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SUMMARY 

 

Human pluripotent stem cells represent a model to study early embryonic stages 

in vitro. Pluripotent stem cells are characterized by the ability to proliferate 

continuously and to differentiate in all cells and tissues composing the human body. 

Pluripotent stem cells, are not only a potentially unlimited source of any desired cell, 

but represent also a powerful tool to recapitulate in vitro early embryogenesis.  

In vitro, two stages of pluripotent stem cells have been isolated, named naïve 

and primed states. The first represents a more primitive stage, and is linked to the 

pre-implantation stage of the embryo, while the latter is linked to the post-

implantation stage. Differences between the two stages are important to be examined 

because may shed light on mechanisms underlying embryo implantation failures.  

Moreover, in vitro, pluripotency can be acquired by somatic cells thanks to cell 

reprogramming. This technique radically rewrites cell expression program and 

represents a revolutionizing tool for patient-specific therapies because gives access 

to a patient-specific unlimited source of any required cell type. Among different 

reprogramming strategies, the use of microfluidic platforms represents a boost for 

cell reprogramming, allowing cost-effective and high-efficiency experiments, but the 

reasons behind this increase in efficiency have not been uncovered yet. 

Indeed, the outcome of a revolution in cell expression program similar to the 

one occurring in cell reprogramming is diagnosed every day in hospitals, under the 

name of cancer. In fact, at the basis of cancer onset there are abnormal gene mutations 

that allow the de-differentiation of somatic cells and the re-acquisition of stem-like 

features such as proliferation and motility. Cells that undergo this process are named 

cancer stem cells. To counteract cancer de-regulated gene expression, cell 
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reprogramming could act as a tool to reset cancerous epigenetic state and re-establish 

the correct expression program. 

Current studies on pluripotent stem cells in vitro maintenance and on 

pluripotency acquisition by reprogramming focus mainly on gene expression 

differences between naïve and primed stem cells or between somatic and pluripotent 

cells, without considering the extracellular environment surrounding those cells, the 

extracellular matrix contribution and the spatial organization of these cells in the 3D 

space. Nevertheless, those factors have been proved to be fundamental for embryo 

development.  

In this work, thanks to microfluidic platforms, in vitro cell culture environment 

has been miniaturized to better simulate in vivo conditions and confined environment 

contribution to pluripotency maintenance and acquisition has been evaluated.  

To gain a broad view on the complex phenomena of cell pluripotency and cell 

heterogeneity, molecular target-driven approaches have been set aside in favor of 

multi-omic, unsupervised approaches and the whole secretome and transcriptome of 

pluripotent stem cells have been analyzed. Moreover, single-cell approaches have 

been applied to dissect cell heterogeneity. Guided by proteomic and transcriptomic 

results, this work focuses then on extracellular matrix analysis along pluripotency 

maintenance and acquisition.  

The first chapter presents an introduction to naïve and primed pluripotency 

stages, cell reprogramming techniques and cancer stem cells concept, with an insight 

on cancer reprogramming and on SERPINB3 role in cancer aggressiveness. Then the 

chapter introduces the structure of extracellular matrix and a state-of-the-art update 

on matrix role in stem cells culture and reprogramming. Afterward microfluidic 

platform features and advantages are presented and finally the chapter introduces the 

concept of single-cell RNA-sequencing and the main approaches to study cell 

heterogeneity.  

The second chapter focuses on the aim of this work, while the third chapter 

presents all the materials and methods employed in this thesis.  

The fourth chapter presents the results obtained in this work: initially the colony 

structure and extracellular matrix organization in naïve and primed pluripotent stem 
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cells, as well as in differentiated fibroblasts is analyzed in conventional cell culture 

devices, reporting a striking difference in matrix organization among the different 

stages. Then the influence of confined environment on the above-mentioned stages 

is investigated, revealing the role of confined environment in inducing matrix 

production. Afterward, the link between colony shape, mechanotransduction and 

matrix deposition has been examined for the first time in naïve pluripotent stem cells, 

revealing that 3D spatial organization is linked to higher extracellular matrix 

deposition and naïve pluripotency marker expression. Next, extracellular matrix 

organization after cell reprogramming has been analyzed in newborn pluripotent 

colonies, both in conventional devices and in confined environment, showing a 

different organization of matrix deposition in the two conditions that can contribute 

to explain the high reprogramming efficiency obtained in microfluidic platforms. 

Aiming at simulating cancer reprogramming and studying possible SERPINB3 

influence on cancer reprogramming, this serpin has been administered during cell 

reprogramming of a model cell line, resulting in drastic reduction of reprogramming 

efficiency.  The possible reasons for this outcome have been investigated also thanks 

to transcriptomic database analysis. Finally, the chapter reports the setup of Drop-

Seq single-cell RNA-sequencing: a cost-effective, microfluidic-based single-cell 

analysis system. 

In conclusion, this work contributes to pluripotent stem cells knowledge by 

giving for the first time a portrait of extracellular matrix organization in naïve and 

primed pluripotent stem cells. Moreover, it shows how extracellular matrix and 3D 

colony organization is linked to pluripotency gene expression in naïve pluripotent 

stem cells, and to pluripotency acquisition via cell reprogramming. Finally, it reports 

how SERPINB3, a protein which is highly expressed in aggressive tumors, inhibits 

cell reprogramming, suggesting an inhibition of this protein if approaching 

reprogramming of tumors with high SERPINB3 expression.  
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RIASSUNTO  

 

Le cellule staminali pluripotenti umane rappresentano un modello per lo studio 

in vitro dei primi stadi di sviluppo embrionale. Le cellule staminali pluripotenti sono 

caratterizzate dalla capacità di proliferare in maniera illimitata e di poter differenziare 

in qualunque tipo cellulare che compone il corpo umano.  Le cellule staminali 

pluripotenti non sono solo una fonte potenzialmente infinita del tipo cellulare 

d’interesse, ma sono anche un ottimo strumento per ricostruire e studiare 

l’embriogenesi in vitro.  

In vitro sono stati isolati due stadi di cellule staminali pluripotenti, denominati 

stadio naïve e primed. Il primo rappresenta uno stadio più primitivo 

nell’embriogenesi ed è collegato allo stadio di embrione pre-impianto, mentre il 

secondo è collegato allo stadio post-impianto. È importante analizzare le differenze 

fra i due stadi perché potrebbero contribuite a comprendere i meccanismi alla base 

dell’alto tasso di fallimenti negli impianti degli embrioni nell’utero. 

La pluripotenza può anche essere riacquisita in vitro da parte di cellule 

somatiche differenziate, grazie ad una tecnica nota come riprogrammazione cellulare. 

Questo metodo consente di riscrivere radicalmente il programma di espressione 

genica delle cellule e rappresenta uno strumento rivoluzionario per terapie paziente-

specifiche, poiché dà accesso ad una fonte illimitata di cellule paziente-specifiche. 

Fra le diverse strategie di riprogrammazione cellulare, l’utilizzo di piattaforme 

microfluidiche garantisce un sostanziale potenziamento del il processo, consentendo 

di riprogrammare cellule ad alta efficienza e con costi ridotti. Tuttavia le ragioni per 

questo incremento nell’efficienza di riprogrammazione non sono ancor noti.  
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Il risultato di un processo simile a quello della riprogrammazione cellulare viene 

diagnosticato quotidianamente nei nostri ospedali, sotto la definizione di cancro. 

