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1. Abstract 

Cancer is, nowadays, among the most prevalent and deadly diseases worldwide. This term 

describes a group of pathologies characterized by an abnormal growth of a mass of cells harboring 

mutations in their DNA, resulting in uncontrolled growth, evasion from the cell control checkpoint 

mechanisms and spreading throughout the body. In recent years, the investigation of the interplay 

between cancer cells and the tumor micro-environment has gained a central spot in the 

comprehension of the neoplastic development and outgrowth. At a cellular level, the main hub 

regulating the communication with the surrounding tissues is the secretory pathway, which is 

deputed to the movement of proteins and lipids between the ER, the Golgi apparatus, and, 

through the secretory vesicles, to the extracellular space. Alterations in the functions of the 

secretory pathway could have an important role in helping the development and progression of 

the malignancies, fostering metastasis, invasion, altered secretion patterns and cytoskeletal 

remodeling.These phenotypes, among the others, have been linked by a vast amount of data to 

the mutated forms of p53, derived by missense point mutations in the TP53 gene which lose the 

oncosuppressive function of the wild-type form, and acquire, in many cases, novel pro-oncogenic 

features. 

mutp53s exert their pro-neoplastic functions through a plethora of interactors, both coding and 

non-coding. In our laboratory, we identified miR-30d as a new target gene of mutp53, which 

appears to be regulated through the interaction of this protein with the hypoxia-inducible factor 

HIF1α. Preliminary evidence show that miR-30d-regulated genes are enriched for factors involved 

in the unfolded protein response activation and protein secretion, suggesting an effect on the 

structure and functions of the secretory pathway. 

Our results show that miR-30d expression is able to blunt the activation of the UPR following drug-

induced ER stress and concomitantly to induce major alterations in the secretory pathway 

organelles, mainly represented by a strong vesiculo-tubulation of the Golgi apparatus. 

Moreover, miR-30d, through the modulation of its direct and indirect targets, as its upstream 

regulators mutant p53 and HIF1α, is able to strongly promote the secretion of proteins by cancer 

and normal cells. 

Taken all together, the findings reported in this thesis suggest a role for this newly described 

mutant p53/HIF1α/miR-30d axis in the regulation of the structures and functions of the secretory 

pathway, and particularly on the Golgi apparatus.  
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2. Introduction 

2.1. Cancer: a global burden 

Cancer accounts for the 17.08% of the yearly deaths worldwide, establishing itself as the second 

leading mortality cause after cardiovascular pathologies1, matching to a striking number of 8.93 

million people who die from neoplastic diseases every year. 

The determinant of these malignancies is mainly the accumulation of diverse mutations in the 

DNA of the cells, that in normal conditions leads to the activation of suppressive mechanism 

promoting senescence and programmed cell death, which both effectively act as a barrier towards 

neoplastic transformation; however, when the number of mutations builds up in the cells, they 

acquire the ability to evade the normal regulatory feedbacks, becoming able to divide and to grow 

without control 2,3. Moreover, their consequent rapid replications, together with the failure of 

important checkpoint regulatory mechanisms, promote the genetic instability of these cells, 

helping them to progress towards a neoplastic state 4,5.  

Despite their heterogeneity, most of cancers share common altered features, which are 

considered hallmarks of tumor 

development and progression, giving them 

the capability to evade the organism’s 

surveillance systems and allowing for their 

disordered and uncontrolled growth. 

Tumor cells become self-sufficient in 

growth signals and insensitive to growth 

inhibitors, evading the normal growth 

suppressive mechanisms, thus acquiring a 

limitless replicative potential. Additionally, 

they gain new and abnormal capabilities, 

including the possibility to promote 

angiogenesis, helping to sustain the needs 

of the growing  neoplastic mass, but also 

to spread to adjacent tissues, invading them, and to colonize distant loci in the organism, forming 

metastases6 (Fig. 1). Interestingly, in recent years it has also been proposed that the stress stimuli 

and the deregulation of the consequent homeostatic pathways could be tightly linked to the 

acquisition of pro-aggressive cancer phenotypes7 (Fig. 1). 

Fig. 1 – The hallmarks of cancer and their interplay with stress 
pathways. 
In the figure (adapted from236) are reported the main features of cancer 

transformation, the so-called hallmarks of cancer (top half, colored 

background), and the different stress stimuli that can act on cancer cells 

(bottom half, white background).   
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2.2. The hallmarks of cancer development and progression 

As stated, cancer cells, during their evolution, acquire common features which promote the 

transformation of phenotypically normal cells into malignant ones, favoring the progression of 

neoplastic cells through the exploitation of the healthy host tissue7. In fact, it must be considered 

that tumors are not only insular masses of proliferating cancer cells, but instead they are 

composed of different cell types, all participating in heterotypic interactions with one another. The 

surrounding normal cells, together with the cues acting from the stroma towards the neoplasm, 

form the tumor microenvironment, which has been described as an active contributor in 

tumorigenesis and cancer progression6.  

 

2.2.1. Selective growth and proliferative advantage  

Cancer cells display limitless replicative capacity thanks to self-sufficiency in growth signaling and 

decreased sensitivity to anti-mitogenic stimuli. These features, together with the resistance to 

apoptosis and the aberrant regulation of the replicative stress signaling, give to cancer cells their 

selective growth properties and a strong proliferative advantage compared to the surrounding 

host tissue.  

Cancer cells can acquire the capability to sustain proliferation by promoting growth factor 

production in order to sustain autocrine signaling or paracrine stimulation from the tumor-

associated stroma, but also favoring increased levels or alterations in mitogenic receptor proteins 

on the cell surface; contemporaneously, they induce a downregulation of anti-proliferative 

pathways and cell cycle checkpoints7. Even in the presence of aberrant growth signaling, 

nonetheless, the tight regulation of the cell cycle is able, in normal cells, to keep cell divisions in 

check. In cancer, however, the disruption of the cell cycle checkpoints and its consequent 

deregulation is essential for the neoplastic growth.  

Normally, cells which fail to completely replicate their genomic information in the S phase activate 

the DNA damage checkpoints, mainly regulated by the activation of the ATM/ATR kinases and of 

the downstream p53 pathway, leading to transient cell cycle arrest, and, eventually, if the stress 

cannot be resolved, to cell senescence and apoptosis8. If, however, such cells proceed through 

mitotic division, the under-replicated genomic regions can be converted in gaps and breaks in the 

genomic sequence and, moreover, if these regions are not correctly recognized and processed, 

their presence can lead to genomic instability9.  
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Lastly, cancer cells often harbor oncogenes, both mutated, such as RASV12 forms, or overexpressed 

due to genomic amplification, such as MYC, which promote and force the cell cycle progression 

even in the presence of incorrectly or partially replicated DNA, therefore prompting the cells to 

develop and accumulate new genetic mutations10.  

 

2.2.2. Metabolic rewiring in cancer cells 

In order to face the needs of their uncontrolled growth, tumors promote an enhanced metabolism  

for rapid acquisition and availability of energy, of anabolic building substrates and of reducing 

equivalents to counteract the metabolic 

side-effects of oncogene activation and of 

other cellular stresses; moreover, cancer 

cells also enhance, if possible, the 

availability of nutrients and oxygen in the 

surrounding regions of the growing 

neoplastic mass 11–13.  

The metabolic rewiring in cancer cells 

appear to be an universal phenomenon in 

malignancies, independently from the 

mutational pattern own to the specific 

neoplasm14, and its best known feature is 

the Warburg effect15, a metabolic switch 

characterized by an enhanced glucose 

consumption and glycolytic metabolism. 

This response, normally, is peculiar of cells 

that undergo hypoxia, but, when hijacked 

by cancer cells, produces intermediate glycolytic metabolites that supply subsidiary processes, 

including the pentose-phosphate pathway, lipogenesis and one-carbon metabolism16 (Fig.2). 

Accordingly, the TCA cycle is not used anymore as a supply chain for the mitochondrial respiration, 

but mainly as a source of intermediates (e.g. oxaloacetate, citrate) that will be used as building 

blocks in many anabolic pathways16. 

Moreover, it has to be taken into account that, in addition to the glycolysis’ pyruvate production, 

several other molecules can be used as input for the TCA and thus employed to yield energy. For 

Fig. 2 – Metabolic reprogramming of cancer cells 

Exemplified view of the remodeling of the main metabolic 

pathways in cancer cells and their regulation by oncogenes and 

tumor suppressor genes237. 
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example, beta-oxidation of lipid moieties provides both acetyl-CoA, which can enter the TCA cycle, 

and NADH and FADH2, that can be used for ATP production in the electron transport chain17; 

moreover, glutaminolysis, which is the ensemble of processes derived from glutamine 

metabolism, can provide anaplerotic fluxes of α-ketoglutarate and citrate that enter the Krebs’ 

cycle 18 (Fig.2). 

 

2.2.3. Tumor micro-environment physical properties modulate cancer progression 

Tumors, while growing as a mass of altered cells in a context in which the tissue is not organized to 

accommodate it, are subjected to physical and mechanical constraints, which have been described 

in the recent years as a key microenvironmental cue in cancer development. 

A central part of this assumption is that mechanical inputs, which include the tumor expansion 

leading to physical compression 

of the neoplastic mass and of its 

surrounding tissues,  increased 

extracellular matrix (ECM) 

stiffness and increased 

interstitial pressure, together 

with the alteration of the 

pathways deputed to sensing 

these stresses, can lead to 

modifications in the cell and 

tissue tension both in the 

malignant ones and in the 

surrounding stroma. These alterations leads to the release, concentration and activation of several 

growth factors in an aberrant way, and to the promotion of intracellular responses that, through 

coordinated actomyosin contraction and signaling pathways activation, can ultimately lead to 

enhanced tumor cell growth, survival and invasion19. 

Additionally, the rapid expansion of the tumor mass can lead to the compression of the tumor 

interior and to the simultaneous distention of the surrounding stromal tissues, in a process termed 

solid stress. This results in an increased ECM tension and remodeling, with deposition and 

crosslinking of collagens, metalloprotease-mediated alterations and general disruption of the 

normal tissue architecture surrounding the growing cancerous mass20 (Fig. 3). Moreover, tumor-

Fig.3 – Mechanical stress in cancer 

Exemplified view of the mechanical forces acting on the tumor mass and their 

consequences in signaling and aberrant cell modifications (adapted from 238). 
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associated fibroblast proliferation, promoted by the sustained juxtacrine and paracrine signaling 

derived from the cancer cells, can also contribute to the solid stress displayed in tumors, 

ultimately promoting cancer growth20. Lastly, solid stress-generated compression leads to partial 

clamping of blood vessels in the tumor mass, promoting hypoxic stress and consequent metabolic 

reprogramming21 (Fig.3).  

 

2.2.4. Evasion from the immune response 

Other than the physical properties of the microenvironment, the cellular composition of the 

stroma surrounding the neoplastic mass can also modulate its development and growth. In 

particular, when the immune cells that infiltrate both the tumor and the stroma try to eliminate 

transformed cells without being successful, consequently lead to the development, in the tumor 

region, of a chronic inflammatory microenvironment. This condition, opposing to its original aim, 

helps reducing the anti-tumoral immune response and favors the escape of the malignancy from 

immune elimination22.   

Moreover, both cancer cells and other non-immune components of the tumor microenvironment, 

such as cancer-associated fibroblasts, can produce immunosuppressive components, including 

growth factors23, cytokines24 and chemokines25, which have been demonstrated to be closely 

involved in tumor immune escape.  Additionally, cancer cells are also able to downregulate the 

levels and the presentation on the cell surface of key molecules that mediate immune-related 

functions, such as the HLA-I and HLA-II complexes, therefore reducing the recognition both by 

cytotoxic T-cells and the presentation to the immune system of cancer-related neoantigens26. 

Lastly, cancer cells often gain the expression of novel immunosuppressive factors, including the 

HLA-G and PD-L127 proteins, which directly downregulate the function and the activation of 

immune cells towards the malignancy28.  

 

2.2.5. Oxygen need and sustained angiogenesis 

As cancer grows, its nutrient requirements will eventually exceed the capacity of the vascular bed, 

and, although many neoplasms are able to adapt by promoting neoangiogenesis, eventually their 

core will become hypoxic and in need of nutrients. Since cancer is an intensively proliferating and 

expanding tissue, the demand for oxygen is vastly overcoming the oxygen supply, and the distance 

between each cell and the closest existing blood vessel increases, hampering oxygen diffusion and 

further increasing the hypoxic conditions29. 
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Enduring changes in blood flow and low oxygen availability, in fact, result in chronic hypoxia, a 

feature typical especially of larger tumors, with broad impacts on the cellular functions. Long 

exposure to hypoxia is associated to high frequency of DNA breaks, both due to increased ROS 

generation and to the hampering of the DNA repair systems, potentially leading to increased 

mutation rate and genomic instability30.  

Hypoxia induces a plethora of complex intracellular signaling pathways, involved in cell 

proliferation, survival, apoptosis, metabolism, migration and inflammatory response (Fig.4). 

Nevertheless, cellular adaptation to hypoxia is primarily mediated by the activation of the hypoxia-

inducible factors (HIFs), a family of three transcription factors, HIF1α, HIF2α and HIF3α, which 

protein levels are induced and stabilized upon hypoxic stimuli. In oxygenated cells, in fact, HIFs 

subunits are hydroxylated by two classes of 

oxygen-sensing enzymes, prolyl-

hydroxylases (PHDs) and the asparagine 

hydroxylase FIH-1; this hydroxylation leads 

to recognition of the HIFs by the VHL 

protein, which promotes their 

ubiquitination and consequent 

degradation. When the oxygen levels, 

instead, are low, the oxygen-sensing 

enzymes lose their activity, and therefore 

HIFs degradation is halted; these factors 

are then stabilized and translocate to the 

nucleus, where they dimerize with the 

constitutively expressed HIFβ subunits, 

leading to the promotion of an adaptive 

transcriptional program, bringing the cells 

to cope with hypoxia29. Indeed, it is estimated that 50–60% of solid tumors contain areas of 

hypoxic and/or anoxic tissue that develop as a result of an imbalance between oxygen supply and 

consumption in proliferating neoplasms31. 

