<0.001(***).      

4.2.8. Proof-of-principle validation of Omomyc-derived mRNA delivery 

Liposomal-mediated delivery of the OmomycCPP increases the intracellular 

entrance of the peptide and displays partial nuclear localization. While these 

represent potentially interesting advances, an alternative method suitable 

for clinical application to potentiate the nuclear localization of Omomyc has 

also been considered and tested in preliminary experiments. Omomyc’s 

modified-mRNA (OmomycmRNA) has been obtained and lipofectamine used to 

transfect it inside cells. Then, the Omomyc antibody was used to determine if 

there was expression of the Omomyc proteinand its subcellular localization. 

The Omomyc translated from the OmomycmRNA presented a predominant 

nuclear localization (Figure 53). When 2µM of OmomycCPP-liposomes or 

200nM of OmomycmRNA were compared directly, immunofluorescence 

showed more intense and nuclear staining in the cell transduced with the 

mRNA (Figure 54).  
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Figure 53: Delivery of OmomycmRNA is translated and the protein product 

localized mainly in the nuclei of cells. 200nM of OmomycmRNA were 

transfected using MessengerMax Lipofectamine. 24 hours after transfection 

cells were fixed and immunofluorescence against Omomyc was performed. 

Confocal images at 20x (upper row) and 40x (lower row) were acquired. 

Representative images of one experiment out of 2 experiments performed 

are shown.  

 

Figure 54: 200nM of OmomycmRNA produce more Omomyc than direct 

delivery of 2µM of OmomycCPP-liposomes. U87-MG cells were treated with 

either 2µM of OmomycCPP-liposomes or 200nM of OmomycmRNA using 

lipofectamine. 24 hours after the treatments cells were fixed and 

immunofluorescence against Omomyc was performed. Confocal images at 5x 

magnification were acquired maintaining the setting between images. The 

experiment was performed once.     
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Figure 55: OmomycmRNA reduces the number of A549 and U87-MG cells after 

3 days of treatment. Cells were treated with 200 to 3.1nM of OmomycmRNA 

previously mixed with MessengerMAX Lipofectamine (1.5 to 0.1µL 

respectively). Cells were transfected for 4 hours in FBS-free media and then 

replaced by fresh FBS-supplemented media for 3 days. Cell density was 

determined by crystal violet staining and absorbance quantified after 

dissolving it in acid acetic. Means and standard deviations of triplicates from 

one representative experiment out of 2 independent experiments are 

represented.  

Hence, to assess whether OmomycmRNA harbors anti-tumorigenic potential, 

U87-MG and A549 were treated with different concentrations of 

OmomycmRNA or the corresponding amount of lipofectamine only. In both cell 

lines, OmomycmRNA produced a decrease of cell viability at concentrations of 

mRNA up to 25nM, while addition of equivalent concentrations of 

lipofectamine produced toxicity at higher concentrations in U87-MG cells 

(Figure 55). These results suggest that OmomycmRNA might be another useful 

strategy to effectively deliver Omomyc into the nuclei of cancer cells and 

achieve a therapeutic impact.     
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5. Discussion 

Section 1: Investigating Omomyc’s fundamental 

mechanism of action in lung cancer 

Myc is overexpressed and/or deregulated in the majority of human cancers. 

This oncogene controls several processes in normal cells that, when 

deregulated, contribute to the growth, maintenance and survival of tumors, 

acting as an engine of tumorigenesis. These reasons, among others, have 

raised Myc as one of the most interesting targets in oncology. However, 

pharmacological Myc inhibition has proven challenging and, to date, no Myc 

inhibitor has reached clinical application. Indeed, there are many 

considerations that position Myc as a potentially undruggable target. First, 

there are 3 different Myc family members described (c-Myc, N-Myc and L-

Myc) that can replace each other in some contexts, therefore all of them 

must be blocked. Second, Myc acts in the nuclei of cells, so the drug against 

it must travel across the cell cytoplasm and efficiently translocate inside this 

organelle. Third, Myc is not an enzyme and displays no pocket or active site, 

the typical targets of traditional small molecule inhibitors. Last, Myc’s critical 

role in normal tissue maintenance could lead to catastrophic side effects 

when Myc is inhibited systemically. 