Infatti, alla base dello sviluppo della massa tumorale si trovano mutazioni alterano la 

normale espressione genica delle cellule, promuovendo un de-differenziamento delle 

cellule coinvolte con riacquisizione di caratteristiche tipiche di cellule staminali, 

come la proliferazione illimitata e riacquisizione di motilità, portando alla nascita 

delle cosiddette cellule staminali del cancro. Per contrastare l’espressione genica 

alterata dal cancro, la riprogrammazione cellulare potrebbe rivelarsi uno strumento 

in grado di resettare lo stato epigenetico tumorale e ristabilire il corretto programma 

di espressione genica.  

I recenti studi riguardanti il mantenimento in vitro di cellule staminali 

pluripotenti o la riacquisizione di pluripotenza mediante riprogrammazione cellulare 

si focalizzano principalmente sulle differenze di espressione genica fra cellule 

staminali naïve e primed o fra cellule somatiche e riprogrammate, senza considerare 

l’ambiente extracellulare che circonda le cellule stesse, il contributo della matrice 

extracellulare e l’organizzazione spaziale tridimensionale di queste cellule. È 

importante notare che questi fattori si sono dimostrati fondamentali per lo sviluppo 

embrionale in vivo.  

In questo studio, grazie a piattaforme microfluidiche, l’ambiente di coltura 

extracellulare è stato miniaturizzato per simulare al meglio le condizioni in vivo ed è 

stato valutato il contributo di tale ambiente confinato al mantenimento e 

all’acquisizione di pluripotenza.  

Per avere una visione d’insieme su fenomeni complessi come la pluripotenza e 

l’eterogeneità cellulare, sono stati messi da parte approcci basati su specifici bersagli 

molecolari in favore di approcci multi-omici come l’analisi completa del secretoma 

e del trascrittoma delle cellule staminali pluripotenti e differenziate. Inoltre, per 

analizzare l’eterogeneità del sistema, sono stati utilizzate tecniche single-cell. 

Guidato dai risultati dell’analisi proteomica e trascrittomica, questo lavoro si 

focalizza anche sull’analisi della matrice extracellulare nell’ambito del 

mantenimento e dell’acquisizione di pluripotenza. 
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Il primo capitolo fornisce un’introduzione sugli stadi di pluripotenza naïve e 

primed, sulle tecniche di riprogrammazione cellulare e sul concetto di cellule 

staminali del cancro, con riferimento anche alla riprogrammazione di cellule tumorali 

e sul ruolo della proteina SERPINB3 nei tumori più aggressivi. In seguito il capitolo 

presenta la struttura generale della matrice extracellulare e un aggiornamento sullo 

stato dell’arte riguardante il ruolo della matrice nelle colture di cellule staminali e 

nella riprogrammazione. Inoltre riporta le principali caratteristiche e vantaggi delle 

piattaforme microfluidiche. Infine il capitolo introduce il concetto di single-cell 

RNA-sequencing e i principali approcci allo studio dell’eterogeneità nella 

popolazione cellulare.  

Il secondo capitolo presenta lo scopo del lavoro di tesi, mentre il terzo capitolo 

descrive tutti i materiali e metodi impiegati.  

Il quarto capitolo espone i risultati ottenuti in questo lavoro: innanzitutto è stata 

analizzata la struttura della matrice extracellulare di cellule staminali pluripotenti 

naïve e primed e di fibroblasti differenziati cresciuti in supporti convenzionali di 

crescita cellulare, dimostrando una sostanziale differenza nell’organizzazione della 

matrice extracellulare nei diversi stadi di differenziamento. In seguito è stata valutata 

nei sopracitati stadi l’influenza dell’ambiente confinato garantito dall’utilizzo di 

piattaforme microfluidiche, rivelando un ruolo dell’ambiente confinato nell’indurre 

produzione di matrice. Successivamente è stato esaminata in colonie naïve, la 

relazione tra forma 3D della colonia, meccanotrasduzione e deposizione di matrice, 

rivelando che a una maggior organizzazione 3D della colonia corrisponde a maggior 

produzione di matrice e di espressione di marcatori di pluripotenza naïve. Inoltre 

l’organizzazione della matrice extracellulare è stata analizzata alla fine del processo 

di riprogrammazione cellulare in colonie riprogrammate sia in supporti 

convenzionali sia in piattaforme microfluidiche, mostrando una deposizione molto 

dissimile nei due ambienti. Questa osservazione può contribuire a spiegare l’alta 

efficienza di riprogrammazione ottenuta in piattaforme microfluidiche. Allo scopo di 

simulare la riprogrammazione di cellule tumorali e studiare la possibile influenza di 

SERPINB3 su tale processo, questa proteina è stata somministrata durante 

esperimenti di riprogrammazione di cellule modello, portando al crollo 

dell’efficienza di riprogrammazione. Le possibili spiegazioni di questo risultato sono 
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state approfondite anche grazie ad analisi di database trascrittomici. Infine il capitolo 

descrive la messa a punto del sistema Drop-Seq per single-cell RNA-sequencing: uno 

strumento economico e basato su piattaforme microfluidiche per analisi single-cell.  

Questo lavoro contribuisce ad accrescere le attuali conoscenze sulle cellule 

staminali pluripotenti realizzando per la prima volta un ritratto dell’organizzazione 

della matrice extracellulare in cellule staminali pluripotenti naïve e primed. Inoltre 

mostra come la matrice extracellulare e l’organizzazione tridimensionale della 

colonia siano collegati all’espressione di geni di pluripotenza in cellule naïve e 

all’acquisizione di pluripotenza in caso di riprogrammazione cellulare. Infine riporta 

come SERPINB3, proteina maggiormente espressa nei tumori più aggressivi, 

inibisce la riprogrammazione cellulare, suggerendo la possibilità di inibire questa 

serpina prima di affrontare la riprogrammazione di cellule derivate da tumori con 

elevata espressione di SERPINB3.  
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CHAPTER 1: INTRODUCTION 

 

1.1. PLURIPOTENCY IN VIVO AND IN VITRO 

In cell biology, potency is defined as the ability of a cell during development 

to divide asymmetrically and differentiate into daughter cells with and lower 

potency level and distinct characteristics compared to the mother cell1.  Therefore, 

the wider the range of commitment options, the greater the pluripotency is.  

In this scenario, totipotency identifies cells able to give rise to every cell type 

sufficient to form the entire organism and represents the highest differentiation 

potential achievable. Other potency levels that have been observed are defined as 

pluripotency, multipotency, oligopotency and unipotency, in a descending loop of 

potency narrowing1. 

In particular, pluripotency is defined as the ability of a cell, which takes the 

name of stem cell, to give rise to daughter cells that belongs all three embryonic 

germ layers, but not to every extra-embryonic tissue1,2. This stage is considered 

of great interest for both basic science and translational applications. Indeed, a full 

picture of human pluripotency will not only help in understanding why 

embryogenesis fails at least three times as often as it succeeds3, but will also open 

new doors to a more efficient cell differentiation for regenerative medicine, drug 

screening or tissue engineering4.  