Therefore, both the hypoxic microenvironment in which the tumor grows and the aberrant 

activation of HIFs stabilizing pathways lead to a pathological hypoxic response in cancer cells, 

which facilitates neoplastic development and spreading. In fact, hyperactivation of HIFs leads 

Fig. 4 – Consequences of hypoxia in tumors 

Overview of the effects of the hypoxic stress in the neoplastic 

disease, which acts as a driving force in tumor growth and 

progression, modulating on a plethora of different cancer-related 

phenotypes53. 
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firstly to an increase in blood vessel formation, mainly endorsed through the induction of the 

vascular endothelial growth factors (VEGFs), but also by the promotion of the expression of 

matrix-remodeling enzymes and growth factors to support and recruit all the accessory 

components needed for blood vessel formation32. However, in tumors, neovessels are often 

abnormal and leaky, plenty insufficient to support the growing tumor tissue in terms of oxygen 

and nutrients. Therefore, neoangiogenesis can further promote metabolic and hypoxic stresses in 

the growing tumor mass, closing a vicious circle that boost neoplastic progression33 (Fig. 4). 

Concordantly, the ECM-remodeling capabilities of cells which undergo hypoxic stress can promote 

the invasive and migratory behavior of cancer cells through the induction of epithelial-to-

mesenchymal transition (EMT) and through direct alteration of the surrounding extracellular 

matrix34,35 (Fig. 4). 

Another consequence of the altered vascularization and oxygen levels in cancer is the increased 

generation of reactive oxygen species (ROS): while, in normal cells, low concentrations of these 

molecules are required for signal transduction before their elimination, in cancer cells, instead, 

due to the accelerated metabolism and high proliferation rate, ROS levels are highly increased due 

to their augmented production36. This accumulation leads to an imbalance between ROS 

generation and elimination, which must be counteracted by cancer cells by elevated antioxidant 

defense mechanisms in order to survive37.  

Cancer cells employ, to this aim, a plethora of difference homeostatic stress-response 

mechanisms, therefore hijacking the 

beneficial effects of high ROS signaling, 

including promotion of angiogenesis 

and of cell survival, without being 

damaged by the increased oxidative 

stress condition (Fig. 5): firstly, 

neoplastic cells promote glycolysis and 

downregulate mitochondrial function, 

therefore decreasing the rate of 

production of ROS at its primary 

source38; moreover, it has been 

reported that several oncogenes are able to upregulate and stabilize the NRF2 transcription factor, 

which comprises among its target antioxidant detoxification enzymes, such as heme oxygenase 

Fig. 5 – Redox balance in cancer cells and its consequences 

Schematic representation of altered balance of ROS and antioxidant 

molecules (AOD), which can have both pro-tumoral and anticancer 

effects239. 
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(HMOX1), NAD(P)H:quinone oxidoreductase 1 (NQO1), glutathione S-transferases (GSTs) and UDP-

glucuronosyltransferases (UGTs)39,40. Moreover, aside from the regulation by NRF2 on the enzyme 

catalyzing its synthesis, the anabolic pathways leading to the production of glutathione are 

modified and altered in many tumor types, including glucose, serine, glycine and glutamine 

metabolism, all providing anaplerotic fluxes leading to increased glutathione levels41–43. 

 

2.2.6. Aberrant stress responses along the secretory pathway 

The reduced nutrient and oxygen levels present in most tumors have, among their effects, the 

result of leading to impaired ATP generation, ROS accumulation and metabolic imbalance, and 

therefore cause a reduction of the protein folding capabilities of the endoplasmic reticulum (ER). 

The accumulation of misfolded proteins in the ER leads the cells to undergo proteostatic stress, an 

unbalance in the protein folding, secretion and degradation pathways, promoting the activation of 

complex and intertwined stress response mechanisms44.  

In normal conditions, proteins are brought in the ER co-translationally, where they begin folding 

from a linear aminoacidic chain into more stable conformations characterized by lower free 

energy. In the organelle’s lumen, a unique set of modifications is imposed onto the nascent 

proteins, including the removal of signal sequences, disulfide bond formation, N-glycosylation and 

glycosylphosphatidylinositol (GPI) addition. These changes have not only effects on the 

functionality of the proteins but also serve as a checkpoint mechanism which ensures that only 

correctly folded ones exit the ER45. 

Nevertheless, a central role in protein folding in the ER is represented by the activity of the 

chaperone BiP. Mechanistically, in normal cells the nascent polypeptides chains which enter the 

ER are bound by several folding-assisting enzymes, and among them, one prominent place is taken 

by the Hsp70 chaperone BiP; this protein recognizes in an ATP-dependent manner exposed 

hydrophobic patches on a broad spectrum of protein chains, helping their folding, preventing 

premature aggregation, and keeping incorrectly folded proteins to exit from the ER46. If unfolded 

proteins, however, continue to accumulate, the cells activate a stress-response pathway termed 

unfolded protein response (UPR), a tripartite pathway that leads first to adaptation of the cell to 

the proteostatic stress by enhancing protein folding and globally attenuating translation, in order 

to reduce the burden of the misfolded intermediates in the ER lumen; eventually, if the cell cannot 

resolve the stress, the UPR is able to promote apoptosis47.  
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Notably, BiP binds the intraluminal domains of the three receptors which promote the UPR 

process, the inositol-requiring enzyme 1α (IRE1α), the PKR-like endoplasmic reticulum kinase 

(PERK) and the activating transcription factor 6 (ATF6), keeping them in an inactive state. 

However, when misfolded proteins accumulate in the ER lumen, BiP is sequestered by the 

unfolded intermediates, detaching from the receptors and leading to their activation48.  

The IRE1α pathway is activated by the dissociation of BiP from the luminal portion of the receptor, 

leading to its homo-oligomerization followed by autophosphorylation. IRE1α activation enables its 

endoribonuclease activity, leading to the cleavage of a 26-nucleotide intron from the XBP1 mRNA, 

thus allowing the production of sXBP1, a potent transcription factor promoting the expression of 

adaptation proteins that include chaperones and ERAD components49; moreover, IRE1α is also a 

serine/threonine kinase which, upon 

UPR triggering, promotes the 

phosphorylation of several substrates, 

among which the c-JUN NH2-terminal 

kinase JNK occupies a central spot; its 

activation, in fact, promotes the function 

of the Bcl2-like protein BIM, which 

induces cytochrome c mitochondrial 

release and caspase activation, 

ultimately leading the cell to apoptosis50. 

Additionally, IRE1α is able to exert its 

RNAse activity not only on the XBP1 

mRNA, but also cleaving mRNA encoding 

for ER-targeted proteins in a process 

called regulated IRE1α-dependent decay 

(RIDD), helping to reduce the influx of 

proteins in the ER and therefore the burden to be carried by the folding machinery51. 

Similar consequences are caused by BiP detachment from the intraluminal portion of PERK, which 

leads to its activation by dimerization and consequent autophosphorylation. PERK activity then 

induces phosphorylation of the eukaryotic initiation factor 2α (eiF2α), leading to attenuation of 

global protein translation, thus reduced ER folding load and promoting ERAD activity. Interestingly, 

decreased protein translation is not universal, because transcripts harboring internal ribosome 

Fig. 6 – Proteostatic stress in cancer 
Exemplified overview of the main stimuli able to promote 
proteostatic stress in cancer and of the outcomes of the downstream 
UPR activation in regulating tumor-related phenotypes (adapted 
from240). 
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entry sites (IRES) in their 5’UTR bypass the phospho-eiF2α-induced translation block46. Among 

them we find the activating transcription factor 4 (ATF4), which drives the expression of pro-

survival effectors under UPR conditions, including amino acid transporters and producers, redox 

reactions regulators and protein secretion promoters52. However, ATF4 induces also the 

expression of the C/EBP transcription factor homologous protein CHOP, which activity promotes 

the repression of the BCL2 anti-apoptotic protein, ultimately leading to cell death53. 

Conversely, upon BiP detachment from ATF6, this protein is translocated from the ER to the Golgi 

apparatus, where it is cleaved by two proteases, S1P and S2P, in order to produce a fragment, 

termed ATF6f, which translocates in the nucleus promoting a pro-survival transcriptional program. 

ATF6f, in fact, upregulates the expression of chaperones, including BiP, of protein disulfide 

isomerases and of ERAD components54. At the same time, ATF6-induced gene expression program 

promotes BCL2 activity, exerting a potent cytoprotective role55.  

Moreover, UPR pathways can exert a plethora of other roles in promoting cancer cell oncogenic 

phenotypes, including promotion of neoangiogenesis44 and EMT-driven cell invasion56 (Fig. 6).  

While the UPR and the protein folding machinery in the ER controls the correct arrangement and 

consequent functionality of proteins, a relevant part in the control of the proteostatic stress is 

deputed to the ERAD degradation pathway, which contributes to lighten the burden of 

accumulated misfolded intermediates in the ER. Proteins that fail to comply to the ER quality 

control are in fact recognized by the ER degradation-enhancing alpha-mannosidase-like proteins, 

or EDEMs, which extract misfolded intermediates from the folding cycles and then associate with a 

disulfide isomerase protein and with BiP, leading to the unfolding of the partially folded structure 

and consequent retrotranslocation in the cytosol through the SEC61 complex in a way that has still 

to be fully characterized. At this point, unfolded proteins are ubiquitinated by several E3-ubiquitin 

ligases and targeted to the proteasome for their degradation57.    

Additionally, in a similar fashion to what happens in the ER, where a reduction in the function of 

the organelle triggers a complex spectrum of stress responses, the decrease of the function of the 

Golgi apparatus (GA) leads to the activation of a number of homeostatic responses, collectively 

named Golgi stress; this process is triggered when the production of secretory and membrane 

proteins increases and overwhelms the capacity of the GA, in order to answer to the fact that 

these proteins cannot be modified or transported properly due to insufficiency of the Golgi 

function58. While the stress responses in the ER have been extensively characterized, not much is 

known about the homeostatic pathways that regulate GA stress, and only in recent years some of 
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them have been described; however, the biggest part of this process has still to be unveiled and 

elucidated. 

The TFE3 pathway is one of the Golgi stress processes which has been described, and is deputed to 

induce a general augmentation of the function of the Golgi apparatus; in normal cells, this protein 

is phosphorylated and retained in the cytosol, while upon Golgi stress, is dephosphorylated, 

translocates into the nucleus and activates the transcription of Golgi structural proteins, N-

glycosylation enzymes and of vesicular transport components59. Interestingly, the activation of ER 

stress does not activate TFE3, identifying these two processes as independent one from the 

other60. 

As for the UPR, GA stress response appears to be in control of a fine balance between apoptosis 

and cell survival. Regarding cell death, in fact, in recent years the transcription factor CREB3 has 

gained novel importance in relationship to GA stress: in normal conditions, this protein is retained 

on the ER membrane, while upon Golgi stress is transported to the GA, where it is cleaved to 

produce a fragment which translocates to the nucleus to induce the transcription of the ARF4 and 

DR4 genes, ultimately inducing apoptosis61 . On the other hand, there have been reports that the 

ER chaperone HSP47 could be in charge of promoting cell survival upon Golgi stress, but the 

sensors, transcription factors and transducers of this pathway are still unknown62. 

Even if the pathways controlling the response to Golgi apparatus stress are still poorly 

characterized, the importance of the Golgi apparatus in tumor biology has been rising in the 

recent years, since  alterations in glycosylation63,64, protein secretion65,66 and in the Golgi 

apparatus structure67,68 have been extensively linked to neoplastic features, and therefore this 

organelle is acquiring a central spot in the biology of cancer cells and as a feasible target in the 

development of novel anti-neoplastic drugs. 

 

2.2.7. Invasion and metastasis 

Aside from the regulation subtending primary tumor development and growth, a key point in 

malignancies aggressiveness is the capacity of cancer cells to invade local tissues and eventually to 

spread to distal sites, forming metastases. 

The process of invasion and metastasis has been described as a multistep sequence of discrete 

processes, often termed the invasion-metastasis cascade. This representation shows a succession 

of changes in the morphology and functions of the neoplastic cells, starting with local invasion of 

the surrounding stroma, intravasation by cancer cells into nearby blood and lymphatic vessels, 
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transit of cancer cells through the lymphatic and blood circulation systems, followed by 

extravasation of cancer cells from the lumen of vessels to transit into the parenchyma of distant 

tissues, leading to the formation of small nodules of cancer cells (micrometastases), and 

eventually to colonization of the distant tissue, which is the process of growth of micrometastatic 

lesions into macroscopic tumors6. However, even if the schematic description of these processes 

appear to be starting from the established primary tumor and moving further along time,  in 

recent years, it has been proven that metastatic dissemination is a precocious process, often 

developing in parallel to the primary cancer mass, posing novel hurdles to metastasis targeting 

and elimination69. 

 

2.3. The p53 protein and its mutants: master regulators of cancer hallmarks 

As stated, cancer arises and develops in a multistep process, with an accumulation of genetic 

mutations and epigenetic changes which lead normal cells to progressively evolve towards a 

neoplastic state70,71. DNA mutations, in cancer, can take place in three main types of genes, called 

proto-oncogenes, tumor suppressors and caretaker genes. Proto-oncogenes are genes implied in 

processes like cell growth and survival, cell cycle progression and metabolic control; mutations 

that activate such genes, like KRAS or ERBB2, lead to the deregulation of different pathways, 

promoting the neoplastic progression. Moreover, other proto-oncogenes, like pro-metastatic and 

pro-invasive factors, give the neoplastic cell new and atypical features implied in its aggressive 

phenotypes72. On the other side, tumor suppressors, like RB1 or PTEN, are genes that keep in 

control processes like cell proliferation, apoptosis, senescence, maintenance of cell polarity and of 

epithelial features, anoikis and contact inhibition; these genes, if inactivated, can favor the 

neoplastic development72. Lastly, caretaker genes encode for a group of genes whose protein 

products control DNA repair and maintain genome integrity. Mutations in these genes or 

functional inactivation of their protein products lead to an increased rate of DNA mutations and 

genomic instability73. 

Among the other factors involved in cancer development and progression, a central spot is taken 

by the p53 protein. This factor is a potent tumor suppressor which, upon different kind of cellular 

stresses, including DNA damage, hyperproliferation, hypoxia, oxidative stress and nutrient 

starvation, is able to trigger transient cell cycle arrest, cell senescence and apoptosis74–76. 
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Notably, almost 50% of all the malignancies carry a p53 mutation, and of those cancer that do not 

harbor mutated p53, a large proportion of them have inactivated p53 function by another altered 

mechanism77. 