Despite all these preconceived notions, in 2008, Laura Soucek et al. inserted 

the Myc dominant negative called Omomyc as transgene in a mouse model 

of lung cancer and expressed it systemically [101]. These experiments proved 

that Myc inhibition could constitute an effective therapeutic strategy against 

tumors, while triggering only mild, well tolerated and fully reversible side 

effects in normal proliferating tissues. This discovery opened a new door to 

developing clinically-viable Myc inhibitors with the hope that they will be 

effective against tumors and present little toxicity. However, so far, no other 

Myc inhibitor has matched the expectations generated by Omomyc. Hence, 

we have proposed 2 research lines to take a step forward towards obtaining 

better Myc inhibitors. First, we wanted to investigate more in detail the 

source of Omomyc efficacy, to better understand its mechanism of action 

and potentially createdrugs that can mimic the key features of Omomyc. 

Second, we have conceived for the first time the use of Omomyc itself as a 
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drug and tested different clinically-viable strategies in which Omomyc could 

be delivered to cancer cells.  

To start, we aimed to identify the molecular alterations that predispose to 

either sensitivity or resistance to Omomyc expression. To do so, we selected 

a panel of lung cancer cell lines presenting different mutational profiles and 

expressed Omomyc by means of lentiviral transduction. It is worth noting 

that, in contrast to drugs, which can be used at a specific concentration 

against different cell lines, we could not control the expression levels of 

Omomyc across our panels of cells. Surprisingly, despite different levels of 

Omomyc expression, all the cell lines responded independently on the 

various mutational profiles they presented. This is consistent with a non-

redundant role of Myc in cell proliferation and previous studies showing that 

Omomyc is effective in various mouse models regardless of their driving 

alterations [98, 102, 104-106, 159].  

Interestingly, one independent study concluded instead that Omomyc would 

only be effective in cells expressing high levels of Myc [197]. However, our 

studies suggest instead that Omomyc’s efficacy is independent of Myc 

expression levels. In fact, the same cell line that was identified as resistant to 

Omomyc expression in Fukazawa’s study, H441, has shown susceptibility to 

treatment in our experiments.  

On a different note, PC9, HCC827 and H1975 are the 3 cells line of our panel 

that harbor mutations in EGFR that lead to hyperactive EGFR signaling. In 

contrast, H292 presents wild type EGFR, but the receptor is constitutively 

active in this cell line, which is as sensitive to TKI as other EGFR mutants 

[198]. Intriguingly, these 4 cell lines showed a greater response to Omomyc 

when its expression levels are taken into account. More in detail, the 

quantification of SubG1 populations in different cell lines showed that the 

only cell lines with significant increases in cell death were the 2 EGFR-

mutated cell lines tested, together with the KRAS-mutated Hop62 cell line 

that displayed the highest Omomyc levels of all.. These results imply that 

constitutively activated EGFR signaling might present a higher sensitivity to 

Omomyc. Thus, EGFR mutations could be used as a predictive marker of 

response to Omomyc-derived therapies. Further investigation is needed to 

explore the molecular bases of this observation.   
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Besides shedding light on EGFR hyperactivation and Omomyc sensitivity,  we 

were interested in the reason why all cells lines analyzed, without exception, 

responded to Omomyc. We therefore aimed to find common events 

triggered by Omomyc in virtually all of them. The most evident common 

change produced by Omomyc was an increase in cell size. Intriguingly, again 

this growth was especially pronounced in the 2 EGFR mutated cell lines 

analyzed, which would potentially link this morphological change with the 

sensitivity to Omomyc. In this context, we also performed some experiments 

to determine whether there were consistent alterations in the metabolism 

and/or differentiation that could trigger the increase in size, for example by 

changes in glycolysis, lipid metabolism, senescence, stem cell markers and 

epithelial-to-mesenchymal transition. Unfortunately, the preliminary data 

showed no notable differences between Omomyc-expressing and control 

cells in any of these features. However, we believe that further studies in this 

phenomenon could help understanding the molecular events that are shared 

among different types of cancer.  