1.1.1. In vivo embryogenesis is a continuous process 

1.1.1.1.  From zygote, to blastocyst, to germ layer specification 

In vivo, during human embryogenesis, differentiation proceeds as a 

continuum, starting from the totipotent zygote, as represented in fig.1.1. 
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Right of after fecundation, the zygote begins to exist in the oviduct as a 

single cell and in the first 3 days of gestation, it undergoes a series of mitotic 

divisions without growing in size, becoming a compact cell mass, called 

morula, composed by 16 cells. By the stage of morula, the embryo has 

reached the uterus. The following divisions of the morula are marked by the 

beginning of cell self-organization and fluid production, where it is possible 

to observe a difference in gene expression between the cells in the center of 

the mass and the outer layer.  

By day 5, the 32-cells morula cell mass becomes a blastocyst that it is 

organized as a hollow sphere composed by an outer shell layer called 

trophoblast and an inner group of cells called the inner cell mass. The 

remaining hollow cavity is the blastocoel and is filled with fluid produced 

by the cells themselves. The passage from 16-32 cells morula to blastocyst 

represents the end of embryo totipotency: the cells of the trophoblast will 

become the fetal portion of the placenta, while the cells composing the inner 

cell mass will give rise to all body tissues and therefore are considered 

pluripotent.  

After the formation of the blastocyst, by the end of the first week of 

gestation, the embryo implants in the uterine wall. The implantation marks 

the distinction between two phases of embryogenesis: the pre-implantation 

and the post-implantation embryo. After implantation, the cells of the inner 

cell mass differentiate into two layers of cells: the epiblast and the hypoblast, 

which represents two layers of the bilaminar disc that divide the blastocyst 

into two cavities. The cavity on the hypoblast side will become the 

extraembryonic yolk sac, while the cavity on the epiblast side will become 

the amniotic cavity that will surround the growing fetus.  

The third week of gestation is the week of gastrulation, when the 

epiblast loses its pluripotency state and differentiates in the three germ 

layers: endoderm, mesoderm and ectoderm. Each germ layer is considered 

multipotent because it will differentiate into a limited number of tissues. For 

example, endoderm will give rise to stomach, liver, lung, pancreas, bladder   
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and colon, mesoderm to muscle, connective tissue, bone and circulatory 

system and ectoderm to brain, peripheral nervous system, spinal cord and 

skin. Gastrulation begins with the formation of the primitive streak: an 

indentation along the dorsal surface of the epiblast with specific rostral-

caudal orientation. The primitive streak divides the left and right sides of the 

body and a node at the caudal end of the primitive streak emits growth 

factors that direct cells to multiply and migrate. Thus, the primitive streak is 

composed by very motile cells moving toward and through the primitive 

streak, from the top of the original epiblast to the hypoblast, then moving 

laterally, creating invaginations. The cells that invaginate first and move 

deeply toward the hypoblast form the endoderm, those who remain between 

the original epiblast and the endoderm form the mesoderm and those that  

continue to border the amniotic cavity form the ectoderm. Ectoderm and 

endoderm are characterized by tightly connected epithelial sheets, while the 

mesodermal cells are less organized loosely connected. 

Following gastrulation, organ formation starts, in a process called 

organogenesis. By week eight the embryonic period ends, the rudimental 

organs are formed and the embryo is about 3 cm long and weighs about 8 g. 

Organogenesis is characterized by continuous decrease of cell potency that 

will leave in the adult only few niches of precursor cells, called adult stem 

cells3.  

1.1.1.2. Intrinsic and environmental cues trigger cells self-organization 

Since every cell in an organism shares the same DNA of the zygote, 

an alternative source of variability needs to be taken into account to explain 

cell differentiation. Indeed it’s the epigenetic state of the cell, controlled by 

modifications to DNA and histones, that alters gene expression patterns and 

is responsible for cell identity5. During embryo development, the fine 

control of gene expression patters allows the proper transitions between 

cellular states by regulating gene expression networks responsible for 

maintenance of pluripotency or differentiation. Recent single-cell analysis 

methods are starting to shed light to the complexity of embryo heterogeneity 

revealing that a small number of functional modules of co-expressed genes, 
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also known as morphogens, can define each developmental stage6, but the 

current understanding of the molecular pathways and their interconnections 

and crosstalk with the environment is far from complete7. Here, only few 

examples of cell-fate determinants and morphogens will be explained and 

the main concept of gradient-driven lineage specification is summarized in 

fig.1.2. 

As a general mechanism, polarity acquisition and fate decision 

depends on gradients of signaling molecules and on mechanical sensing of 

cell position. For example, when the morula becomes a blastocyst, specific 

signals play their role to distinguish cells that will become the inner cell 

mass from the cells that will become the trophoblast. In this first cell fate 

decision, known as first lineage specification, the outer cell layer of the 

morula (8-16 cells stage) maintain expression of TEAD4, which is a strong 

activator of CDX2 and blocks OCT4, thus becoming trophoblast cells, while 

the inner cells will maintain OCT4 expression that inhibits TEAD4 and will 

become the inner cell mass. OCT4+ cells will then secrete FGF4 to signal to 

the neighbor cells to remain trophoblast cells and proliferate8. It has been 

demonstrated that this mutual repression depends only on the position of the 

cells in the morula mass. In fact, outer cells have fewer contacts with the 

other cells and are more subject to mechanical stress; this results in YAP 

nuclear localization. Instead, in the inner cell mass cells have more contacts 

with the cells and are not subjected to polarizing stimuli, therefore the 

HIPPO pathway is active and YAP is inactive. TEAD4 requires YAP 

nuclear localization to activate CDX2 transcription, therefore in the inner 

cell mass TEAD4 cannot activate CDX2 and OCT4 signaling prevails9. In 

this mechanism, a combination of mechanical stimuli and FGF4 gradient is 

responsible for the first cell fate decision of embryo development. 

At the late blastocyst stage, a second lineage specification occurs and 

the inner cell mass divide into epiblast and primitive endoderm layer. The 

players involved in this fate decision are NANOG and GATA6, which are 

mutually exclusive. In the inner cell mass, cells are randomly expressing 

one of these two factors in a salt-and-pepper fashion, but at the late  
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blastocyst stage the expression becomes patterned due to cell migration or 

cell apoptosis10. This is another example of cell ability to self-organize and 

give rise to patterns, even if the complete mechanism is not fully understood. 

During gastrulation, gradient of secreted BMP4 will determine the 

dorso-ventral orientation of the embryo, while NODAL and WNT gradient 

define the anterior-posterior orientation. In presence of high NODAL and 

BMP4 expressions, cells will undergo epithelial-to-mesenchymal transition 

and migrate forming the primitive streak, where more motile cells will then 

become mesoderm, while less motile cells will become endoderm cells. The 

migration direction and the migration speed is determined by the gradient 

intensity. In the region of the embryo where both NODAL and BMP4 

gradients are low, cells do not migrate and will become ectoderm.  

Another pathway fundamental for body segment development and in 

formation of adult appendages is sonic hedgehog (SHH). In a recent work it 

is possible to appreciate how SHH gradients can direct morphogenesis11,12. 

Taken together, these examples show how molecular gradients, cell-

cell contacts and, in general, the microenvironment that surrounds the cells 

is able to shape cell fate.  