Taken together, these evidences strongly support the central relevance of p53 in cancer, and 

prompt to the investigation of its roles in the regulation of the hallmark features of malignancies. 

 

2.3.1. Wild-type p53  

The human TP53 gene encodes for a DNA-binding protein that acts primarily as a tetrameric 

transcription factor; this protein, termed p53, belongs to a family of similar ones, including p63 

and p73, which possess relevant tumor suppressive activities (Fig. 7). Interestingly, the TP53 gene 

appears to be a very complex genomic locus, giving rise to 13 different transcripts derived both 

from alternative splicing and alternative translation initiation; the most represented isoform, 

p53α, has been extensively characterized, while the role of the other isoforms is still unclear, but 

in recent years several works have shown that they might have pivotal roles in the regulation of 

physiological and pathological processes78–80. 

In unstressed cells, p53 is maintained at very low levels through the constant ubiquitin-

proteasome-dependent degradation induced by the MDM2 E3-ubiquitin ligase and its co-factor 

MDMX. Upon induction of stress, post-translational modifications of both p53 and MDM2 block 

their interaction, leading to p53 

stabilization, accumulation and 

induction of transcriptional activity76. 

p53 and its pathway control the G1/S 

and G2/M cell cycle checkpoint in 

order to arrest cell cycle progression 

and therefore prevent the 

propagation of DNA damage while 

the cells attempt to repair it (Fig. 7). 

p53 can induce G1 cell cycle arrest 

through transcriptional induction of the cyclin-dependent kinase inhibitor CDKN1A/p2181, and G2 

arrest by promoting the levels of GADD4582 and SFN83. Beyond triggering cell cycle arrest, p53 

stimulates the functionality of various DNA repair mechanisms76. 

Fig. 7 – Wild-type p53 is a potent oncosuppressive factor 

Schematic view of p53 regulation and its downstream functions241. 
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When, however, the damage is too relevant and cannot be repaired by p53, this protein can 

promote senescence or apoptotic cell death. Regarding the first, stabilized p53 is able to 

transcriptionally increase potent senescence inductors, such as p21, which induces G1 cell cycle 

arrest,  and PML,  which recruits the p16 and pRb proteins, modulating the expression of their 

downstream targets, leading eventually to senescence84. Concerning the latter, instead, p53 is 

able to induce the expression of pro-apoptotic genes, including BAX, BID, PUMA and NOXA, while 

repressing anti-apoptotic genes76; moreover, it can promote apoptosis in a transcription-

independent fashion, both by directly inducing permeabilization of the mitochondrial membrane 

by forming complexes with the Bcl-XL and Bcl-2 proteins, resulting in cytochrome c release85, or by 

favoring transfer of calcium from the ER to the mitochondria, altering the morphology of this 

organelle and leading to cell death86.  

 

2.3.2. p53 interplay with the cancer hallmarks 

Given its functions, is appears evident that efficient control of p53 is essential for cell growth. An 

increasing amount of evidences is showing, in fact, that many different stress signals can lead to 

p53 activation; interestingly, different stresses seem to utilize different pathways to promote 

activation of p5387. 

The most well-known inducer of p53 activation is DNA damage, which can be originated both by 

external insults and by DNA replicative stress. Injuries to the DNA lead to activation of the ATM 

and ATR kinases, which results in the phosphorylation of p53, MDM2 and MDMX88; these post-

translational modifications both disrupt the interaction between p53 and MDM2, leading to 

decreased ubiquitination of the first and consequently to its stabilization, and promote the 

degradation of MDM2 and MDMX, further releasing p53 from its inhibition89. In addition to 

stabilizing p53, DNA damage-induced kinases may also play a role in the activation of p53, in part 

by promoting acetylation of the C-terminus of the protein87. In turn, p53 is able to promote the 

activity of DNA repair machineries, both at a transcriptional level, by inducing genes involved in 

nucleotide excision repair (DDB2, XPC), base excision repair (OGG1, MUTYH), mismatch repair 

(MSH2), non-homologous end joining and homologous recombination (RAD51), as well as directly 

interacting and modulating in trans the activity of several members of these pathways, therefore 

promoting the homeostatic stress response to DNA damage, including the one induced by 

replicative stress90. 
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Reduced nutrient and energy amounts have also been shown to strongly impact on p53 function: 

in fact, low levels of the formers result in a failure to stimulate the AKT/mTOR pathway and in a 

consequent AMPK activation; both mechanism can lead to stimulation of p53: AKT, in fact, 

activates by phosphorylation MDM2, and therefore its reduced activity acts a stabilizing agent for 

p5391, while activation of AMPK leads to the increased transcription of the TP53 gene and 

promotion of p53 activity through its direct phosphorylation92. Additionally, the nucleocytoplasmic 

malate dehydrogenase MDH1 has been shown to directly bind and activate p53 upon glucose 

starvation93. Concordantly, the balance between ATP and ADP, a direct readout of the cell’s 

energetic state, can regulate p53 function: ADP, in fact, promotes its binding to the DNA, while 

ATP inhibits this interaction94. In turn, several studies have shown that p53 has a role in the 

regulation of both glycolysis and oxidative phosphorylation: by slowing the former, in fact, this 

protein can inhibit the Warburg effect, which is characteristic of most of malignancies. p53 can 

inhibit the expression of the glucose transporters GLUT1 and GLUT495 and of the phosphoglycerate 

mutase PGM96, while increasing the expression of TIGAR97, resulting in an impediment at various 

steps of the glycolytic pathway98. On the other hand, p53 matches the restraint imposed on the 

glycolytic rate with an induction on mitochondrial oxidative phosphorylation, exerted by 

transcription of several key players of this pathway, including subunit I of the cytochrome c 

oxidase99, SCO2100 and p52R2101. Additionally, p53 is able to inhibit mTOR signaling, promoting 

autophagy102, while endorsing AMPK-dependent fatty acid β-oxidation103, providing further levels 

of complexities to p53 contribution in the cell survival upon metabolic stress. 

Similarly, decreased oxygen availability promotes the activation of p53 by inducing stabilization of 

the protein via the induction of a DNA-damage response in the absence of detectable DNA 

damage104. Under hypoxia-induced replication stress, p53 is indeed phosphorylated mainly by ATR 

and, to a lesser extent, by ATM104,105. In addition, p53 stabilization is helped by the HIF1α-

dependent suppression of MDM2 activity, through a mechanism that is still not well 

understood106. Moreover, it has been postulated that increased p53 stability upon hypoxia could 

also be helped through the induction of hypoxia-regulated genes: in fact, the hypoxia-induced 

PNUTS protein could increase p53 activity via inhibition of protein-phosphatase-1, which targets 

p53107,  as well as the activity of the VHL protein, which is a HIF1α transcriptional target, could 

enhance p53 translation in a pathway which involves the RNA-binding protein HuR108. In most 

cases, the increased p53 activity in hypoxic cells is able to promote apoptosis, and the presence of 

HIF1α appears essential for this activity109. Interestingly, however, it appears that known p53 pro-
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apoptotic gene targets, including PUMA and BAX, are not induced under hypoxic condition110. In 

fact, it has been proposed that p53 might not be able to induce its target genes because of the 

lack of recruitment of the CBP and p300 co-activators, which are sequestered by HIF1α in order to 

induce its target genes111. Indeed, the main activity of p53 under hypoxic conditions has been 

reported to be trans-repression of apoptosis inhibitors, even if the genes involved in this 

regulation have not been defined yet112. 

Notably, mitochondrial generation of reactive oxygen species upon hypoxia could also be one of 

the factors contributing to p53 induction113. Indeed, aside from low oxygen conditions, ROS 

increased levels have been shown to promote p53-activating phosphorylation by p38α MAPK114, 

ATM115 and ERK116; however, if the effect of ROS amount on these kinases is direct or mediated by 

ROS-induced DNA damage, is still not clearly known. Oxidative stress-induced p53 stabilization can 

have different outcomes, ranging from cell cycle arrest to apoptosis, but the knowledge on how 

ROS can regulate p53 target genes selection is still in very preliminary status117. On the other hand, 

a broad amount of data have helped to clarify p53 function in regulating the cellular ROS levels; in 

fact, physiological levels of p53 are able to maintain redox homeostasis by inducing antioxidant 

genes, including SESN1, GPX1 and AIF118, and metabolic genes like TIGAR, SCO2 and PGM, which 

can control the metabolic flux that lead to generation of ROS117. Additionally, stabilization of p53 

by different cellular stresses is able to promote instead pro-oxidant genes (e.g. BAX, PUMA, NQO1) 

and suppress antioxidant ones (e.g. SOD, PIG12, ALDH4), therefore promoting oxidative stress, 

mitochondria permeabilization and consequent p53-mediated apoptosis117.  

Lastly, the interplay between proteostatic stress regulation and p53 function is still not clear: in 

fact, contrasting evidences have been reported, showing both that ER stress can promote p53 

nuclear localization and activity119 and that, instead, it could promote cytoplasmic localization of 

the protein and destabilization120. However, interestingly, a possible explanation for these 

opposite findings could rely in the fact that proteostatic stress could promote the transcription of 

specific p53 isoforms, resulting in transient G2 cell cycle arrest and sensitization to DNA 

damage121, leading to the hypothesis that ER stress regulation on p53 levels could involve different 

layers of complexity, and still needs to be further addressed. Nevertheless, p53 activation has 

been shown to repress the IRE1α/XBP1 pathway122 and to induce the CDIP1 pro-apoptotic ER 

stress mediator123. These data suggest that p53 could exert a part of its oncosuppressive function 

by hindering ER function and promoting proteostatic stress-induced cell death124. 
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2.3.3. mutant p53: from oncosuppressor to oncogene 

The primary outcome of TP53 mutations is the loss of the wild-type form of the p53 proteins and, 

consequently, of its oncosuppressive functions. 

These alterations are extremely prevalent in 

human cancers, with a mutation rate for the 

TP53 gene that spans around the 35-40 % of 

the total cancer patients; moreover, p53 is 

often inactivated or downregulated by other 

mechanisms in tumor cells125. 

However, differently from most other tumor 

suppressors genes in human cancers, the 

majority of TP53 mutations are missense and 

produce single aminoacidic changes in loci 

situated mainly in the DNA-binding domain of 

the protein. p53 missense mutants (mutp53s) not only lose the normal oncosuppressive functions 

of the protein, being uncapable of activating canonical p53 target genes, but also acquire 

dominant negative effects over the wild-type form126. Moreover, mutp53s gains novel pro-

oncogenic functions, becoming able to reshape the tumor cells’ transcriptome and proteome 

through the interplay with a plethora of intracellular effectors, both coding and non-coding127 

(Fig.8).  

Interestingly, mutp53s become stabilized and activated in response to various stress conditions, 

similarly to the wild-type counterpart, and, of note, several evidences are showing how mutp53s 

can help cancer cells to cope with the challenging condition that are originated during tumor 

initiation, outgrowth and spreading128. 

 

2.3.4. mutp53s regulates mechanisms involved in cancer arisal and development 

Similarly to the wild-type form of the protein, mutp53s are constantly subjected to the 

degradation promoted by MDM2 protein function; however, in cancer cells, the interaction of 

these mutants with the HSP90 chaperones, which increased levels are promoted by the 

accumulation of altered and misfolded proteins typical of cancer cells, is able to specifically inhibit 

MDM2-mediated mutp53 degradation129. Additionally, several stress stimuli that frequently target 

cancer cells and stabilize the wild-type p53 are also able to promote accumulation and activation 

Fig. 8 – mutant p53 hijacks the functions of the wild-type form 

Schematic view of the alterations in the function of the p53 

protein upon missense mutations. 
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of the mutant proteins, therefore favoring their oncogenic functions126, which include induction of 

proliferation, chemoresistance, invasion and metastasis126 (Fig. 9). 

Exemplifying, the genomic instability and the rapid growth of cancer cells trigger constitutive 

replicative stress, promoting continuous activation of the DNA-damage response machineries; in 

particular, the derived aberrant activation of the ATM kinase is able to drive stabilization of 

mutp53, thus inducing its oncogenic functions130. Additionally, these altered mutant p53 proteins 

can become important regulators of 

cancer cell metabolism: mutp53, 

accordingly, have been reported to 

sustain the glucose intake and the 

Warburg effect by the RHOA-ROCK-

dependent membrane translocation 

of the GLUT1 glucose transporter131. 

In addition, the altered protein can 

induce aerobic glycolysis by direct 

inhibition of the AMPK kinase132 and 

can induce, through its interaction 

with the SREBP factors133, the 

production of fatty acids and 

cholesterol and the activity of the mevalonate pathway134. Interestingly, it has been reported that 

mutp53 associates and fosters PGC1α function, enhancing oxidative phosphorylation in cancer 

cells135. These apparently contrasting evidences in reality hint to the fact that mutp53 is probably 

able to promote a metabolic plasticity state in tumors, facilitating their adaptation to the 

constantly shifting needs of the growing, invading and distally spreading neoplastic disease126. A 

fascinating interplay among stress pathways regulated by mutp53 is provided by the fact that, as 

the hosting lab recently demonstrated, induction of the mevalonate pathway by mutp53/SREBPs 

interaction is able to promote the geranyl-geranylation of RHOA136. The modified form of the 

protein is then able to exert its normal functions, transducing extracellular mechanical stimuli 

through the actin cytoskeleton: interestingly, by investigating the pathways protecting mutant p53 

from degradation, our laboratory discovered that HDAC6/HSP90-dependent mutant p53 

accumulation is sustained by RHOA and actin-dependent transduction of mechanical inputs, such 

as the stiffness of the extracellular environment137. 

Fig. 9 – Interplays between mutant p53 and cellular stress pathways 

Schematic representation of the regulation exerted by mutant p53 on several 

homeostatic stress response pathways and its relevance in the cancer cell179. 
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Moreover, the activity of mutant p53 can be promoted also by hypoxic conditions: in fact, while 

not changing the total levels of the p53 protein, it has been reported that HIF1α, binding to 

mutp53, is able to promote its the localization on chromatin, regulating the transcription of 

several target genes, promoting the aggressiveness of lung cancer cells138. Closing a positive 

feedback loop, mutp53 appears to stimulate HIF1α stabilization inducing its dissociation from 

MDM2 in hypoxic conditions139 and antagonizing the SHARP1 gene, a factor which promotes 

ubiquitin-mediated degradation of HIF1α140. On the opposite side of the spectrum, our group 

recently demonstrated that mutp53, through the binding to NRF2, contributes to a selective 

modulation of its transcriptional program, promoting a pro-survival oxidative stress response, 

repressing genes with a cytotoxic effect in cancer cells, such as HMOX1, and favoring the 

expression of pro-survival mediators, including the TXN gene; this regulation allows cancer cells to 

cope with the high levels of oxidative stress typical of cancer transformation and growth141.  