In addition to the increase in cell size, one very interesting aspect we 

identified was the co-localization of Omomyc with condensed DNA during 

mitosis and the increase in Max protein levels, as communalities observed in 

all cell lines. Both events converged in the surprising and unexpected co-

localization of Omomyc, Max and DNA during mitosis. This observation 

represents the first evidence of a gain-of-function of Omomyc, suggesting it 

may have additional effects within cancer cells aside from merely inhibiting 

Myc. This co-localization could also be related to the obstruction of a 

proficient cell division and triggering mitotic defects that we already 

observed, for example, in glioblastoma cells as a consequence of Omomyc 

expression [105]. Moreover, ChIP-sequencing analysis revealed that while 

Myc was largely displaced from DNA, Max was still mostly bound to it and 

was instead occupying new regions when Omomyc was expressed. A possible 

explanation for these results is the formation of Omomyc/Max dimers that 

could harbor a DNA specificity different from Myc/Max. The massive binding 

of Omomyc/Max on DNA (even visible by fluorescent microscopy when cells 

divide) may stabilize the dimer, which would explain the increased stability 

of Omomyc compared to Myc and of Max in the presence of Omomyc. 

Moreover, a higher DNA affinity could itself favor the formation of 

Omomyc/Max dimers compared to Myc/Max by when competing for binding 

Myc target genes. Hence, the net outcome of all these factors is  a dramatic 
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inhibition of Myc binding to its DNA target sites-, while Max remains largely 

unaffected on those same sites. Thus, while it is true that Omomyc can 

dimerize with Myc, Max and with itself, , our experiments indicate an 

important contribution of Omomyc/Max heterodimers to the mechanism of 

action of Omomyc. Moreover, the unexpected binding of Max on genomic 

regions beyond Myc-related promoters upon Omomyc expression opens the 

possibility that Omomyc expression might also affect the binding of other 

transcription factors and/or the expression of Myc-unrelated part of the 

genome. This speculation will need to be studied in more detail.  

Our observations suggest that the DNA binding ability of Omomyc/Max 

heterodimers potentially represents a key attribute of Omomyc. Thus, an 

Omomyc mutant that is not able to bind DNA should be much less effective 

than Omomyc. Such a mutant was described in [160], where the authors 

demonstrate that OmoHER (an Omomyc variant bearing 3 amino acidic 

mutations in the basic region) was not able to inhibit Myc binding to its 

target genes to the same extent that Omomyc does [160]. Consistent with 

this, in our hands, the efficacy of the mutant is largely impaired compared to 

Omomyc when we look at cell proliferation. However, in contrast to others 

[106, 160] and in light of our ChIP sequencing results, we hypothesize that it 

is also the inability to bind DNA of Omomyc/Max dimers, and not only of 

Omomyc/Omomyc homodimers, that would cause the reduced efficacy of 

OmoHER. Interestingly, while OmoHER has been described as unable to bind 

Myc target genes and we observed that it has little effect on cell 

proliferation, we showed that it is still able to co-localize with DNA in mitosis. 

Hence, we infer that OmoHER retains some of Omomyc’s affinity toward 

DNA, but the 3 point mutations (H-E-R) impair the recognition of specific 

Myc-related DNA regions which, when inhibited, play a key role in mediating 

Omomyc’s efficacy. Nevertheless, this supports that Omomyc/Max/DNA co-

localization observed in mitosis does not seem to cause the reduction in cell 

proliferation observed as a consequence of Omomyc expression, since 

OmoHER’s efficacy is vastly weaker than Omomyc’s.  

To complement these studies, we cloned the b-HLH-LZ domain of Myc 

(ΔMyc) inside the pTRIPZ-RFP vector. ΔMyc has been shown to dimerize with 

Max and bind to DNA as a heterodimer [63, 64]. However, since it lacks the 

transactivating domain of Myc, it does not recruit the co-factors necessary to 

activate target genes. Therefore, ΔMyc binds to Max and forms a dimer that 
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acts as a competitor of Myc/Max on DNA, which is one of the known modes 

of action of Omomyc. On the other hand, ΔMyc is neither able to bind to Myc 

nor to form homodimers (in contrast to Omomyc) due to the presence of 

repulsive interactions at the putative interface [99]. Interestingly, although 

ΔMyc lacks 2 of Omomyc’s main modes of action, its effect on cell 

proliferation was similar to Omomyc. In addition, we observed that ΔMyc, 

like endogenous Myc, does not co-localize with DNA in mitosis. Therefore, it 

seems that the features that ΔMyc lacks (homodimerization, sequestration 

of Myc and visible co-localization with DNA in mitosis) would not be essential 

events for an effective inhibition of cell proliferation at least in H1299. 