1.1.2. In vitro pluripotency cell models establishment 

Studying pluripotency cannot rely only on the observation of embryos at 

different stages of development, especially where human embryos are 

concerned, therefore pluripotency models needed to be established. The first 

pluripotent cell line was derived in 1976 from a mouse teratocarcinoma, a 

germline tumor13, followed by the isolation of embryonic stem cells from 

mouse embryos(mESCs)  in 198114. The first human embryonic stem cell line 

(hESC) was established in 1998 from the cells of the inner cell mass of a human 

blastocyst and represented the foundation of human stem cell biology15.  

Conversely to in vivo development, where pluripotency is a continuum of 

transient states, in vitro distinct pluripotent stages can be established and 

propagated. Pluripotent cells can be maintained indefinitely in culture by 
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promoting artificially self-replication thanks to the supplementation of 

exogenous factors16. Notably, self-renewal is only a transient feature of in vivo 

embryo development, but it is a fundamental aspect of in vitro cell models 

because it allows the propagation of everlasting cell lines.  

The establishment of embryonic pluripotent cell lines must satisfy the 

following criteria15:  

- Derivation from the inner cell mass of the blastocyst of a 

preimplantation embryo; 

- In vitro prolonged self-replication in undifferentiated state;  

- Ability to differentiate cells belonging to all three germ layers, even 

after prolonged in vitro culture. 

According to those criteria, both for human and mouse embryonic stem 

cells, two different pluripotent cell stages have been established in vitro. By 

comparing their morphological and molecular features to their in vivo 

embryonic counterparts they have been named primed and naïve pluripotent 

stem cells. Their features are compared in Table 1 and in fig.1.3. 

1.1.2.1 Primed pluripotent stem cells 

The subtype of primed human embryonic stem cell line (hESC) has 

been the first one to be established from the inner cell mass of a human 

blastocyst15. At first primed hESC were cultured on a layer of mitotically 

inactivated (by mitomycin or γ-irradiation treatment) mouse embryonic 

fibroblast (MEF) as feeder layer, but recently many surrogates have been 

developed to substitute the MEF layer15,17,18.   

Short after hESC establishment, many differences between human and 

mouse ESC (mESC) have been noticed19, starting from morphology: primed 

hESC grow as colonies of cells with flat, epithelial-like morphology, where 

cells show a high nucleus to cytoplasm ratio and prominent nucleoli. In 

contrast, mESC have a compact, dome-like 3D shape and cells cannot be 

distinguished from the mass.  

In primed hESC, the core pluripotency network that maintains cells in 

undifferentiated state is composed by the transcription factors OCT4, SOX2 
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and NANOG, the same genes responsible for mESC, but in mESC OCT4 

requires the activation of its distal enhancer, while in primed hESC the 

preferred enhancer is the proximal one. Moreover, primed hESC rely on 

fibroblast growth factor 2 (FGF2) and transforming growth factor-β1 (TGF-

β1) / ActivinA signaling for proliferation and self-renew but are not 

dependent on LIF signaling, differently from mESC. Thus, in primed hESC, 

pluripotency is dependent on MEK/ERK pathway. Other typical markers of 

primed hESC are SSEA4, TRA-1-60, TRA-1-8120. 

In contrast to mESC, primed hESC show low clonogenicity and have 

low tolerance to single-cell passaging, requiring Rho-associated kinase 

inhibition to survive this procedure21. Moreover, primed hESC have low 

capability of colonization of the pre-implantation ICM to form mixed-

species chimeras22,23.  

When looking at epigenetic features, more differences between human 

and mouse ESC can be detected: primed hESC show tendency to maintain 

X chromosome inactivation (XiXa state) in female cells and high 

H3K27me3 methylation is observed on developmental regulators. DNA is 

globally hypermethylated24. Instead, in mESC, both X chromosomes are 

active (XaXa state) and epigenetic methylation on DNA and histones is 

widely erased.  

From a metabolic point of view, primed hESC rely on glycolysis and 

grow in high oxygen growth culture conditions, while mESC have active 

mitochondria and their metabolism rely on oxidative phosphorylation and 

on low oxygen growth culture conditions.  

At the beginning, differences between human and mouse ESC were 

attributed to species-specific differences but in 2007 the derivation of a new 

pluripotent cell state from the post-implantation mouse epiblast (EpiSC)23,25 

suggested that differences between human an mouse ESC were due to a 

different developmental stage. In fact, primed hESC share the above-

mentioned features with EpiSC19 and it has been hypothesized that the 
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process of derivation of hESC from embryos could involve the progression 

of the explanted culture to the equivalent of a post-implantation state16.   

From this observation, the distinction between naïve and primed 

pluripotent states was suggested26, where the naïve state, also called ground 

state, identifies the pluripotency features present in mouse ESC, while the 

primed state identifies the features described in mouse EpiSC and human 

ESC.  

1.1.2.2 Naïve pluripotent stem cells 

In 2009, the interconversion between naïve and primed state in mouse 

cells27 raised the hypothesis that also naïve human stem cells could be 

isolated in the appropriate culture conditions. In fact, short after, naïve hESC 

lines were established, both by conversion of primed hESC to naïve state22,28 

and by de-novo derivation from the inner cell mass of human blastocyst22,29. 

Naïve human pluripotent stem cells (PSC) share common features with 

mouse ESC. 

Naïve human PSC can be grown in vitro as packed dome-shaped 3D 

colonies on inactive MEF feeder layer, colonies can be disaggregated to 

single cells with high clonogenicity. Naïve human PSC rely on medium 

supplementation with specific naïve state promoting and primed state 

inhibiting small molecules or growth factors: 

- Leukemia inhibitory factor (LIF), which activates JAK-STAT3 

pathway and promotes naïve pluripotency; 

- PD035901, an inhibitor of MEK-ERK; 

- CHIR9902, an inhibitor of WNT-GSK3β; 

- Gö6983, an inhibitor of PKC pathway; 

- SP600125, an inhibitor of JNK pathway; 

- SB203580, an inhibitor of p38 pathway; 

- Y-27632, an inhibitor of ROCK pathway; 

Naïve human PSC growth media lack of FGF2 and TGF-β1, promoters 

of primed pluripotency.  
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Naïve human PSC maintain both X chromosomes in the active XaXa 

state in female cells and their epigenetic state is globally hypomethylated30. 

In fact, naïve human PSC have been proved to be able to integrate in mouse 

blastocyst forming mixed-species chimeras and contributing to 

organogenesis22.   

In naïve human PSC, the pluripotency network is enhanced by 

overexpression of OCT4 (from its distal enhancer), NANOG, KLF17 KLF4, 

KLF2, TBX3, GBX2, LIN28, TFCP2L1 and SOCS3 compared to primed 

cells28. Moreover TFE3 is reported to be strictly nuclear22,31 in naïve human 

PSC, in contrast to primed cells where TFE3 has also a cytoplasmic 

localization20,22,28,32,33. Nevertheless, naïve human PSC are not identical to 

mESC: human naïve cells have downregulated expression of OTX2, ZIC2 

and CD24 if compared to mESC and exclusive nuclear localization of 

TFE322,31,34.  

Naïve human PSC metabolism can rely also on oxidative 

phosphorylation and show active but immature mitochondria; therefore, 

they have higher oxygen consumption rate compared to primed cells. To 

fully sustain naïve human PSC metabolism, physiological oxygen 

concentration (5%) should be used when cultivating naïve cells35,36. Low 

oxygen conditions (compared to standard air concentration of 21%, also 

referred as high oxygen conditions) helps also the maintenance of active X 

chromosome37. 