Additionally, proteasome hyperactivation by mutp53 also impinges on the regulation of the 

proteostatic stress, which is typical of cancer cells due to the accumulation of mutated and 

misfolded proteins in the ER. In fact, increased proteasomal activity could cooperate in relieving 

the burden of unfolded intermediates, therefore reducing ER stress. Recently, we demonstrated 

also that mutant p53 is able to shift the balance of pro- and anti- apoptotic signals downstream of 

the UPR activation by dampening the function of the IRE1α and PERK pathways and promoting the 

activation of the ATF6 pro-survival mediator, thus contributing to cancer cells’ survival in condition 

of imbalanced protein homeostasis142. 

Taken together, these evidences put mutant p53 in the center of a complex regulatory network in 

which several stress stimuli can act on the protein, shifting its activation, and mutp53 in turn is 

able to regulate several homeostatic stress response pathways in order to promote cancer cell 

growth, survival and aggressiveness exerting its pro-oncogenic gain of function.  
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3. Preliminary data 

Work performed in the hosting laboratory has been focused on understanding the role of 

missense gain-of-function mutant forms of p53 in cancer, and on the action of microRNAs as 

effectors of the oncogenic properties of mutp53s. To identify novel microRNAs regulated by 

mutant p53, the expression levels of a panel of known onco-miRNAs previously reported to be 

amplified or overexpressed in solid tumors143 was evaluated by qRT-PCR in MDA-MB-231, a breast 

cancer cell line harboring an endogenous mutant p53R280K form, where this factor was silenced 

using a specific siRNA. This analysis highlighted miR-30d as one of the top hits regulated by 

mutp53 (Fig.10A). microRNA-30d is an intergenic miRNA located on the chromosome 8q24, which 

levels has already been reported as frequently increased in multiple types of human solid 

tumors144. Moreover, miR-30d mediates several processes related to cancer development and 

progression in different types of malignancies, including migration145, invasion145–147, EMT145, 

autophagy148, angiogenesis149 and metastasis146,147. 

We confirmed mutant p53-dependent miR-30d regulation in other cancer cell lines endogenously 

expressing different forms of the mutant protein (Fig. 10A), including SK-BR-3 and TOV112-D 

(mutp53R175H), Mahlavu (mutp53R249S), MDA-MB-468 and HT-29 (mutp53R273H). Moreover, we 

reported that silencing of the endogenous wild-type p53 protein in MCF-10A cells, a normal breast 

epithelial immortalized cell line, had no effect of miR-30d levels, whereas ectopic reintroduction of 

Fig. 10– mutp53 regulates miR-30d expression levels 

A. Top: expression levels of miR-30d were analyzed by qRT-PCR, normalized to U6B RNA expression, upon silencing of mut-p53 in 
the indicated human cancer cell lines; bottom:  Western blot for p53 is shown as silencing control, Hsp90 levels as normalizer. B. 
Endogenous wild-type p53 was stably silenced in MCF-10A mammary epithelial cells (shp53); exogenous shRNA resistant forms of 

the indicated p53 mutants were introduced by viral transduction. miR-30d expression was then evaluated as in A. All histograms 

represent the average ± SEM of three independent experiments. *=p<0.05, **=p<0.01, ***=p<0.001. All Western blots are 
representative of n=3 biological replicates. 
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mutp53R175, mutp53R273H or mutp53R280K was able to upregulate the expression of the microRNA 

(Fig. 10B). 

Preliminary experiments have also suggested that the 

mutp53/miR-30d axis promotes aggressive cancer 

phenotypes, such as migration, invasion, EMT and 

epithelial cell polarity disruption (data not shown).  

Interestingly, evidences reported in literature150 

have shown that miR-30d expression is controlled, 

under hypoxic conditions, by the hypoxia-inducible 

factor HIF1α through its binding to a genomic site 

located approximatively 27 kbp upstream of the MIR30D gene.  

Moreover, by performing co-immunoprecipitation experiments of mutp53 and HIF1 proteins 

from lysates of MDA-MB-231 cells, grown under different oxygen pressure, we demonstrated that 

mutp53 physically interacts with HIF1 both in hypoxic and in normoxic/hyperoxic conditions, 

putatively regulating its activities. (Fig. 11)   

Given the importance of both these factors in human malignancies, these data prompted us to 

investigate the existence and the functions of this newly identified mutp53/HIF1α/miR-30d 

molecular axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 – mutant binds HIF1α both in hypoxic and 
normoxic conditions 
Co-immunoprecipitation experiments showing mutant 
p53 binding to HIF1α in normoxic (A) and under 
hypoxic (pO2 2% for 24h) (B) conditions. DO1: p53 
specific antibody; NRA: Non-Related Antibody 
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4. Aim of the thesis 

Cancer cells modulate their surrounding microenvironment in order to favor the growth of the 

neoplastic mass, and, in turn, receive and respond to a plethora of stimuli coming from the 

stromal components of the surrounding healthy tissue. 

The homeostatic responses that become activated downstream of these microenvironmental cues 

are modulated by a vast number of intracellular signaling factors, among which p53 and its 

mutated forms gain a central role. Their activities are exerted through a broad spectrum of 

effectors, both coding and non-coding. 

In the laboratory in which this thesis was developed, microRNA-30d, a known onco-miRNA, 

reported to be under the transcriptional control of the hypoxia-inducible factor HIF1α, has been 

identified as a novel mutant p53 target, able to mediate several of its known oncogenic functions 

such as the induction of cell invasion, EMT and promotion of cell migration.  

Given these evidences, the aims of this thesis are:  

1. to investigate the existence of a mutant p53/HIF1α molecular axis, and eventually to 

characterize its action on the induction of miR-30d levels; 

2. to elucidate the functions of miR-30d in promoting novel pro-oncogenic functions of 

mutant p53; 

3. to investigate the molecular targets of miR-30d which downregulation could be 

responsible for its functions downstream of mutant p53 regulation. 

The results of this research will shed a light on how mutant p53, putatively cooperating with HIF1α 

in normoxic conditions, and thus hijacking its canonic functions, could regulate the gain of novel 

pro-oncogenic phenotypes through its non-coding effector microRNA-30d. 
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5. Results 

5.1. mutant p53 induces miR-30d through HIF1α 

Having shown that miR-30d levels are modulated by mutant p53, I wanted to characterize the 

mechanism underlying this regulation. Notably, the current model describing the transcriptional 

regulation activity by mutp53 indicates that this protein is not able to recognize specific sequences 

on DNA as its wild-type counterpart, but instead establishes protein-protein complexes with 

several DNA-binding transcription factors151. Therefore, to evaluate the possibility that mutant p53 

could be interacting with a specific factor on miR-30d regulatory regions, I inspected the MIR30D 

genomic locus and noticed the presence of a putative HIF1a bind site around 27kbp upstream of 

gene encoding for miR-30d, as previously reported in literature152.   

To better characterize this hypothetic regulatory region, I employed the RIKEN FANTOM5 Phase1 

and Phase2 data, which contain a database of 5’ CAGE reads aligned to the reference genome; 

using these data is possible to map the 5’ ends of mRNAs, and therefore their hypothetical 

transcriptional start site (TSS); accordingly, in the putative promoter region of miR-30d I reported 

two 5’-CAGE peaks, supporting the notion that this locus could represent the TSS of this non-

coding RNA (Fig. 12A).  

In the same direction, this region contained also a binding site for the RNA polymerase II, as 

reported in a published ChIP-seq experiment153, and high levels of H3K4me3, low levels of 

H3K4me1, together with an increase of the H3K27Ac mark, representing the epigenetic 

configuration of an active promoter154 (Fig. 12A). Taken together, these data support the notion 

that this genomic region could be the putative promoter of miR-30d, and therefore responsible for 

its transcriptional regulation. 

Although the putative miR-30d  promoter region lays 27 kbp upstream of the genomic sequence of 

the MIR30D gene, CHIP-seq data reported in literature identified that hypoxia-inducible factors 

HIF1 and HIF2, under hypoxic conditions, are able to bind within the same region to regulate 

the levels of miR-30d,150, suggesting  that HIF1α could be actually regulating an uncharacterized 

host transcript harboring miR-30d in its sequence.   

In order to confirm the existence of this hypothetic host transcript, I took advantage of the 

expressed sequence tags (EST) mapping155 present in the UCSC Genome Browser suite156, which 

shows the alignment to the reference genome of single-read sequences, typically about 500 bases 

in length, that usually represent fragments of transcribed genes. 
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Indeed, I was able to report the presence of a ~43 kbp locus, termed LOC102723694, encoding for 

multiple isoforms of an uncharacterized long non-coding RNA, which I will hereby name lnc-30d; 

moreover, these isoforms displayed a putative start site close to the region of binding for HIF1α as 

reported by previous works in literature150,152, and could contain miR-30d in one of their introns 

(Fig. 12A).   

In order to evaluate whether mutp53 could be associated to this genomic region, I took advantage 

of the data derived from a ChIP-seq of mutant p53 performed in MDA-MB-231 available in 

previously published work from the hosting laboratory157. Since mutant p53 is unable to directly 

bind the DNA, the identified ChIP-seq peaks indicate putative genomic loci in which mutp53 

associates with specific DNA-binding transcription factors. Concordantly, this analysis revealed the 

presence of ChIP-seq peaks for mutp53 which overlap the HIF1α putative binding region, 

suggesting that these two factors could bind the putative promoter region of lnc-30d (Fig. 12A).   

To formally prove this hypothesis, I assessed whether the binding of mutp53 on the lnc-30d/miR-

30d promoter could be dependent on HIF1α. To this aim, I performed chromatin 

immunoprecipitation experiments in MDA-MB-231 cells cultured in normoxic conditions and, as 

shown (Fig. 12B), I demonstrated that mutant p53 strongly binds to lnc-30d/miR-30d putative 

promoter, in the same genomic region as described by the reported ChIP-seq experiments, but not 

to an unrelated nearby region. Interestingly, this binding was reduced upon HIF1α silencing by 

RNAi, confirming that mutant p53 depends on the presence of the hypoxia-inducible factor in 

order to attach to the putative promoter region of the long non-coding RNA. 

Fig. 12 – mutant p53 cooperates with HIF1α to transcribe lnc-30d and increase miR-30d levels 

A. Schematic representation of the lnc-30d/miR-30d locus, comprising the features annotated on the putative promoter. B. MDA-

MB-231 cells were subjected to chromatin immunoprecipitation (ChIP) analysis with anti-p53 FL-393 antibody (p53) or rabbit 

nonspecific IgG as control. Relative DNA binding of p53 to lnc-30d/miR-30d putative promoter region was calculated as a fraction 

of the input chromatin. *=p<0.05 – unpaired Student’s T-test. C. Bar graph showing quantification of qRT-PCR experiments (n=3) 

analyzing the levels of lnc-30d, pre-miR-30d and mature miR-30d after silencing by RNAi of either mutant p53 or HIF1α in MDA-

MB-231 cells; the bars are shown as average ± SEM, *=p<0.05, **=p<0.01, ***=p<0.0001, unpaired Student’s T-test; the levels of 

miR-30d and pre-miR-30d are normalized on U6B expression, while the ones of lnc-30d on H3 expression levels. 
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Lastly, silencing of either mutp53 or HIF1α by RNAi in the same experimental conditions was able 

to strongly downregulate the levels of lnc-30d, of the precursor form pre-miR-30d and of the 

mature miR-30d, supporting the notion these two factors act at a transcriptional level to regulate 

microRNA-30 (Fig. 12C).  

Taken together, these evidences point to the fact that mutp53s, by binding to HIF1α both in 

hypoxic and in normoxic/hyperoxic conditions, are able to attach to the putative promoter of lnc-

30d, which acts as an host transcript for miR-30d harboring it into one of its introns, thus 

regulating the levels of both the long non-coding RNA and of the microRNA.  

 

5.2. Evaluation of the functional relevance of the mutant p53/HIF1α/miR-30d molecular axis 

5.2.1. Analysis of miR-30d effects in cancer cells 

Having demonstrated that the expression of miR-30d is regulated by mutant p53 in association to 

HIF1α, I investigated the functional effects of the upregulation of microRNA-30d in cancer cells. 

To this aim, I employed a dataset derived from a DNA microarray transcriptomic analysis 

generated in the hosting laboratory, performed in MDA-MB-231 cells stably expressing a decoy 

construct for miR-30d (dy-30d), which dampens the levels and the functions of the endogenous 

microRNA. This vector was constructed similarly to what has been previously described in 

literature158, and it encodes for a GFP protein fused with a synthetic 3’UTR containing two miR-

30d-responsive elements, and is thus able to act as a molecular sponge, binding and sequestering 

the mature miRNA in cells in which it is expressed.  

Gene Set Enrichment Analysis (GSEA)159 performed on these transcriptomic data showed a strong 

enrichment for two gene clusters, one related to the protein secretion process and one to the 

unfolded protein response activation (Fig. 13A). These pathways are two of the main determinants 

Fig. 13 – miR-30d induces consistent alterations on the secretory pathway structures and functions 

A. Enrichment plots for the protein secretion and unfolded protein response clusters derived from GSEA analysis of the 

transcriptomic data from MDA-MB-231 transduced with the decoy-30d construct compared to the control condition (n=3). B. 

Immunofluorescent staining in MCF-10A cells with miR-30d overexpression of the ER (anti-PDIA5), COPII vesicles (anti-SEC24A), 

COPI vesicles (anti-β-COP), Golgi apparatus (anti-GM-130), microtubules (anti-α-tubulin) and endosomes/multivesicular bodies 

(anti-CD63). 
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of the regulation of the secretory proteostasis, an ensemble of processes which oversees the 

modulation of the homeostatic balance of proteins along the secretory pathway.  