However, we cannot exclude the fact that these features of Omomyc might 

be contributing importantly to its anti-tumorigenic effect in other biological 

contexts (for example, in cancer cells harboring specific alterations, in 

tumors growing in a living organism or in cells with different levels or ratios 

of Myc and Max proteins). In fact, recent data generated using Omomyc in 

other cellular contexts, indicate that it inhibits Myc predominantly by 

forming homodimers that bind DNA [106, 160]. 

Actually, other publications support the importance of occupying DNA to 

inhibit Myc using HLH-LZ peptides including Omomyc [106, 160], Max* [148] 

and ME47 [150]. Further investigation would be required to fully characterize 

whether the disruption of Myc/Max (by sequestering Myc and Max away 

from each other) would display less efficacy compared to directly inhibiting 

the DNA occupancy of Myc target genes, and how Myc inhibitors could 

better take advantage of endogenous Max to inhibit Myc’s DNA occupancy 

more effectively. So far, our observations suggest that new peptidic drugs 

aimed at directly competing with Myc binding to DNA, rather than disrupting 

Myc/Max, might prove of good therapeutic value.        
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Section 2: Transforming Omomyc from proof of principle 

to therapeutic strategy 

In addition to unravelling the molecular mechanisms that lead to Omomyc’s 

efficacy with the aim of designing better therapies, we have tested several 

Omomyc-based lead formulations to directly translate the Omomyc 

transgene into a pharmacological approach. Of note, the 91 amino acid 

peptide Omomyc has long been considered too bulky to be used as a drug. 

Interestingly though, Montagne et al. showed that Max*, a b-HLH-LZ peptide 

that shares a high degree of homology with Omomyc, was able to 

spontaneously penetrate cells [148]. We therefore purified and tested the 

cell-penetrating potential of the Omomyc peptide in A549 and H1975 cells. 

Encouragingly, the Omomyc peptide was able to penetrate cells and partially 

locate in the nuclei (hence we called it OmomycCPP for ‘Omomyc cell-

penetrating peptide’). Despite evidence of some endosomal retention,  

OmomycCPP was able to reach its target and to inhibit cell proliferation and 

Myc occupancy on DNA. It is worth noting that this happened while Myc 

protein levels remained unaffected (at least in A549 cells), excluding any 

down-regulation of Myc expression due to off-target toxicity and, thus, 

indicating a proper Myc displacement from DNA. In vivo, the OmomycCPP 

reached several organs following i.v. administration, including subcutaneous 

tumors generated using H1975 cells. Importantly, in this same model, i.v. 

administration of OmomycCPP 4 times a week at 93.5kg/mg produced a 

notable reduction in the tumor growth and did not cause any visible sign of 

toxicity. Subsequent experiments demonstrated that a higher dose of 

OmomycCPP (187.5mg/kg) does not cause a more pronounced therapeutic 

impact, which indicates that the responses we obtained have already 

reached a plateau at the lower dose. Thus, it is even possible that we could 

further reduce it, maintaining the same therapeutic impact, or even 

improving it.  

In addition, we have shown that OmomycCPP could be effectively combined 

with standard chemotherapy (paclitaxel) to boost the therapeutic response 

of the tumors without triggering further toxicity, valuable information for the 

future design of clinical trials.  

Taken together, these results suggest that the OmomycCPP can represent 

already a safe and promising therapeutic agent with an anti-tumorigenic 
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impact. Since we have demonstrated its efficacy through systemic 

administration, this approach could be used to treat cancers of several 

origins, including metastatic cancers. However, some aspects such as the 

nuclear localization or the biodistribution could still be improved to unleash 

the full therapeutic potential of OmomycCPP. In addition, so far, 

immunocompromised animals have been used to test both efficacy and 

toxicity of the compound. Howevr, in the presence of a fully competent 

immune system, it is possible that OmomycCPP could become immunogenic 

and trigger a progressive immune response after continuous treatment that 

would reduce the efficacy over time. For these reasons, we decided to test 

the potential performance of the OmomycCPP by encapsulating it inside 

liposomes.  