Due to the above-mentioned features, naïve human PSC are of 

extraordinary interest not only to study early embryo development, but also 

to model epigenetic-related and X-inactivation-related diseases such as 

Fragile-X Syndrome38. Nevertheless, even if large amount of data is now 

available on naïve state transcriptome and epigenome, little is known on 

microenvironment and extracellular matrix contributions to naïve state 

maintenance.  
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Table 1: Comparison between naïve and primed pluripotent stem cells features39,40. 

 NAÏVE STATE PRIMED STATE 

Corresponding embryonic 

state 

Pre-implantation blastocyst Post-implantation blastocyst 

Morphology 3D Dome-shape Flat 2D monolayer 

Required growth factors LIF FGF2, TGF-β or ActivinA 

MERK/ERK dependence No Yes 

Pluripotency factors KLF17, KLF4, NANOG, 

SOX2, ESRRβ, OCT4 

OCT4, SOX2, NANOG,  

Dominant OCT4 enhancer Distal  Proximal 

Molecular identification 

markers 

Nuclear TFE3, TFCP2L1, 

SSEA1 

Cytoplasmic TFE3, SSEA3/4, 

TRA-1-60, TRA-1-81 

DNA methylation and 

H3K27me3 

Low High 

X-Chromosome activation XaXa XaXi 

Metabolism Oxidative phosphorylation, 

glycolysis 

Glycolysis 

Mitochondrial activity High  Low 

Growth rate High  Low 

Chimera contribution High Low 
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1.1.3. Cell reprogramming is a tool to rewrite cell fate 

In the late 19th century, August Weismann theorized that, since 

inheritance is only mediated by gametes, unnecessary genetic codes must be 

deleted or terminally inactivated in somatic cells that are committed to a 

specific state. This theory is known as the Weismann barrier and implies that 

the destiny of lineage-committed cells was permanent41. Only in 1962 this rigid 

scheme was dismantled, thanks to the milestone work by Sir John Gurdon, who 

reported the first example of cell fate subversion thanks to the somatic cell 

nuclear transfer (SCNT) technique42,43. In SCNT, the nucleus of a somatic cell 

is transferred to an enucleated egg. The new egg then starts to divide, 

generating an embryo that is genetically identical to the donor of the somatic 

cell. This demonstrated that genetic information needed for pluripotency is not 

lost in differentiated somatic cells, but it’s maintained inactive in the nuclei and 

it can be re-activated with the proper conditions (granted by the egg cytoplasm). 

Despite this important discovery, Gurdon’s work was followed by limited 

progresses for the next 40 years, in which time SCNT was applied to other 

animals, including mammals (e.g. Dolly the sheep44), but without a molecular 

understanding that could explain Gurdon’s results. In early 2000 it was 

demonstrated that enucleated pluripotent stem cells could rejuvenate somatic 

cells nuclei, obtaining the re-expression of pluripotency genes45,46. This 

suggested that PSC contain factors that can erase the memories of somatic cells 

and re-establishing pluripotency. In parallel, transdifferentiation experiments 

by the administration of specific transcription factors (e.g. MYOD-driven 

conversion of fibroblasts into myoblasts47) provided stronger evidences that 

transcription factors, especially the master regulators of cell identity, can 

modify cell fate. 

The confluence of these efforts led to the breakthrough discovery of cell 

reprogramming by Professor Shinya Yamanaka in 2006 (murine cells, 2007 

with human cells)48,49.  

  



 

15 

 

1.1.3.1 Reprogramming process and strategies 

Cell reprogramming allows the conversion of adult somatic cells into 

pluripotent stem cells thanks to the administration of defined transcription 

factors, therefore called reprogramming factors. The ectopic administration 

of Yamanaka’s reprogramming factors is sufficient to completely rewrite 

cell expression program, restoring the pluripotency state. Pluripotent stem 

cells obtained with this method are called induced pluripotent stem cells, or 

iPSC (hiPSC when human cells are used). Not surprisingly, Professor 

Shinya Yamanaka, won the Nobel Prize for medicine in 2012. Yamanaka 

identified a pool of 24 transcription factors important for the maintenance 

of PSC in vivo and in vitro and set up a screening to verify if a combination 

of those factors could induce pluripotency in somatic cells. Indeed OCT4, 

SOX2, KLF4 and C-MYC were sufficient to convert adult fibroblasts into 

hESC-like cells. Months later the discovery was confirmed by other labs50 

and the era of iPSCs begun. As years went by, many other reprogramming 

factors have been proposed to improve cell reprogramming process, such as 

NANOG51 and LIN2852,53.  

hiPSC represented a revolution in different fields, among others: 

disease modelling, regenerative medicine, drug screening and 

developmental biology. In fact, hiPSC represent a potentially infinite source 

of PSC with the unique feature of being donor-specific, carrying along the 

genetic features of the somatic cell donor. Thus, in the past decade hiPSC 

have been extensively used to model diseases in patient-specific fashion and 

to understand the influence of genetic background on disease phenotype 

heterogeneity54. Moreover, as years went by, reprogramming has been 

performed not only from fibroblasts, but also from more accessible cell 

sources, such as from renal epithelial cells derived from urine55 and from 

CD34+ cells derived from blood56. This improvement, linked to the ability 

of hiPSC to be differentiated in every cell type originated from the three 

germ layers, turned hiPSC into an easily accessible source of patient-

specific, non-immunogenic spare parts for regenerative medicine. In fact, 

some hiPSC-based therapies are already undergoing clinical phase I or II 
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trials4,57,58, flanking the clinical trials that apply human embryonic stem cells, 

even if some concerns are arising from cell culture conditions- or 

reprogramming-induced DNA mutations observed in some hiPSC cultures59. 

Furthermore, having a source of patient-specific PSC that  can be 

differentiated in vitro represents a perfect platform for pre-clinical in vitro 

high-throughput drug screenings, also in combination with recent 

advancements in 3D tissue bioprinting or organoid formation54,60. In fig.1.4. 

it is possible to appreciate hiPSC influence in literature and clinical trials, 

together with a summary of hiPSC potential applications61. In the last 

decade, different methods to deliver reprogramming factors have been 

developed, as summarized in Table 257,62  
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Table 2: Cell reprogramming strategies, relative efficiency and features.  

STRATEGY EFFICIENCY NOTES 

DNA 

INTEGRATION 

Retrovirus 
0.001-1% 

Incomplete viral silencing and 

slow kinetics 

Lentivirus 
0.1-1.1% 

Transduces dividing and non- 

dividing cells 

Inducible 

lentivirus 0.1-2% 

Controlled expression of 

factors, requirement for 

transactivator expression 

REVERSIBLE 

INTEGRATION 

Transposons 
0.1% 

Labour-intensive screening of 

excised lines 

Cre/Lox 

lentivirus 
0.1-1% 

loxP sites retained in the 

genome 

NO DNA   

INTEGRATION 

Adenovirus 0.001% Low efficiency 

Plasmids 
0.001% 

Low efficiency and occasional 

vector genomic integration 

DNA FREE Sendai virus 
1% 

Difficulty in purging cells of 

replicating virus 

Proteins 
0.001% 

Short half-life, requirement 

for large quantities of proteins 

miRNA 
0.1% 

miR-200c, miR-302s or miR-

369s 

Modified mRNA 
4% 

Bypasses innate antiviral 

response, multiple transfection 

Nonmodified63 

mRNA+miRNA 
3% 

Fewer transfections, faster 

protocol. 