In order to elucidate whether miR-30d could mediate alterations in the secretory pathway 

organelles, I analyzed the morphology of the endoplasmic reticulum (ER), the COPII and COPI 

transport vesicles, the Golgi apparatus (GA), the microtubules and the endosomal/multivesicular 

body compartments by immunofluorescence. As shown (Fig. 13B), miR-30d overexpression in 

MCF-10A cells was able to produce an enlargement of the ER, analyzed via PDIA5 staining, an 

increase in the number of both anterograde and retrograde transport vesicles, shown respectively 

by SEC24A and β-COP staining, an important disorganization of the GA, evaluated by GM-130 

staining,  and a mild stabilization in the microtubules, stained for alpha-tubulin. These evidences 

point to a relevant miR-30d-induced general structural alteration of the secretory pathway; 

however, the strongest alterations in miR-30d-overexpressing cells concerned the morphology of 

the GA, with a loss of the normal perinuclear ribbon-like structure of the organelle and its 

conversion in multiple mini-stacks dispersed within the cytoplasm, a morphology hereafter 

defined as vesiculation. 

 

5.2.2. mutant p53 and HIF1α induce structural alterations of the secretory pathway via miR-30d 

Since miR-30d expression promotes structural alterations of the secretory pathway organelles, 

particularly altering the morphology of the GA, I wanted to evaluate whether the upstream 

regulators of miR-30d, mutp53 and HIF1α, could lead to the same modifications. 

To this aim, I focused on the Golgi apparatus, as it showed the most altered  phenotype, 

represented by  enhanced vesiculation; therefore, I employed  MCF-10A cells engineered to 

express three different missense mutant p53 variants: in these cells, the endogenous expression of 

wild-type p53 was stably depleted by a specific shRNA and three silencing-resistant mutant forms 

of p53, namely mut p53R175H, mutp-53R273H and mut p53R280K, were ectopically expressed.  As 

shown (Fig. 14A), all three of the mutant p53 proteins strongly promote the vesiculation of the GA, 

while the silencing of the wild-type forms does not produce any significant effect. To evaluate if 

this mutp53 effect was dependent on miR-30d presence, I co-transduced, in these same 

conditions, the dy-30d construct; strikingly, co-expression of the decoy-30d vector was able to 

rescue the normal organelle structure, proving that mutant p53 forms are able to induce 

alterations in the Golgi apparatus structure through the action of miR-30d (Fig. 14A).  Similarly, 

upon treatment of MCF-10A cells with cobalt chloride, a known hypoxia-mimicking drug able to 
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stabilize the levels of HIF1α160, a similar level of vesiculation of the GA was observed (Fig. 14A). 

Under this conditions, concomitant expression of the decoy construct for miR-30d partially 

restored the GA morphology to the control conditions (Fig. 14B).  

These evidences demonstrate that both mutp53 and HIF1α promote alterations of the Golgi 

apparatus morphology via their effector miR-30d 

 

5.2.3. Ultrastructural characterization of the Golgi apparatus alterations 

To characterize the reported alteration of the GA, Correlative Light Electron Microscopy (CLEM) 

experiments161 were performed in collaboration with dr. Alexandre Mironov and dr. Galina 

Beznoussenko from the IFOM Institute in Milan. This technique consists in the consequent imaging 

of the same sample through super-resolution immunofluorescence and transmission electron 

microscopy (TEM). The obtained TEM image is then used to provide a 3D reconstruction of the 

selected structures, which in this case are individual Golgi apparatuses immunostained with 

fluorescent anti-GM130 antibody. As shown (Fig. 15), overexpression of miR-30d in MCF-10A cells 

induces a strong modification of the Golgi apparatus structures, which can be described as a 

vesiculo-tubulation, evidentiating an increase both in the tubular connections between Golgi 

Fig. 14 – mutant p53 and HIF1α induce alterations of the Golgi apparatus via miR-30d 

A. Immunofluorescence analysis of the Golgi apparatus in MCF-10A cells upon silencing of endogenous wild-type p53 and ectopic 

overexpression of the indicated different forms of mutant p53 in conjunction with the decoy for miR-30d. Bar graph is showing 

the quantification of cells with vesiculated GA as average ± SEM ; n=30 HPF, *=p<0.05, **=p<0.01, ***=p<0.001, unpaired 

Student’s T-test. B. Immunofluorescence analysis of MCF-10A cells upon CoCl2 treatment and concomitant transduction with dy-

30d, analyzed as in A. 
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cisternae and in the COPI vesicles, which have been previously described as indicators of 

upregulated secretory rate in cells162,163. 

Moreover, strikingly, while the silencing of wild-type p53 in the same cells did not produce any 

significant alteration in the Golgi apparatus, as I previously shown by immunofluorescence 

staining, I confirmed that ectopic overexpression of mutp53R280K recapitulates the reported 

alterations induced by miR-30d; concordantly, expression of the decoy-30d construct in presence 

of mutant p53 rescues the structure of the GA back to the normal condition (Fig. 15).  

These ultrastructural analyses demonstrate that mutant p53, via miR-30d, induces a structural 

alteration of the GA, described as an enhanced tubulo-vesiculation of the organelle. 

 

Fig. 15. Ultrastructural analysis of mutant p53/miR-30d-induced alteration of the Golgi apparatus.  

CLEM analyses of the Golgi apparatus in MCF-10A cells with overexpression of miR-30d or silencing of wild-type p53 and ectopic 

introduction of mutp53R280K concomitantly with decoy-miR-30d. Top: confocal super-resolution microscopy analysis of Golgi 

structure stained for GM-130 antigen; middle: electron tomography of the above samples; bottom: three-dimensional model of 

the Golgi stacks highlighted in the middle panels, showing the Golgi cisternae. Arrowheads indicate vesicular-tubular clusters in 

cells overexpressing miR-30d or mutp53R280K. 
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5.3. Functional outcomes of the mutant p53/HIF1α/miR-30d-induced alterations of the secretory 

pathway 

The results of the gene ontology clustering from the transcriptomic data derived from dy-30d-

expressing MDA-MB-231 cells (Fig. 13A) revealed an enrichment for differentially expressed genes 

involved in the regulation of the unfolded protein response and of protein secretion. These 

processes, coupled with alterations of proteasomal protein degradation, already shown to be 

regulated by mutant p53141, are in charge of regulating the secretory proteostasis. This term refers 

to an ensemble of pathways subtending the homeostatic regulation of protein levels throughout 

the secretory process, which could have major impact in miR-30d-regulated cancer-associated 

phenotypes. 

 

5.3.1. miR-30d expression controls the activation of the Unfolded Protein Response 

The evidence that the enlargement of the ER observed by immunofluorescence analysis of miR-

30d-overexpressing MCF-10A cells (Fig. 13B) has already been correlated with UPR activity164, and, 

coupled to the data obtained from transcriptomic analysis of MDA-MB-231 cells transduced with 

the dy-30d construct (Fig. 13A), which showed an enrichment cluster of differentially regulated 

genes correlated with the Unfolded Protein Response (UPR), led me to hypothesize that miR-30d 

levels could regulate the UPR activation upon ER stress induction.  

Fig. 16. miR-30d dampens the activation of the IRE1α/PERK branches of the UPR upon ER stress induction, while promoting the 

activation of ATF6 

Western blot analyses (n=3) showing the levels of UPR activation marks (p-IRE1α/IRE1α ratio, PERK phosphorylation, ATF6 

f/ATF6total ratio) upon ER stress induction by treatment with thapsigargin (Tg) or tunicamycin (Tun) in miR-30d-overexpressing 

MCF-10A cells. Hsp90 and tubulin (TUB) are shown as loading controls. Bar graphs are showing the quantification of the depicted 

Western blot band, accounting for the according normalizers. 
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To this aim, I performed Western blot analyses checking the ratio of phospho-IRE1α/IRE1α 

proteins, phospho-PERK and ATF6f/total ATF6 levels, as markers of UPR activation, in miR-30d-

overexpressing MCF-10A cells upon induction of ER stress through treatment with thapsigargin or 

tunicamycin. As shown (Fig. 16), both in basal conditions and particularly upon ER stress induction, 

miR-30d presence was able to strongly downregulate the amount of phosphorylated IRE1α and 

PERK, while at the same time promoting the increase of the cleaved active ATF6 nuclear fragment. 

Since IRE1α and PERK pathways represent the pro-apoptotic branches of the UPR homeostatic 

response, while ATF6, on the contrary, promotes cell survival, these data point to a novel role for 

miR-30d, which could be sustaining cancer cells viability upon ER stress induction, a condition 

typical of proliferating malignant cells.  

 

 

Fig. 17. Protein secretion is increased by the activity of the HIF1α/mutant p53/miR-30d axis 

A. Western blot analyses of secreted ss-GFP reporter in MDA-MB-231 silenced for mutant p53 and with ectopic reintroduction of 

miR-30d and in B. MCF-10A cells silenced for the endogenous wild-type p53, with ectopic overexpression of mutant p53 

concomitantly with transfection with the inhibitor of miR-30d. C. Autoradiography of secreted and intracellular radiolabeled 

protein from MDA-MB-231 cells either silenced for HIF1α or treated with cobalt chloride. All images are representative pictures of 

experiments conducted in triplicate; intracellular GFP (ss-GFP cells) is shown as normalizer of the secreted ss-GFP medium 

secreted reporter. p53 is shown as silencing control, Hsp90 as loading control. Intracellular amount of radiolabeled proteins is 

shown in the cell lysates autoradiography as normalizer for the amount of secreted proteins. Bar graphs are showing the average ± 

SEM of the normalized secreted proteins amount. *=p<0.05, **=p<0.01, unpaired Student’s T-test. BFA: brefeldin A treatment, 

used as a negative control of cell secretion. 
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5.3.2. The HIF1α/mutant p53/miR-30d axis promotes protein secretion 

Functional annotation of MDA-MB-231 dy-30d transcriptomic data (Fig. 13A) revealed an 

enrichment for a cluster of differentially regulated genes implied in protein secretion, a process 

which has been shown by several reports162,165 to be closely related to the GA morphology.  

Starting from the evidence that both mutant p53 and miR-30d induce, as shown (Fig. 15) a 

consistent vesiculo-tubulation of the Golgi apparatus, which has been previously described as an 

indicator of increased secretory rate in cells162,163, I wanted to evaluate the impact of the mutant 

p53/miR-30d molecular axis on the cell secretion. To this aim, I generated, similarly to what has 

been previously described in literature166, a reporter vector expressing a secreted form of the GFP 

protein, termed ssGFP, by cloning the signal sequence for the import in the ER derived from the 

rat FSHβ hormone at the N-terminus of GFP. 

As shown (Fig. 17A), silencing of mutp53R280K in MDA-MB-231 cells caused a reduction of the 

amount of secreted reporter, while the ectopic reintroduction of miR-30d rescued it back to the 

control level. Conversely, when mutp53 was ectopically overexpressed in MCF-10A cells, the 

amount of secreted GFP resulted increased, while inhibition of miR-30d in the same cells caused a 

significant reduction of the reporter secretion. (Fig. 17B).   

To evaluate whether also if HIF1α stabilization was able to produce similar outcomes, I performed 

pulse-chase experiments with metabolic S35 protein radiolabeling. As shown (Fig. 17C), silencing 

endogenous HIF1α protein by RNAi in MDA-MB-231 decreased the levels of protein secretion, 

while treatment with cobalt chloride, conversely, increased the amount of radiolabeled proteins 

present in the culture medium. 

Altogether, these results suggest that the mutp53/HIF1/miR-30d axis is able to stimulate protein 

secretion in cancer cells.  

 

5.3.3. mutant p53 induces an altered secretome through miR-30d 

In order to characterize which was the spectrum of modifications of the cell secretome induced by 

mutant p53 through miR-30d upregulation, a quantitative LC-MS/MS analyses of the secreted 

media from MDA-MB-231 cells either silenced for mutant p53R280K or with the ectopic 

reintroduction of miR-30d in the same conditions has been performed in collaboration with Jacek 

Wisniewski from the Max Planck Institute in Munich. 

To reduce intracellular contaminant proteins, and to retrieve only the specifically secreted ones, 

the data were filtered through an in silico pipeline previously described in literature167. Briefly, the 
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full list of proteins retrieved in the mass spectrometry experiments was used as input for the 

SignalP168 online tool, which predicts the presence of signal peptides and the location of their 

cleavage sites in proteins. The remaining negative hits were screened for annotation of the 

keyword signal in the UniProtKB database169, which indicates as well the presence of an annotated 

signal sequence in the protein. From these tools, 448 proteins resulted as containing the signal 

sequence for the entry in the ER, which is typical of classically secreted proteins. The remaining 

proteins were annotated via the GO cellular compartments terms170, and the ones which were 

included in the GO:0005576 – extracellular region term, that includes proteins present in the 

space external to the outermost structure of a cell, were enlisted as 555 non-classically secreted 

proteins of type I.  

From the left out proteins, I removed the ones enlisted in the GO:0005622 – intracellular gene 

ontology term, which includes the matter contained in, but not including, the plasma membrane, 

comprising the nucleus and the cytoplasm, and subjected the remaining ones to the SecretomeP 

web tool171, which produces ab initio predictions of non-classical i.e. not signal peptide triggered 

protein secretion. The method queries a large number of other feature prediction servers to 

obtain information on various post-translational and localization aspects of the protein, which are 

integrated into the final secretion prediction. The resulting 33 positive hits were grouped as non-

classically secreted proteins of type II. Altogether, in the mass spectrometry data, I reported a 

total of 1036 secreted proteins (Fig. 18A).  

At this point, I performed differential expression analysis of the secreted proteins, in order to 

evaluate if mutant p53 and miR-30d had a relevant impact on their amount, and, as shown (Fig. 

18B), mutant p53 significantly modulated the protein secretome of MDA-MB-231 cells, with both 

up- and down-regulation of a broad number of proteins; moreover, accordingly to the previous 

results, overexpression of miR-30d strongly reverted the effects of mutant p53 silencing. 