Liposomes have already been used, among other purposes, to protect their 

cargos from degradation and from the immune system, to actively and 

passively target tumors and to improve the endosomal escape of drugs. We 

successfully produced the first OmomycCPP-liposomes and demonstrated that 

liposomal delivery could improve even further the entrance of OmomycCPP 

within cells. The caveolae-mediated endocytosis was identified as the main 

pathway used for the OmomycCPP-liposomes uptake. This might represent 

some advantages compared the most common endocytic pathway, clathrin-

mediated endocytosis. First, caveolae-mediated endocytosis can bypass the 

acidic and enzymatic degradation within lysosomes, which might increase 

the efficacy of delivering drugs [199]. And second, it has been shown that 

this pathway could represent a safe route to reach the nucleus [200]. We 

then incorporated CHEMS into the liposome composition, which can 

enhance endosomal escape, one of the main limiting factors in the delivery 

of DNA, RNA and peptides [201]. Moreover, CHEMS provide negative charges 

to the liposomes, which we thought might increase the encapsulation of the 

positively-charged peptide. These negative charges improved the 

encapsulation efficiency of the positively-charged OmomycCPP at pH 7 to 

50%. We demonstrated that, when CHEMS was incorporated, the liposomes 

aggregated only in the presence of OmomycCPP, which indicates an 

interaction between the peptide and the phospholipid bilayer that may 

contribute to the increased encapsulation. This new liposomal formulation 

with CHEMS also displayed a higher nuclear localization of OmomycCPP 

compared to the first formulation tested, although the experiments were not 

performed in parallel. Overall, this formulation is the one that performed 
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best in terms of encapsulation efficiency and reduction of cell viability, which 

was more pronounced than with the non-encapsulated OmomycCPP. 

However, part of this improvement could be produced by the liposomes 

itself, since the empty formulation displayed some degree of toxicity (which 

was unexpected since this formulation has previously shown no toxicity in 

the Torchilin laboratory). Further investigation of this toxicity and attempts 

to reduce it with new formulations and improve Omomyc’s biodistribution 

and efficacy in vivo will be needed in the near future. Moreover, given that 

Omomyc and paclitaxel have shown a higher therapeutic impact than both 

monotherapies, co-delivery of Omomyc and chemotherapeutic agents in the 

same liposomes is currently being investigated.   

To complement our studies with the peptide, we investigated a third and 

completely different approach to deliver Omomyc into cancer cells: 

delivering Omomyc modified-mRNA (OmomycmRNA). The most direct 

translation of the Omomyc proof-of-principle transgene into a clinical 

application would be its delivery of DNA (gene therapy). Virus-mediated gene 

transfer has shown good transfection efficiencies but has raised serious 

safety concerns. The use of plasmid DNA, conversely, is considered safer but 

has displayed much lower transfection efficiency [202]. Just recently, mRNA-

based gene transfer has been proposed as a promising new strategy for gene 

therapy [203]. Limitations of the use of mRNA in vivo as therapeutic agent 

have been circumvented by modifications in the nucleotides that assemble 

the single-stranded mRNA. Replacing only 25% of uridines and cytidines with 

2-thiouridines and 5-methyl-cytidines, respectively, synergistically decrease 

mRNA immunogenicity and increase stability in mice [204]. mRNA delivery 

has been even applied already in the clinic as means of exploiting the 

antiviral defenses of the host for cancer immunotherapy [205]. Thus, the 

delivery of an OmomycmRNA, if effective, could be potentially pushed into 

clinical trials.    

Given the potential use of OmomycmRNA as a new therapeutic approach, we 

wanted to assess whether its delivery could improve the nuclear localization 

of Omomyc and the therapeutic potential that it would have in cancer cells. 

As expected, the delivery of OmomycmRNA produced an Omomyc protein that 

was almost completely nuclear. The successful delivery of one molecule of 

mRNA could potentially trigger the expression of tens, hundreds or 

thousands of protein products, depending on the mRNA stability. 
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Consistently, although the delivery systems are different, the treatment of 

cells with 10 times fewer molecules of OmomycmRNA compared to 

OmomycCPP-liposomes produced a higher Omomyc presence inside cells. Our 

preliminary data show a strong impact of OmomycmRNA on cell proliferation, 

thus demonstrating that the delivery of OmomycmRNA could represent a 

promising complementary therapeutic strategy to the use of the OmomycCPP. 

Future experiments in this research line are aimed at identifying suitable 

nanocarriers for the in vivo delivery of our mRNAs to cancer cells and the 

preclinical validation of intranasal and intravenous delivery to mouse models 

of lung cancer.  

In summary, these 3 research lines led to the identification of 3 potential 

clinically-viable therapeutic strategies to deliver Omomyc into cancer cells. 