From Table 2, it emerges how cell reprogramming is indeed an 

inefficient process, where efficiency is calculated as the ratio between the 
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number of hiPSC colonies obtained over the total number of somatic cells 

seeded at the beginning of the reprogramming experiment.  

Two main models have been proposed to explain the mechanism of 

reprogramming process and its efficiency64. According to the “deterministic” 

model, individual somatic cells synchronously convert into iPSCs with a 

constant latency represented by a constant number of cell divisions (models 

i and ii in fig.1.5)65,66. According to the “stochastic” model instead, somatic 

cells will give rise to iPSCs with variable latencies or after going through 

different numbers or cell division (models iii and iv in fig.1.5)66,67. 

Moreover, it’s debated whether all somatic cells or only a few “elite” cells 

will yield iPSCs, such as somatic stem or progenitor cells that may persist 

in explanted cell populations. As low efficiency of hiPSC generation points 

out, reprogramming is unlikely to follow a purely deterministic process. On 

the other hand, models based exclusively on an elite are also unlikely 

because iPSCs derivation has been achieved also from fully differentiated 

cells. It has been observed that cell proliferation improves cell 

reprogramming efficiency because it allows rare cells in almost every clonal 
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cell population to acquire molecular changes that facilitate their conversion 

into a pluripotent state, supporting the stochastic model of cellular  

reprogramming2. Indeed, original Yamanaka’s reprogramming process can 

be accelerated by additional treatments to promote proliferation or 

chromatin remodeling with transcription factors (e.g., Tbx3, Sall4, Glis1), 

chromatin regulators (e.g., UTX, BAF, Dnmt1, Mbd3), microRNAs (e.g., 

miR-294, miR-302/367), and signaling molecules (e.g., Wnt, Tgf-β, 

Jak/Stat)68–70.  

From the first studies it appeared that reprogramming follows an 

organized sequence of events, each of which represents a bottleneck that 

aspiring iPSCs have to pass71. In fibroblasts, cell model for reprogramming, 

it all starts with the down-regulation of somatic markers and somatic 

changes that have been defined mesenchymal-to-epithelial transition (MET), 

where fibroblasts lose the typical elongated morphology and become more 

round-shaped and compact, expressing the epithelial marker E-Cadherin72,73. 

Unexpectedly, before embarking on the essential MET, fibroblasts 

undergoing reprogramming transiently become more mesenchymal74. These 

events are followed by the activation of the early pluripotency markers such 

as SSEA-1, alkaline phosphatase, and Fbxo15 and only in later stages bona 

fide pluripotency genes such as NANOG or OCT4 become expressed. The 

telomerase enzyme is reactivated at the same time as endogenous NANOG 

and OCT4. Interestingly, even if expressing the pluripotency markers, 

during a reprogramming process, the majority of cells fails to proceed to 

iPSC, suggesting that they are or have become refractory to 

reprogramming75. To successfully complete pluripotency acquisition, 

pluripotency genes such as OCT4 and NANOG must be epigenetically 

reactivated by removing repressive histone modifications such as histone 

H3 lysine 27 trimethylation (H3K27me3) and DNA methylation and 

restoring the activating histone mark H3 lysine 4 trimethylation 

(H3K4me3)75,76. In general, reducing global genomic methylation levels 

boosts cellular reprogramming75. In parallel, the silencing of the somatic 

program must be carried on during the first phase of reprogramming77.  
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1.1.3.2 Naïve resetting and reprogramming 

In the above-mentioned studies, reprogramming of human somatic 

cells led to human primed PSC, with the classic flat 2D-shaped morphology, 

dependent on FGF2 and TGF-β1 supplementation. When the possibility of 

stabilizing human naïve PSC emerged, a great effort has been put in 

developing protocols to convert different cell types into naïve PSC. These 

methods can be divided into two categories: human primed PSC resetting to 

ground state pluripotency and somatic cells reprogramming to naïve PSC78.  

Primed PSC resetting to ground state pluripotency has been achieved 

by transgene mediated overexpression of naïve markers such as NANOG 

and KLF2 in combination with naïve PSC-specific medium 

development22,28,79. To prevent transgene integration and dependency from 

exogenous transcription factors transgene free strategies to convert primed 

PSC into naïve PSC have been developed by combinatory screening of small 

molecules or growth factors able to block the primed PSC regulatory 

network and restoring ground state pluripotency. These studies helped to 

define naïve PSC-specific medium composition, based on medium 

supplementation with LIF, ERK-GSK3β-p38-PKC-SRC inhibitors and 

FGF2-TGF-β1 removal, as previously described in paragraph 1.2.280–82. 

Notably, different resetting methods led to different transcriptomic, 

epigenetic or proteomic profiles of naïve PSC, making it difficult to 

establish an unique naïve PSC signature35,78,82. 

In parallel, the possibility to directly convert somatic cells into induced 

naïve PSC via cell reprogramming was investigated and different studies 

demonstrated the feasibility of naïve reprogramming starting from 

fibroblasts, by delivery of defined reprogramming factors35,78. In these 

studies Sendai virus and mRNA were used to deliver four reprogramming 

factors (OCT4, SOX2, KLF4 and c-MYC) to human fibroblasts for several 

day, thereafter reprogramming medium was switched to naïve medium to 

allow naïve colonies formation. Naïve colonies arouse directly from 

reprogrammed fibroblasts, without the need for a primed intermediate 

(Article under revision).  
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 Considering the recent advances in the field, cell reprogramming 

emerges therefore as a fundamental tool to rewrite cell fate and grant access 

to primed and naïve pluripotency without ethical concerns related to the use 

of human embryo for hESC isolation. 

1.1.4. Cancer is an alteration of cell fate in vivo 

As seen in paragraph 1.1.1, in physiological conditions, differentiation 

from a pluripotent state to a specialized one is unidirectional process driven by 

the complex interplay between lineage-specific transcription factors and 

epigenetic rearrangements that determine spatial and temporal gene expression 

patterns. Indeed, even if cell reprogramming represents a trick to access 

pluripotency in vitro, it is possible to find a parallel process in vivo: cancer83. 

Solid and liquid tumors are characterized by pathological re-acquisition of 

immortality and self-renewal, with deregulation of molecular mechanisms that 

are remarkably similar to those that allow iPSC generation. Cancer hallmarks 

in parallel with cells undergoing reprogramming are, for example, acquired 

hyperproliferation, senescence bypass, c-MYC overexpression, metastasis 

formation with epithelial-to-mesenchymal transition (EMT) to leave the 

primary tumor couplet with MET to colonize new sites84, aberrant DNA 

methylation patterns85. The most striking parallelism between cancer 

insurgence and cell reprogramming is indeed the formation, at the very 

beginning of tumor onset, of a subset of cancer cells with stem-like features, 

known as cancer stem cells (CSCs). 