Additionally, I compared the analyzed secretome data with a previously published mutant p53-

dependent transcriptome and proteome obtained in the same cell line in previous work produced 

by the hosting laboratory157, revealing that only about the 30% (247 out of 815) of the proteins 

differentially secreted in relation to mutant p53 presence were also regulated at the transcript or 

protein levels upon mutant p53 knockdown (Fig. 18C). Even strongly, when comparing the 

secretome with the previously described miR-30d-depedent MDA-MB-231 transcriptome, only the 

11% (107 proteins out of 988) of hits were common among the two analyses. (Fig. 18D). These 

results indicate that the effect of the depicted molecular axis on protein secretion is probably only 
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partly due to changes in the expression or stability of the secreted proteins and support previously 

described evidences that, instead, the mutp53/mir-30d axis might directly impinge on the 

secretory machinery function.  

Interestingly, gene ontology clustering for GO biological processes terms using the DAVID 

bioinformatic platform172,173 (Fig.18E) shows an enrichment of differentially secreted factors 

related to cell adhesion, extracellular matrix organization, angiogenesis, positive regulation of cell 

proliferation and repression of apoptosis, which are all functions that could have relevant impact 

on cancer cell development and aggressiveness, suggesting a putative role for mutant p53/miR-

30d-dependent secretome in regulating oncogenic phenotypes in cancer cells. 

Fig. 18. Protein secretion is increased by the activity of the mutant p53/HIF1α/miR-30d molecular axis 

A. Schematic representation of the workflow resulting in the selected secreted proteins. B. Heatmap with hierarchical 

dendrogram clustering of filtered genes differentially secreted upon silencing of mutant p53 in MDA-MB-231 cells and with 

ectopic reintroduction of miR-30d. C. Venn diagram showing the overlap between mutant p53-dependent secretome, 

transcriptome and proteome from MDA-MB-231 cells. D. Venn diagram showing the overlap between miR-30d-dependent 

secretome and transcriptome in MDA-MB-231 cells. E. Gene ontology analysis for GO biological process terms using the mutant 

p53/miR-30d-dependent secretome as input list. Bars are showing gene cluster coverage, while numbers are the absolute 

protein number included in the enrichment cluster from the input secretome. All terms were significant (p<0.05) upon Fisher 

exact test with Benjamini-Hochberg correction. 
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5.4. The mutant p53/HIF1α/miR-30d axis exerts its effects on the secretory pathway through the 

downregulation of specific miR-30d targets 

5.4.1. The mutant p53/HIF1α/miR-30d axis downregulates DGKZ and VPS26B  

The effect of miR-30d in controlling the vesiculo-tubulation of the Golgi apparatus, together with 

the consequent increase in secretion, could depend on its post-transcriptional regulation on direct 

and indirect targets. To identify direct targets of miR-30d, based on the evidence that this 

microRNA is under the transcriptional control of mutp53 and HIF1α, I intersected the lists of 

regulated genes from mutant p53 silencing in a transcriptome published by the hosting 

laboratory157, from the silencing of HIF1α in a MDA-MB-231 transcriptome present in literature140 

and in the decoy-30d-dependent transcriptome described in the previous paragraphs, reporting a 

list of 118 genes which are commonly regulated by the three members of the mutant 

p53/HIF1α/miR-30d molecular axis. Furthermore, by filtering this list with the miR-30d targets 

Fig. 19. DGKZ and VPS26B are bona fide targets of the mutant p53/HIF1α/miR-30d molecular axis 

A. Venn diagram showing the overlap among genes regulated by mutant p53, HIF1α and miR-30d in the related transcriptomes, 

and successive filtering using the list of Targetscan predicted miR-30d targets. B. qRT-PCR experiments showing the expression 

levels of the putative miR-30d targets upon silencing of mutant p53 in MDA-MB-231 and ectopic reintroduction of miR-30d. Bars 

are showing the average ± SEM of three experiments normalized on the H3 expression levels; *=p<0.05, **=p<0.01, unpaired 

Student’s T-test. C-D. Bar graph showing the relative luciferase units of the reporter vectors for the predicted miR-30d targets 

normalized on the firefly luciferase levels in H1299 cells overexpressing miR-30d. Bars are showing average ± SEM of three 

experiments. E. Schematic representation of miR-30d and its pairing with the wild-type and mutated sequence of the miRNA-

responsive elements in the 3’UTR of DGKZ and VPS26B. F. Western blot showing the levels of DGKZ and VPS26B upon silencing of 

mutant p53 and concomitant expression of miR-30d in MDA-MB-231 cells. The image is representative of three experiments; p53 

levels are shown as silencing control, Hsp90 levels as loading control. G. qRT-PCR experiments showing the expression levels of 

DGKZ and VPS26B upon silencing of HIF1α either in normoxic or hypoxic condition, normalized to the H3 expression levels. Bars 

are showing the average ± SEM of three experiments; *=p<0.05, ***=p<0.001, unpaired Student’s T-test. 
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predicted by the bioinformatic tool TargetScan174, I annotated a list of ten miR-30d putative 

targets (Fig. 19A) which I proceeded to validate by qRT-PCR experiments in MDA-MB-231 silenced 

for mutant p53 and with ectopic reintroduction of miR-30d. As shown (Fig. 19B), among the ten 

selected genes, only five of them, namely AP2A1, DGKZ, IQCG, PPP3CB and VPS26B, showed 

increased levels upon mutant p53 silencing and rescue to control levels upon miR-30d 

reintroduction, and therefore I decided to proceed in the validation only with these five positive 

hits. 

To provide formal demonstration of miR-30d action on these putative targets, I cloned the 3’UTR 

of these genes downstream of the Renilla reniformis luciferase gene in a dual-luciferase reporter 

pSI-CHECK2 vector, and transfected these constructs in H1299 cells, a non-small cell lung cancer 

cell null for p53 gene, together with miR-30d. As depicted (Fig. 19C), regarding AP2A1, IQCG and 

PPP3CB, miR-30d expression was not able to downregulate the expression of the reporter for 

these genes, while DGKZ and VPS26B were strongly diminished upon miR-30d transfection. 

Furthermore, mutating the miRNA-30d-responsive element (Fig. 19D) in the 3’UTR of these genes 

completely abolished miR-30d-induced downregulation (Fig. 19E), confirming DGKZ and VPS26B as 

bona fide direct miR-30d targets. 

Concordantly, silencing of mutant p53 in MDA-MB-231 cells was able to upregulate the expression 

levels of these targets (Fig. 19F), whereas ectopic reintroduction of miR-30d brought back the 

levels of the proteins to the control ones. Analogously, while induction of hypoxia was able to 

downregulate the mRNA levels of both targets, contemporaneous silencing of HIF1α partially 

rescued their normal expression levels (Fig. 19G).  

Summarizing, DGKZ and VPS26B are strong candidates as directs targets of the depicted mutant 

p53/HIF1α/miR-30d molecular axis, and these data prompted to further investigation of their role 

as putative mediators of the effects of these factors on the secretory pathway. 

 

5.4.2. DGKZ and VPS26B downregulation mimics miR-30d effects on the secretory pathway 

structure and function    

After validating DGKZ and VPS26B as probable targets of the described molecular axis, I wanted to 

evaluate their relevance and connection to the protein secretion process.  

Giving the putative relation between these targets and the protein secretion pathway, they 

appeared as plausible mediators of miR-30d functions, and therefore I moved on to investigate if 

they could be mediating the depicted effects on the Golgi apparatus and on protein secretion. 
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To this aim, I performed immunofluorescence staining of the GA with anti-GM-130 antibody in 

MCF-10A cells silenced for either of the two targets, reporting a strong vesiculation of the Golgi 

apparatus very similar to the one described for miR-30d overexpression in the previous 

paragraphs (Fig. 20A).   

Additionally, silencing of DGKZ or VPS26B, either alone or in combination, resulted in a strong 

downregulation of the secretion of the ss-GFP reporter in MCF-10A cells (Fig. 20B). 

Together, these evidences confirm that downregulation of DGKZ and VPS26B is able to produce 

similar effects compared to miR-30d overexpression on the structure of the Golgi apparatus and 

on protein secretion in MCF-10A cells, and suggest that these two factors could play a role in the 

alterations of the morphology and functions of the secretory pathway induced by the mutant 

p53/HIF1α/miR-30d molecular axis. 

 

 

 

 

Fig. 20. Inhibition of DGKZ and VPS26B mediates the effect of the mutant p53/HIF1α/miR-30d molecular axis on the secretory 

pathway 

A. Immunofluorescence analysis of the Golgi apparatus (anti-GM130 staining) in MCF-10A cells silenced for either DGKZ or VPS26B, 

or with miR-30d overexpression. Bar graph is showing the percentage of cells with vesiculated Golgi as average ± SEM of 30 HPF; 

***=p<0.001, ****=p<0.0001, unpaired Student’s T-test. B. Western blot of secreted and intracellular ssGFP reporter levels in 

MCF-10A cells silenced for DGKZ and VPS26B, either alone or in combination. Hsp90 is shown as loading control, BFA: brefeldin A 

treatment, used as negative control of cell secretion. Bar graph is showing the quantification of the ratio for the ssGFP levels in the 

depicted Western blot experiment, accounting for the according normalizer. 
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6. Discussion 

The crosstalk between the cancer cells and the tumor microenvironment, comprising both its 

cellular and non-cellular components, is crucial for tumor growth, progression and metastasis. In 

fact, tumor cells actively reprogram the components of the related stroma, including activation of 

the cancer-associated fibroblasts (CAFs)175, increased formation of blood vessels176, recruitment of 

infiltrating immune cells177 and increased ECM deposition and remodeling178. In this complex 

ecosystem, the interplay with the tumor microenvironment is exerted by the cancer cells both out 

of direct contact with the stromal cells, acting via membrane factors, and by indirect influence, 

through the release of secreted factors. Therefore, understanding the regulation of the secretory 

pathway and the consequent impact on the cell secretome appears pivotal for unveiling the 

communication network established within the tumor microenvironment. 

In this thesis, I demonstrated that missense mutant forms of p53 induce structural and functional 

alterations of the morphology of the secretory pathway organelles via transcriptional induction of 

miR-30d, leading to enhanced secretory trafficking and release of a promalignant secretome that, 

in turn, might impact on the tumor microenvironment. 

microRNA-30d is a member of the miR-30 family, which in humans comprises six members, 

namely miR-30a, -30b, -30c1, -30c2, -30d and -30e, sharing a common seed sequence, but 

harboring different regulatory flanking elements, allowing them to target different genes.  

Regarding their function in cancer, miR-30 family members have been shown to display both 

oncosuppressive and oncogenic roles. In fact, miR-30a has been reported to inhibit the growth of 

renal cell carcinoma179, medulloblastoma180 and cervical cancer cells181, while miR-30e is able to 

dampen the proliferation of breast cancer cells182. Similarly, miR-30c1 and miR-30c2 block the 

proliferation of osteosarcoma183 and glioblastoma cells184. Conversely, contrasting evidences have 

been reported for miR-30b, showing both oncosuppressive185 and oncogenic186 roles in different 

cellular contexts. 

Nevertheless, miR-30d gene has been reported to be frequently amplified and overexpressed in 

different types of tumors187, and its expression has been clearly associated with aggressive 

neoplastic features in a broad range of contexts, including breast cancer, in which it promotes 

invasion and migration of cancer cells145, and prostate cancer, where it favors neoangiogenesis 

and tumor growth149. Moreover, miR-30d has been shown to be secreted by various cell types, 

and to mediate different non cell-autonomous phenotypes both in physiological188,189 and in 

pathological processes190–192. Nevertheless, evidences regarding the cell-autonomous role of miR-
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30d in controlling the communication with the tumor microenvironment are still lacking in 

literature.  

The results reported in this thesis suggest that mutp53 regulates miR-30d expression at a 

transcriptional level, since both pre- and pri-miR-30d appear to be regulated. Thus, given the fact 

that mutant p53s are not able to bind directly the DNA as their wild-type counterpart, the 

identification of an interactor that could act as a transcriptional regulator for miR-30d expression 

appeared pivotal. As reported, mutant p53 is able to interact with HIF1α, both in normoxic and 

hypoxic conditions, and its binding to lnc-30d/miR-30d promoter is dependent on HIF1α presence. 

Of note, the hypoxia-inducible factors HIF1α and HIF2α are able to promote the transcription of 

miR-30d also in non-mutant p53 hypoxic contexts150, pointing to a putative role for the 

downstream effects of miR-30d in the regulation of the hypoxic stress responses. Therefore, 

microRNA-30d, downstream of the oncogenic action of mutant p53 exerted through the 

interaction with HIF1α, regulates the secretory pathway morphology and functions, putatively 

promoting cancer aggressive phenotypes.  

In physiological contexts, increased secretion is linked to structural adaptations of the trafficking 

hubs, including enlargement of the ER193 and tubulo-vesiculation of the Golgi apparatus163; 

therefore, it is conceivable that oncogenes may hijack these programs in order to enhance pro-

malignant secretion in cancer cells. Accordingly, expansion of the Golgi network has been 

observed in cancer cell lines with high tumorigenic potential194,195, and upregulation of an ER-Golgi 

trafficking signature has been shown to correlate with breast cancer metastasis196. 

Nevertheless, while it is widely accepted that alterations in the unfolded protein response 

activation197–199 and in the Golgi apparatus morphology and secretory function are linked to cancer 

progression67,200,201, little is known about the role of mutant p53 in the direct modulation of the 

secretory proteostasis. In fact, a compelling amount of works point to a central role of missense 

mutant forms of p53 in regulating the crosstalk between cancer cells and the surrounding stroma, 

but until now these phenotypes have been shown to be exerted through transcriptional regulation 

of genes encoding for secreted proteins202–204. 

Recent evidences, published in literature by our group142 and by others205, showed that missense 

p53 mutants are able to regulate the unfolded protein response, both by promoting the levels of 

the UDPase ENTPD5, which favors the folding of N-glycosilated proteins, and by shifting the 

balance between the UPR branches, dampening the activity of IRE1α and PERK, simultaneously 

promoting ATF6 activation, ultimately resulting in increased cancer cell survival.  
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Interestingly, preliminary evidences reported in this thesis show that miR-30d is able to produce a 

similar modulation of the UPR, dampening the pro-apoptotic IRE1α and PERK response and 

promoting the activation of ATF6 mediated prosurvival pathway. Altogether, these data suggest a 

novel way for mutant p53 to promote cell survival under ER stress conditions, which are typical of 

many solid cancers during development and outgrowth. 