Each of these strategies covers potential deficiencies of the others. The free-

OmomycCPP is to date the most advanced and the one that has been tested in 

vivo, showing efficacy. The production of free-OmomycCPP as a final drug is 

the simplest of the 3 and is being further tested in vivo with the aim of 

starting clinical trials in the near future.  

The biodistribution and stability of the OmomycCPP could be improved by its 

encapsulation as OmomycCPP-liposomes. In addition, in the case of an 

immune response of the host against OmomycCPP, the PEGylated liposomal 

membrane would minimize or completely prevent that response. These 

liposomes represent also a more flexible approach, since their outer part can 

be decorated to target the drug to tumor cells, maintaining the active 

component intact. Therefore, since Omomyc has already shown efficacy in 

different tumor types, this approach would allow us to actively target 

different cancers. However, the production of the OmomycCPP-liposomes 

represents a longer and more complex process. In addition, the liposome 

itself could be a source of toxicity that would limit the maximum tolerated 

dose of the treatment.  

Finally, the use of OmomycmRNA has shown higher nuclear localization of 

Omomyc compared to the other 2 peptide strategies. In the last years, there 

has been an improvement in the delivery of RNA in general (especially siRNA 

and microRNA) and this knowledge can be applied to the delivery of mRNA 

too. This strategy represents the least advanced of the 3 approaches, yet it is 

also the most versatile. Virtually any Omomyc variant (even those that 

cannot be easily produced or purified as peptides) could be delivered using 
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the same strategy. Similarly to OmomycCPP-liposomes, OmomycmRNA 

nanoparticles could be decorated to improve tumor-targeting using ligands 

or antibodies against cell-surface tumor markers. While this active targeting 

approach may improve the pharmacokinetics of the encapsulated molecule, 

it may also present an important limitation. Although Omomyc has 

demonstrated to be effective against several different cancers, tumors could 

evolve and develop resistance once the targeted molecule is eliminated from 

its surface. Another potential limitation is the higher instability of mRNAs 

compared to proteins and peptides. Thus, their need for a nanocarrier would 

represent additional steps and complexity in the production procedure and a 

source of potential in vivo toxicity. Subsequent experiments, especially those 

in vivo, will help us determining which of these strategies can be the most 

promising or how they can complement each other to effectively treat 

cancer in patients.  

In combination, results from the 2 sections gathered in the present thesis 

have significantly contributed – and will continue to contribute – to 

generating new Omomyc variants (produced as peptides and/or mRNAs), 

rationally conceived based on a better understanding of Omomyc’s 

mechanism of action. A good example of this is represented by a patent we 

have filed to protect the use of an Omomyc variant that showed higher 

efficacy in vitro (P13088EP00).  

In addition, these results have contributed to generating novel therapeutic 

options that have been already incorporated in the portfolio of PEPTOMYC 

S.L., a VHIO spin-off company from our laboratory that develops Omomyc-

based drugs, to further boost the therapeutic arsenal for the treatment of 

cancer patients. 

 

  



 

115 

6. Conclusions 

Section 1: 

1. The pTRIPZ Omomyc-RFP doxycycline inducible vector can be used as a 

tool to study the Omomyc-based Myc inhibition mechanism of action. 

2. Omomyc expression is effective in various lung cancer cell lines, regardless 

of their mutational profile. 

3. Omomyc expression consistently causes an increase in Max protein levels 

and its co-localization with DNA, which is visible when DNA condenses during 

cell division. 

4. Omomyc expression displaces Myc from chromatin, but not Max . 

5. The dimerization to Max and DNA occupancy as Omomyc/Max dimers 

provides a key contribution to Omomyc’s anti-tumorigenic potential. 

Section 2:  

6. The OmomycCPP spontaneously penetrates cells, reduces Myc’s DNA 

occupancy and displays anti-tumorigenic effects in A549 and H1957. 

7. Intravenous administration of OmomycCPP (up to 187.5mg/Kg) is safe and 

reduces tumor growth of H1975 inoculated subcutaneously in nude mice.  

8. Intravenous administration of OmomycCPP in combination with paclitaxel 

presents a higher therapeutic potential compared to both monotherapies 

without displaying higher toxicity.  

9. OmomycCPP can be encapsulated into liposomes, which increase the 

cellular uptake and allow partial nuclear localization of the peptide in vitro. 

10. Delivery of Omomyc’s mRNA is translated into a nuclear Omomyc protein 

that displays efficacy in cancer cells. 
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