1.1.4.1 Cancer stem cells 

In 1997 Bonnet and Dick described for the first time the existence 

within a tumor (acute myeloid leukemia) of a subset of cells, representing 

less than 1% of the tumor mass, with the unique and specific ability of 

recreating the tumor in immunocompromised mice86. Indeed, as few as 5000 

cells of the subpopulation could form tumors in host mice, whereas 500,000 

cells from the complete population where unable to form tumors. In 2003 a 

similar population of cells with tumor-initiating capacity was described also 

in breast and brain tumors87 and in the next years massive amount of data 
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demonstrated the existence of tumor-initiating cells in all types of solid and 

liquid tumors88–90. This sub-population of cells is called Cancer Stem Cells 

(CSCs) and according to CSCs model, it has the ability to self-renew and 

differentiate in a variety of different sub clones, giving rise to the total tumor 

mass91,92. Clinically, this highly dynamic subpopulation (accounting 2-40% 

of tumor mass93) is responsible for tumor onset, regeneration, resistance to 

radiochemotherapy, metastatic spread, and overall poor patient outcome94. 

The juxtaposition of cancer cells with stem cells is due to the main common 

features between CSCs and stem cells: the ability to self-renew (promoting 

therapy resistance) and the ability to differentiate in a heterogeneous 

population of less competent cells (the tumor mass)91,92. CSC are therefore 

responsible of hierarchical organization of cancer that results in cell 

heterogeneity inside the primary tumor mass and metastasis95, thus 

becoming marker of tumor aggressiveness and poor prognosis after 

treatment96. It is important to notice that CSCs do not necessarily arise from 

the adult stem cells resident in the tissue, but rather de-differentiate from 

somatic cells97 by mutations in key cell fate maintenance genes such as 

KRAS and c-MYC98.   

In this scenario, CSC-related heterogeneity relies not only in the 

genetic mutations that gives origin to the tumor, but mostly on epigenetic 

factors, such as epigenetic regulation and noise in gene expression that can 

give survival advantages to the cells in the tumor environment85,99. Notably, 

not all cancers strictly conform to the unidirectional hierarchical CSC model, 

but rather rely on “tumor cell plasticity”, where non‐CSC can dedifferentiate 

and acquire CSC‐like properties under certain conditions, in a dynamic 

epigenetic reprogramming100. Moreover, also the tumor microenvironment  

plays a fundamental role in CSCs dedifferentiation, for example by secreting 

hepatocyte growth factor that induces nuclear β‐catenin localization and 

elicits Wnt signaling activity101. 

As represented in fig.1.6, addressing solid tumors taking into account 

the heterogeneous and hierarchical organization of their cell mass 
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constitutes a novel approach to cancer treatment, not aimed at shrinking 

tumor bulk, but rather at exterminating CSCs by direct targeting102,103. 

1.1.4.2 Cancer reprogramming 

Yamanaka’s work demonstrated how transcription factors, acting on 

cell’s epigenetic regulation, could completely reverse cells phenotypes. 

From this observation, cell reprogramming technique has also been applied 

to cancer studies, with the generation of iPSC from malignant patient 

tissues104,105. Several studies on solid tumors reported the generation of 

iPSC from cancers, even in presence of irreversible genetic alterations.  

The study of cancer-derived iPSC has multiple purposes, summarized 

in fig.1.7: first, current cancer models are derived from in vitro cell culture 

of cells explanted at specific cancer progression stages, therefore these 

models allow only the analysis of late cancer hallmarks and are not 

representing the mechanisms driving cancer onset. With cancer-derived 

iPSC it could be possible to go through cancer development and understand 

in a patient-specific fashion the evolution of the tumor105,106. Moreover, 

cancer-derived iPSC could offer a platform for studying tumor 

heterogeneity and a source for cancer type-specific drug discovery studies 

to identify agents that inhibit the stemness and self-renewal properties of 

CSCs107. Finally, the most promising application of cancer reprogramming 

is the possibility to normalize the malignant phenotype of cancer stem cells 
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via epigenetic resetting, as an alternative to conventional therapeutic 

protocols. Several studies on solid tumors reported that, even in presence of 

irreversible genetic alterations, the malignancy of cancer cells was 

suppressed after cell reprogramming and subsequent differentiation108–112.  

So far, the reprogramming efficiency of cancer cells is extremely low, 

suggesting that some barrier impedes reacquisition of pluripotency, derived 

from the accumulation of DNA damage and cancer-specific mutations, 

epigenetic modifications and reprogramming-triggered cellular senescence.  

Application of reprogramming into cancer studies may therefore help to 

determine the epigenetic state of cancer cell and to evaluate the relative 

contribution of reversible epigenetic and irreversible genetic changes that 

occur during carcinogenesis113,114. Moreover, uncovering the epigenetic 
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stability of cancer cells may ultimately contribute to the development of 

therapeutics that effectively target epigenetic modifications in cancer cells. 

1.1.4.3 Tumors with high SERPINB3 expression have a more aggressive phenotype 

and stem features 

Recently, the serine-protease inhibitor SERPINB3 has been proposed 

as a marker of poor prognosis in several types of tumors, including 

liver115,116, esophagus117 and colorectal118 cancers. The molecular 

mechanism that SERPINB3 exploits to promote oncogenesis is complex, 

multifactorial and unfortunately not completely understood, but it has been 

demonstrated that SERPINB3 has an anti-apoptotic role119 by blocking the 

release of cytochrome c120, a protective effect to radiotherapy and low 

oxygen environments121–123, it promotes invasiveness by inducing 

EMT124,125. In general, as reported in fig.1.8, its overexpression gives rise to 

poorly differentiated tumors, with enhanced stem characteristics, that are 

known to be more aggressive and prone to relapse123,126,127. The protein acts 

both as paracrine and endocrine signal124,128.  
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1.2 CELLS INTERACTION WITH THE 

ENVIRONMENT  

Cells are not isolated, self-sustaining entities, but rely on interactions with 

the environment to survive, proliferate and absolve their encoded functions. To 

form tissues and ultimately organisms, different specialized cells need to be 

coordinated and organized structurally and functionally. In fact, all tissues contain 

an acellular portion known as extracellular matrix (ECM) to fulfill this goal129.  

Until the first half of twentieth century, the ECM was thought to provide 

only structural support for cells in tissues, only later the complex cell-ECM inter-

talk and cross-influence begun to be investigated and the current view of “dynamic 

reciprocity” was postulated130. Indeed, a growing amount of data indicated that 

ECM molecules could interact with specific receptors on the cell surface, which 

then would initiate an intracellular signaling cascade through the cytoskeleton to 

the nucleus resulting in gene expression regulation, whose products, in return, 

would affect the ECM structure or composition in various ways. Thus, the ECM 

provides not only essential physical scaffolding for the cells, but also initiates 

crucial biochemical and biomechanical cues that are required for tissue 

morphogenesis, differentiation and homeostasis. Although, fundamentally, the 

ECM is composed of water, proteins and polysaccharides produced by the cells 

themselves, each tissue has an ECM with a unique composition and topology that 

is generated during tissue development through a dynamic and reciprocal, 

biochemical and biophysical dialogue between the various cellular components 

and the evolving cellular and protein microenvironment. This continue cross-talk 

makes the ECM a highly dynamic structure that is constantly being remodeled, 

either enzymatically or non-enzymatically, and its molecular components are 

continuously subjected to post-translational modifications and re-arrangements129. 