Interestingly, miR-30d, together with miR-30b, has been reported to target and downregulate the 

Golgi-resident GalNAc transferase enzyme GALNT7 in melanoma, indirectly promoting invasion 

and metastasis of cancer cells146, and to downregulate the levels of BiP/GRP78, one of the key 

regulators of the ER unfolded protein response, in prostate cancer cells206; these data support our 

evidences that identify miR-30d as a regulator of the secretory pathway homeostasis. 

Additionally, I discovered that the mutant p53/miR-30d axis is able to perturb the structure of the 

Golgi apparatus, promoting the formation of tubular continuities across the Golgi cisternae, 

resulting in rapid diffusion of soluble cargos and increased protein secretion. 

Indeed, the expression of microRNA-30d is linked to major structural alterations of the secretory 

pathway components, resulting in an enlargement of the endoplasmic reticulum, an increase in 

number of both the COP-I and COP-II vesicles, a stabilization of the microtubules and a vesiculo-

tubulation of the Golgi apparatus. Moreover, these morphologic alterations are linked to 

functional modifications of the related processes, comprising an aberrant UPR activation and an 

enhancement of general cell protein secretion.  

Indeed, HIF1α activity has been widely linked to unfolded protein response modulation207,208 and 

to the secretory pathway trafficking209,210, further corroborating the notion that the mutant 

p53/HIF1α/miR-30d axis could play a central role in the regulation of the secretory proteostasis in 

cancer cells. Notably, activated HIF1α can induce miR-30d even in the absence of mutant p53, 

implying that hypoxia and other stimuli able to promote the levels of this factor might modify the 

secretory proteostasis via miR-30d induction even in non-mutant p53 contexts.  

Interestingly, the data presented in this thesis show that the mutant p53/miR-30d axis fosters 

general protein secretion from cancer cells. In fact, when comparing the MDA-MB-231 cell 

secretome regulated by this axis to the transcriptomics and proteomics analysis previously 

published from our laboratory211, we found that the majority of the secreted proteins did not 

appear to be regulated nor at the transcript nor at the intracellular protein levels, suggesting that 

the main action of the depicted molecular axis is exerted through a direct regulation on the 

protein secretion machinery. 
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Mechanistically, I demonstrated that miR-30d affects the Golgi structure via direct downregulation 

of two of its targets, DGKZ and VPS26B.  

DGKZ is a kinase that acts as a negative regulator of diacylglycerol (DAG) in cell membranes; DAG 

impacts on the secretory proteostasis at multiple levels, promoting Golgi apparatus tubulo-

vesiculation212,213 and facilitating vesicular transport and secretion214–216; of note, a previously 

published high-throughput RNAi screening reported a fragmentation of the Golgi apparatus upon 

knockdown of the DGKZ expression217, corroborating the evidences presented in this thesis work. 

VPS26B, instead, is a member of the retromer complex, which is deputed to the backtrafficking of 

trans-plasmamembrane receptors to the endosomal compartment and to the retrograde 

transport from the endosomes to the trans-Golgi network218, putatively remodeling endosomal 

membranes generating tubulo-vesicular structures219, possibly cooperating in the modulation of 

the Golgi apparatus morphology. 

In addition to these direct targets, looking at the miR-30d dependent transcriptomic profile we 

found that miR-30d enhances the expression of key components of the ER-Golgi vesicular 

trafficking machinery  and reduced the expression of negative regulators of ER-Golgi trafficking 

and kinesin-mediated retrograde transport. Moreover, miR-30d induced the expression of genes 

involved in ER-related transport and folding and reduced the expression of genes involved in the 

ER stress program. 

Therefore, the selected direct miR-30d targets, together with the indirect ones, point to a 

consistent regulation of the secretory pathway structures and functions by the described 

molecular axis. 

Nevertheless, the functional relevance of the enhanced secretion and whether the mut-p53/miR-

30d secretome impacts on the properties and activities of the tumor microenvironment needs to 

be better clarified. Interestingly, gene ontology analysis of the differentially secreted factors 

reported in the mutant p53/miR-30d-dependent secretome, unveiled that most of the described 

proteins are related to the extracellular matrix composition and remodeling, suggesting that the 

final outcome of these regulations could be tightly linked to cancer cell invasion, migration and 

metastatic spreading.  

This work therefore unveils a novel mechanism by which cancer cell could regulate the secretory 

proteostasis and offers several targets for potential therapeutic intervention. 

Indeed, the available strategies include the interference with mutant p53 gain of function, either 

through inhibition of its stabilization, via statin137 or HSP90 inhibitors220 treatment, or through 
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other mutant p53 inhibitors, such as PRIMA-1Met/APR-246221. Additionally, molecules 

downregulating HIF1α levels, such as paclitaxel or methoxyestradiol222,223, could have a relevant 

use in  the blockade of this axis. Moreover, the direct inhibition of miR-30d by the use of antisense 

oligonucleotides or miRNA decoys, together with the protection of the mRNAs of the selected 

targets via modified interfering oligonucleotides, could constitute a further step in effective 

therapeutical strategies. 

Lastly, the functional outcome of miR-30d action could constitute an ensemble of druggable 

processes, through the use of molecules modulating the outcome of the UPR response224, via the 

use of secretion inhibitors66 and by the development of Golgi apparatus recompacting drugs, 

which development is still in the early phases225. 
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7. Materials and methods 

7.1. Cell cultures 

7.1.1. Cell lines 

MDA-MB-231, HEK-293T and HEK-293GP cells were cultured in DMEM medium (Lonza) 

supplemented with 10% FBS (Fetal Bovine Serum, Lonza). H1299 cells were cultured in RPMI 

(Lonza) medium supplemented with 10% FBS. MCF-10A cells were maintained in DMEM/Ham’s 

F12 medium (Lonza) in a 1:1 ratio, supplemented with 5% HS (Horse Serum, Lonza), insulin (10 

μg/ml, Sigma-Aldrich), hydrocortisone (0.5 μg/ml, Sigma-Aldrich) and Epidermal Growth Factor 

(EGF, 20 ng/ml, Peprotech). All media were supplemented with penicillin and streptomycin (100 

IU/mL each, Lonza). All the cells described were maintained in a 37°C, 5% CO2 incubator. 

Hypoxic conditions were obtained treating cells with 150μM CoCl2 (Sigma-Aldrich) for 24h. 

 

7.1.2. Stably transduced cell lines 

MDA-MB-231 cells with stable inhibition of miR-30d were obtained by lentiviral transduction with 

TWEEN-3’UTR-EGFP empty, that was used as a negative control, and with the decoy-miR-30d 

construct. The TWEEN-3’UTR-EGFP empty was kindly provided by R. De Maria, and the decoy-miR-

30d  was cloned as previously described158. 

MCF-10A cells silenced for endogenous wild-type p53 and overexpressing the mutp53R175H, 

mutp53R273H and mutp53R280K forms were obtained by retroviral transduction with pRS-shp53 and 

the matching pRS-empty control vector, kindly provided by R. Agami, and either pMSCV-empty, 

pMSCV-mutp53R175H, pMSCV-mutp53R273H or pMSCV-mut p53R280K vector, obtained by site-directed 

mutagenesis from the pMSCV-wild-type-p53 vector.  

MCF-10A cells cells silenced for endogenous wild-type p53 and overexpressing the mutp53R175H, 

mutp53R273H and mutp53R280K forms, together with the TWEEN-3’UTR-EGFP or decoy-30d vector, 

were obtained from the previously described cells, via lentiviral transduction of the inhibitory 

construct for miR-30d and its relative control vector as described for MDA-MB-231.  

MCF-10A cells overexpressing miR-30d were obtained by retroviral transduction with pRS-Blast 

and miR-Vec-30d, kindly provided by R. Agami. 

Infected cell populations were selected using puromycin (Sigma-Aldrich) and/or blasticidin 

(InvivoGen), 2μg/mL each, for at least one week. 

 

 



 
 

44 
 

7.1.3. Transfection 

Cells were transfected when the culture reached 50-80% confluence level. For DNA transfections, 

the appropriate amount of DNA, depending on the total surface of the culture vessel, was used 

together with Lipofectamine 2000 or LTX transfection reagents, following manufacturer’s 

instructions; for siRNA/miRNA mimic/miRNA inhibitor transfections, cells were transfected with 

40nM siRNA oligonucleotides (Eurofins Genomics), 3nM miRNA mimic (Ambion) or 20nM miRNA 

inhibitor (Dharmacon) together with Lipofectamine RNAiMax (Invitrogen) following 

manufacturer’s instructions; as a negative control, the Qiagen AllStars Negative Control siRNA was 

used. The sequences of these oligonucleotides are the following: 

Oligonucleotide Sequence Manufacturer 

control siRNA Unknown 
Qiagen AllStars Negative 

Control siRNA (Qiagen) 

control miRNA 

inhibitor 
miRIDIAN inhibitor - Unknown Dharmacon 

miR-30d inhibitor miRIDIAN inhibitor - Unknown Dharmacon 

miR-30d mimic Unknown Ambion 

sip53 GACUCCAGUGGUAAUCUAC Eurofins MWG 

siHIF1α AGGAAGAACUAUGAACAUA Eurofins MWG 

siDGKZ GAGGAACGACUUCUGUAAG Eurofins MWG 

siVPS26B GAAGUUCUCUGUGCGCUAU Eurofins MWG 

For retrovirus production, low-confluence HEK-293GP packaging cells were transfected using 

calcium phosphate with the appropriate plasmids in combination with the pMD2.G packaging 

vector. For lentivirus production, low-confluence HEK-293T packaging cells were transfected using 

calcium phosphate with the appropriate plasmids in combination with the pMD2.G and ps-PAX2 

packaging vectors. After 48–72 h the virus-containing medium was collected and filtered with 0.45 

µM syringe filter to remove cellular debris and was added to the target cells. 

 

7.2. Protein analyses 

7.2.1. Protein extraction 

Total cell extracts were lysed with Lysis Buffer (50mM Tris-HCl pH 7.5, 300mM NaCl, NP-40 1%, 

EDTA 1mM, all from Sigma-Aldrich) supplemented with PMSF 1 mM (Sigma-Aldrich), NaF 5mM 

(Sigma-Aldrich), Na3VO4 1mM (Sigma-Aldrich), 10 μg/ml CLAP (Sigma-Aldrich). Cells were then 
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centrifuged at 10000 rpm for 10 minutes at 4°C. Protein concentration was determined with Bio-

Rad Protein Assay Reagent (Bio-Rad). Samples obtained were denatured in Laemmli Sample Buffer 

2x or 6x. For the recovery of secreted proteins, 1 ml of CM was precipitated by addition of 100% 

Trichloroacetic acid (TCA, Sigma-Aldrich) to a final concentration of 10% and incubation at 4°C 

overnight. The following day, the samples were centrifuged at 13200 rpm for 15 min at 4°C. Pellets 

were resuspended in 0.4 ml 100% chilled acetone by vortexing, and protein precipitates were 

recovered by centrifugation at 13200 rpm for 10 min at 4°C and air-dried at room temperature for 

approximately 30 min. Finally, pellets were dissolved in Laemmli Sample Buffer 2x. All the samples 

were denatured by heating at 95°C for 5 min. For brefeldin-A (BFA) treatment, 2.5 g/ml of BFA 

was added to the medium during all phases of the experiments 

 

7.2.2. Western blot 

Lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes (Amersham). 

Blocking was performed in Blotto-tween (PBS, 0.2% Tween-20, not fat dry milk 5%, all from Sigma-

Aldrich) or with TBST-milk (0.2% Tween-20, Tris/HCl 25mM pH 7.5, plus 5% not fat dry milk, all 

from Sigma-Aldrich) depending on the antibody. Anti-mouse and anti-rabbit HRPO-conjugated 

(Sigma-Aldrich) were used as secondary antibodies. Membranes were analyzed by 

chemiluminescence using ECL™ Western Blotting Reagents (Amersham) or LiteAblot Extend Long 

Lasting Chemiluminescent Substrate (EuroClone). The following primary antibody were used: 

Target Antibody 

α-tubulin T5168 (Sigma-Aldrich) 

ATF6 ab122897 (Abcam) 

β-actin a9718 (Sigma-Aldrich) 

DGKZ HPA051336 (Sigma-Aldrich) 

GFP Home-made produced rabbit polyclonal 

HIF1α (D2U3T) #14179 (Cell Signaling Technologies) 

Hsp90 (HSP90 α/β, F-8) sc-13119 (Santa Cruz) 

IRE1α #3294 (Cell Signaling Technologies) 

PERK #3192 (Cell Signaling Technologies) 

phospho-IRE1α (S724) ab48187 (Abcam) 

p53 (DO-1) sc-129 (Santa Cruz) 
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p53 (FL-393) sc-6243 (Santa Cruz) 

Anti-mouse and anti-rabbit HRPO-conjugated (Sigma-Aldrich) antibodies were used as secondary 

antibodies for Western blot.  Bands were quantified by densitometry of autoradiographic films 

using FIJI software226. 

 

7.2.3. Metabolic protein labeling 

Cells were cultured in DMEM without L-methionine and L-cysteine for 3 h and then pulsed with 

25Ci/ml of 35S methionine and cysteine (EasyTag™ EXPRESS35S Protein Labeling Mix Perkin 

Elmer) for 1 h. The chase was performed in DMEM containing 0.25M L-methionine and 0.25M L-

cysteine. For brefeldin-A (BFA) treatment, 2.5 g/ml of BFA was added to the medium during all 

phases of the experiments. Medium and cell lysates were collected as described below and 

analyzed by SDS-PAGE followed by autoradiography. Lanes were quantified calculating the 

densitometry of autoradiographic film by the FIJI software226, and normalized to the intracellular 

counterpart.  

 

7.2.4. Secretome analysis 

CM was collected as above, treated with 2% SDS and 0.05 M DTT in 0.1 M Tris-HCl and boiled for 5 

min. Total protein concentration in the lysates and the peptide contents in the digests (see below) 

were assayed using a tryptophan fluorescence based WF-assay in microtiter plate format227. The 

lysates were processed using the MED FASP method with modifications as described228. Briefly, 

proteins were first cleaved overnight by endoproteinase LysC, and subsequently digested with 

trypsin (enzyme to protein ratio 1:50) for 2 h. Aliquots containing 5 µg total peptide were 

concentrated to a volume of ~5 µL and stored at -20°C. Analysis of peptide mixtures were 

performed using a QExactive HF mass spectrometer (Thermo-Fisher). Aliquots containing 2 g 

total peptide were chromatographed on a 50 cm column with 75 µm inner diameter packed C18 

material (Dr. Maisch GmbH). Peptide separation was carried out at 300 nL/min for 45 min using a 

two-step acetonitrile gradient 5-40% over the first 35 min and 40-95% for the following 10 min. 

The temperature of the column oven was 55 C. The mass spectrometer operated in data-

dependent mode with survey scans acquired at a resolution of 50 000 at m/z 400 (transient time 

256 ms). Top 15 most abundant isotope patterns with charge ≥ +2 from the survey scan (300-1650 

m/z) were selected with an isolation window of 1.6 m/z and fragmented by HCD with normalized 

collision energies of 25. The maximum ion injection times for the survey scan and the MS/MS 
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scans were 20 and 60 ms, respectively. The ion target value for MS1 and MS2 scan modes was set 

to 3×106 and 105, respectively. The dynamic exclusion was 25 s and 10 ppm. Spectra were 

searched using MaxQuant software.  

 

7.2.5. Imaging 

Immunofluorescence staining was performed as previously described137. Briefly, cells were fixed in 

4% paraformaldehyde for 10 min, washed in PBS, permeabilized with Triton 0.1% for 10 min and 

blocked in FBS 3% in PBS for 30 min. Antigen recognition was performed by incubating primary 

antibody for 1 h at 37°C and with secondary antibody for 30 min at 37°C (goat anti-mouse, and 

goat anti-rabbit Alexa Fluor 488, 568, 647, Life Technologies). Nuclei were counterstained with 

Hoechst 33342 (Life Technologies).  

Golgi morphology was analyzed on ~300 cells for each condition/experiment. To quantify the 

numbers of Golgi stacks, cells were immunostained with an anti-GM130 antibody and imaged by 

LSM510 Meta (Zeiss) confocal microscope. CLEM analysis was performed as described161,229. The 

following primary antibodies were used: 

Target Antibody 

α-tubulin T5168 (Sigma-Aldrich) 

β-COP CSB-PA005783LA01HU (Cusabio) 

CD-63 (H-193) sc-15363 (Santa Cruz) 

GM-130 610822 (BD) 

PDIA5 (RL-90) ab2792 (Abcam) 

SEC24A CSB-PA020950GA01HU (Cusabio) 

 

7.3. Nucleic acids analyses 

7.3.1. Plasmids 

Plasmids pRS-shp53 and pRS vectors were kindly provided by R. Agami. miR-Vec constructs were 

part of the miR-Lib, provided in collaboration by R. Agami230.  

pLPC-ssGFP was obtained fusing the rat FSHb signal peptide upstream of the eGFP gene in the 

pLPC construct, as previously described166. 

psiCHECK2 3’UTR reporter constructs were obtained by cloning each 3’UTR into the psiCHECK2 

(Promega) plasmid, downstream of the Renilla reniformis luciferase gene, between NotI and XhoI 

restriction sites. The psiCHECK2 vector also expresses Photinus pyralis luciferase, which is used to 
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normalize for the efficiency of plasmid transfection. The 3’UTRs sequences of AP2A1, DGKZ, IQCG, 

PPP3CB were obtained from Ensembl231 and UCSC155 databases and amplified from MDA-MB-231 

genomic DNA with AccuPrime™ Taq DNA Polymerase High Fidelity (Invitrogen), following 

manufacturer’s instructions. psiCHECK2-VPS26B-3’UTR was purchased from GenScript. In the 

psiCHECK2-DGKZ-3’UTR and psiCHECK2-VPS26B-3’UTR reporters the miR-30d putative binding 

sites were mutated by using Quick change II XL Site-Directed Mutagenesis kit (Stratagene), 

following manufacturer’s instructions.  

The lentiviral vector pTWEEN-3’UTR-EGFP empty was kindly provided by R. De Maria, and the miR-

30d decoy was cloned as described158. p53 overexpressing constructs pMSCV-empty, pMSCV-mut 

p53R175H, pMSCV-mut p53R273H and pMSCV-mut p53R280K were previously described141. 

The primers used for the production of these vectors are the following: 

Gene target Sequence Direction 

PPP3CB 3'UTR CATCATGACGTCCCCACTACTTCCCAGG FW 

PPP3CB 3'UTR CATCATCATATGTGCAATTATCACTAATATTTTTCTTATTGT RV 

DGKZ 3'UTR CATCATGACGTCACGAGCGCCTTCC FW 

DGKZ 3'UTR CATCATCATATGAAAGAAAAAAAAATCCACTTTACTGAG RV 

AP2A1 3'UTR CATCATGACGTCCCCTGGACTCTGCC FW 

AP2A1 3'UTR CATCATCATATGTAGCGTCTCTCTGTTTATTCG RV 

IQCG 3'UTR CATCATGACGTCCCAAGTTCCTTGTGTTCTG FW 

IQCG 3'UTR CATCATCATATGATGGTTTACAGCTTTCGTTTTAT RV 

DGKZ 3’UTR mut TTTACTGAGTCACACCCAGCTGACCGGTTGTCACCGTGAG

AGTCCCGCCC 

FW 

DGKZ 3’UTR mut GGGCGGGACTCTCACGGTGACAACCGGTCAGCTGGGTGT

GACTCAGTAAA 

RV 

VPS26B 3’UTR mut GCCATTGAAAAGATGACACATTAAGAAACATGACCGGTCT

GCAGCTGCTTAATTACAAGTTGCACTGCTT 

FW 

VPS26B 3’UTR mut AAGCAGTGCAACTTGTAATTAAGCAGCTGCAGACCGGTCA

TGTTTCTTAATGTGTCATCTTTTCAATGGC 

RV 

Annealing of the 

rat FSHbeta ss 

AGCTTATGATGAAGTCGATCCAGCTTTGCATCCTACTCTGG

TGCTTGAGAGCAGTCTGCTGCCAT 

UP 

Annealing of the GATCCATGGCAGCAGACTGCTCTCAAGCACCAGAGTAGGA DW 
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rat FSHbeta ss TGCAAAGCTGGATCGACTTCATCAT 

eGFP CATCATGGATCCGTGAGCAAGGGCGAG FW 

eGFP CATCATGAATTCTACTTGTACAGCTCGTCCA RV 

decoy-30d TCGAGCTTCCAGTCGGGGATGTTTACAAGAGAACTTAGAG

AACTTCTTCCAGTCGGGGATGTTTACAT 

UP 

decoy-30d TAGATGTAAACATCCCCGACTGGAAGAAGTTCTCTAAGTT

CTCTTGTAAACATCCCCGACTGGAAGC 

DW 

 

7.3.2. Chromatin immunoprecipitation 

Chromatin immunoprecipitation was performed as previously described141. Chromatin was 

immunoprecipitated with the p53 FL-393 (sc-6243, Santa Cruz Biotechnology) antibody. IgGs 

purified from rabbit serum were used as negative control (Santa Cruz Biotechnology). Co-

immunoprecipitated DNA was analyzed by real-time PCR. Promoter occupancy was calculated as 

percent of input chromatin immunoprecipitated using the 2-ΔCt method. The primers used are the 

following: 

Gene target Sequence Direction 

MIR30D ChIP Binding TATCTTGACACTTGAAGGCCCC FW 

MIR30D ChIP Binding GCCTTGGCTGCCTGTGATA RV 

Non-specific region CAACCAAAGCCCATGTCCTC FW 

Non-specific region AGGCACGCTACAGGGCTTC RV 

 

7.3.3. RNA extraction and qRT-PCR 

Cells were harvested in Qiazol lysis reagent (Qiagen) for total RNA extraction, and contaminant 

DNA was removed by DNAse treatment. qRT-PCR analyses were carried out on cDNAs 

retrotranscribed with Quantitect reverse transcription kit (Qiagen), and analyzed genes were 

amplified using SsoAdvancedTMSYBR® Green Master Mix (Biorad) on a CFX96™ Real-Time PCR 

System (Biorad). For miRNAs and the housekeeping control genes RNU6B and SNORD25 small 

nuclear RNA, 0.5 μg of total RNA were retrotranscribed and amplified with miScript PCR System 

(Qiagen) following manufacturer’s instructions. The data were analyzed with the Biorad CFX 

Manager software. Experiments were performed at least three times, and each sample is the 

average of a technical duplicate. The quantification is based on the 2-ΔΔCt method using the 

proper housekeeping gene levels as normalization reference. 
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The primers used are the following: 

qPCR primers miRNAs 

Gene target Accession number 

miScript Primer 

Assay Catalog 

Number (Qiagen) 

SNORD25 NR_002565.1 MS00014007 

RNU6B NR_004394.1 MS00014000 

hsa-miR-30d MI0000255 MS00009387 

hsa-pre-miR-30d MI0000255 MP00001848 

qPCR primers mRNAs 

Gene target Primer sequence Direction 

AP2A1 TCATCTCCGACATCCGGAAC FW 

AP2A1 TCCAAGGCTTTGTCTCCTTTGA REV 

ARID5B CACCTTTGACCACCCGACTC FW 

ARID5B ATTTCACCTTGGCAACGGCT REV 

ARL4C GAAACGCAGGAAGTCCCTCA FW 

ARL4C TTGGTTCGCTCTTTGTTCGC REV 

DGKZ AGCAGTACTGTGTAGCCAGGAT FW 

DGKZ CACGGAAGGACGGCTTACAG REV 

GBP2 CTGCACAGGGACAGTGAGAG FW 

GBP2 AGTCATCTCGCCTTGCTTCC REV 

IQCG CGAACTCACTGAGCTGGAAGT FW 

IQCG AGTCTTCCAGGCTGTCTTCTTC REV 

ITSN1 GGTCCACTGCAGAAAAAGGTC FW 

ITSN1 GGGTTCTCCAGTTTGGCTTTC REV 

lnc-30d  FW 

lnc-30d  REV 

MSI2 AGCAAGAGGATCAGGCTCCA FW 

MSI2 GCCGTTGCAATCAAAGGTCC REV 

PPP3CB CTCTGTTCTCAGGGAGGAGAGT FW 

PPP3CB TCAGCCTCAATAGCCTCAACTG REV 
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VPS26B TTGGGATTGAGGACTGTCTGC FW 

VPS26B TTCTCATGGTACACGTTGGGG REV 

Actin CGCCGCCAGCTCACCATG FW 

Actin CACGATGGAGGGGAAGACGG REV 

H3 GAAGAAACCTCATCGTTACAGGCCTGGT FW 

H3 CTGCAAAGCACCAATAGCTGCACTCTGGAA REV 

 

7.3.4. Luciferase reporter assays 

H1299 cells were seeded in 60 mm dishes and transfected with 2 µg of psiCHECK2 3’UTR reporter 

vectors. After 24 h the cells were splitted in 2 wells of a 24-well plate, and transfected either with 

3nM of miR-30d-mimic or with miR-Negative Control. 6h after transfection, medium was changed 

and 18h later luciferase activity was measured using the Dual-Luciferase® Reporter Assay System 

(Promega) on a Promega luminometer. Relative Luciferase Units (RLU) were calculated by 

normalizing the luciferase units measured for the Renilla reniformis luciferase on the luciferase 

units of the Photinus phyralis luciferase in each sample. 

 

7.4. Omic data generation and analyses 

7.4.1. Microarray data generation and analysis 

For microarray analysis of genes regulated by miR-30d, total RNA (2 µg) was isolated from MDA-

MB-231 cells expressing miR-30d decoy or control vector. For each experimental condition, three 

biological replicates were prepared and processed in parallel. RNA concentration, quality and 

purity were determined using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies 

Inc.). Synthesis of cDNA and biotinylated cRNA (from 500 ng total RNA) was performed using the 

Illumina TotalPrep RNA Amplification Kit (Ambion), according to the manufacturer’s protocol. 

Quality assessment and quantification of total RNA and cRNAs were performed with Agilent RNA 

kits on a Bioanalyzer 2100 System (Agilent). Hybridization of cRNAs (750 ng) was carried out using 

Illumina Human 48K gene chips (Human HT-12 v4 Expression BeadChip). Array chip washing was 

performed in High Temp Wash Buffer (Illumina) at 55°C for 10 min, followed by staining using 

streptavidin-Cy3 dyes (Amersham Biosciences). Hybridized arrays were stained and scanned in a 

BeadStation 500 System (Illumina). GenomeStudio Data Analysis Software’s Gene Expression 

Module (GSGX) Version 1.9 was used and cubic spline normalization was applied to the data. The 

average signal was used for performing the analysis ("AVG_Signal") using limma in the 
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Bioconductor suite232. Differentially expressed genes were identified using Significance Analysis of 

Microarray algorithm coded in the samr R package233, estimating the percentage of false-positive 

predictions (FDR).  

 

7.4.2. Gene ontology analysis of the secreted proteins 

For the secretome analysis, the differentially secreted proteins were identified performing t-test 

analysis of calculated LFQ-values. Then, starting the list of 1036 putative secreted proteins, was 

filtered including differentially secreted proteins with a Benjamini-Hochberg adjusted p-value 

≤0.05 in cells depleted of mutant p53 compared to control cells. These proteins were further 

filtered comparing the obtained list of mut-p53 regulated proteins with the proteins whose basal 

secretion is restored by miR-30d reintroduction. The heatmap was produced with and ggplot2 

package for R, from the Bioconductor suite234. 

 

7.4.3. Selection of microRNA-30d putative targets 

RNA sequencing data from MDA-MB-231 cells with siRNA of mut-p53 were obtained from the GEO 

dataset GSE682481141, from where we selected differentially expressed genes as those with a 

reported Benjamini-Hochberg adjusted p-value ≤0.05. Microarray data from MDA-MB-231 cells 

with shRNA depletion of HIF1α were obtained from the GEO dataset GSE339502140, we selected as 

differentially expressed genes the ones with a False Discovery Rate (FDR) ≤0.05. Microarray data 

from MDA-MB-231 cells with functional inhibition of miR-30d function were obtained (see above), 

and we selected as differentially expressed genes the ones with a Benjamini-Hochberg adjusted p-

value ≤0.05. Intersecting the lists of upregulated genes using Venny235, 112 genes that were 

upregulated by mutant p53 depletion, HIF1α depletion, or miR-30d functional inhibition were 

obtained. This list was then intersected with the 1569 genes that are predicted as miR-30d targets 

by TargetScan174 obtaining the 10 genes shown. 
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