Among the many functions of ECM, the most notable are:  

- definition of the mechanical proprieties of organs (e.g. stiffness, 

elasticity, tensile and compressive strength);  
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- regulate cell adhesion, migration, growth, differentiation and 

apoptosis by binding growth factors (GFs) and cytokines and 

interacting with cell-surface receptors; 

- maintaining extracellular homeostasis (buffering salts and sugars) 

and water retention;  

Indeed, deregulations in ECM homeostasis results in a variety of diseases,  

including connective tissue disorders, muscular dystrophy, fibrosis, and cancer131. 

In this paragraph, ECM composition and structure will be described, with 

focus on cell-ECM cross-talk and especially on stem cells interactions with ECM. 

Fig.1.9 represents the most common ECM components.  
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1.2.1 ECM composition and organization 

The ECM is composed of two main classes of polymer-forming 

macromolecules: fibrous proteins and proteoglycans (PGs). As a general 

feature, the macromolecular components are secreted by the cells as precursor 

molecules and modified during ECM remodeling to be assembled with other 

components into functional polymers.  

ECM dynamic changed are ensured by extracellular proteinases such as 

metalloproteinases and ADAMTS (a disintegrin-like and metalloproteinase 

domain with thrombospondin type 1 repeat) proteinases132,133.  

The main fibrous ECM proteins are collagens, elastins, fibronectins and 

laminins: 

- Collagens. Collagens are the most abundant proteins in mammalian 

tissues (up to 30% of total human proteins). To date, 28 types of 

collagens have been identified134. Collagens can be divided into 

different groups according to their structure and function.  

o Fibrillar collagens are formed by the combination of 

different chains (α-chain), which share a characteristic 

domain composed of about 300 repetitions of the Gly-X-Y 

tripeptide, where Y is often a proline or hydroxyproline. α-

chain can coil into left-handed helix and, by combining thee 

collagen α-chains, a collagen molecule is formed, with the 

typical right-handed triple helix structure. Single collagen 

molecules are then subsequently assembled into 

supramolecular complexes, such as fibrils and networks, 

depending on the type of collagen. Collagen molecules can 

be homotrimeric (three identical α-chains) or heterotypic and 

in total, 11 α-chain-coding genes have been identified.  

Thanks to their rigid structure, summarized in fig.1.10135, 

fibrillar collagens are responsible for the structural support 

to resident cells. In fact, a characteristic feature of fibrillar 

collagens is their precise 3D organization that follows  
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mechanical stress lines to ensure maximum tensile strength 

with minimum material.  Ultimately, cells themselves are 

responsible for establishing these patterns.  

Collagens belonging to this category are type I, II, III, V, XI, 

XXIV and XXVII. Among others, collagen type I and V are 

remarkably notable: collagen type I is the most abundant 

collagen in the human body, found in skin, tendon, bone, 

cornea, lung and vasculature; collagen type V is a 

quantitatively minor collagen associated with collagen type 

I, serving as regulator of fibril assembly. Indeed, the 

diameter of collagen fibrils are determined by the ratio of the 

minor component (collagen V) and the major component 

(collagen I): a high ratio results in thin fibrils, a low ratio 

results in thick fibrils136. 

o Basement membrane collagens represent a specialized ECM 

area for cell attachment and compose the 40-50 nm thick 

basal laminae typical of tissue boundaries. Collagens 

belonging to this group are type IV, VII, XV and XVIII, but 

collagen type IV is the most abundant and well known. 

Collagen IV molecules are longer than fibrillar collagens but 

contain several discontinuities in the Gly-X-Y repeats, thus 

they are not able to form a tight triple helix. Collagen IV 

forms a network-like scaffold by both end-to-end and lateral 

interactions and it interacts with various non-collagenous 

molecules such as laminin137. 

o Beaded microfilament forming collagen type VI is the 

unique member of this group and has the peculiarity of 

containing a short triple-helix domain of 335–336 amino 

acid residues, which are flanked by large N- and C-terminal 

globular region. This peculiar structure results in the typical 

beaded filament net structure. Collagen VI has been 
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demonstrated to be involved in the maintenance of stemness 

in different adult stem cell niches138. 

o Fibril associated collagens with interrupted triple helix 

(FACIT collagens) have flexible hinges and are needed to 

bridge fibrils, other matrix constituents and cells. This group 

includes collagen type IX, XII, XIV, XVI, XIX, XX, XXI 

and XXII136. 

o Transmembrane collagens or MACIT (Membrane associated 

collagens with interrupted triple helix) are collagens with 

single trans-membrane domain, short cytosolic N-terminal 

domain and long interrupted triple helical extracellular 

domains. They have cell adhesive properties and occur on 

numerous cell types, including malignant cells. The group 

includes type XIII, XVII, XXIII, and XXV. In particular, 

Collagen XIII is component of cell adhesion structures such 

as focal adhesions139 and collagen XXIII was associated with 

carcinogenesis140. 

-  Elastin. Elastin is the major component of elastic fibers and has the 

ability to recoil after transient stretch, thus providing tissues with 

elasticity. Elastin is composed by alternating hydrophobic elements 

and α-helical Ala- and Lys- rich sequences. Lysins form extensive 

lateral crosslinking between different elastin chains, while 

hydrophobic segments tend to adopt a folded, random-coil 

conformation. After stretch, the hydrophobic residues are exposed 

and tend to fold to minimize water exposition, thus compressing the 

whole elastin molecule. Elastin structure is represented in fig.1.11. 

- Fibronectin. Fibronectin (FN) is a glycoprotein composed by two 

nearly identical monomers bound together by disulfide-bond. 

Although FN is the product of a single gene, by alternative splicing 

as many as 20 FN variants can be originated. There are two types of 

FN: soluble plasma FN which is a major component of blood plasma 

and is secreted by hepatocytes, and insoluble cellular FN, major 
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ECM component secreted by cells (primarily fibroblasts)  as a 

soluble protein dimer and then assembled into its insoluble form141. 

FN chain is composed by three types of multiple repeats of modules, 

named Fn1, Fn2 and Fn3. Fn1 modules have adhesion sites for 

heparin and fibrin, Fn2 modules represent the collagen-binding 

domains while Fn3 modules contain the integrin-recognition 

sequences to allow cell adhesion to FN. Among the cell-adhesive 

domains, the most diffused is the RGD (Arg-Gly-Asp) motif and it 

is the site of cell attachment via cell integrin α5β1. The functional 

form of FN in vivo is in its fibrillar state where FN molecules are 

assembled into fibers. Cells can assemble soluble FN derived from 

plasma or produce the insoluble form directly in the ECM. The main 

feature of FN is the ability to bind different ECM components and 

cells, thus acting as glue of the extracellular matrix and as main 

substrate for cell adhesion, proliferation and migration142. 

Physiologically, FN is fundamental for correct wound healing, but 

de-regulated overexpression of FN has a role in promoting 

carcinogenesis131. FN structure is represented in fig.1.11. 

- Laminin. Laminins are cross-shaped, heterotrimeric basement 

membrane molecules formed by different combinations of α, β and 

γ chains. In basal laminae, laminins provide interaction sites for 

other ECM components and cells. Notably, laminin does not bind 

directly to collagen IV, but they are connected thanks to bridging 

molecules such as nidogen. Laminins play crucial roles in early 

embryonic development and organogenesis and are among the most 

used proteins for in vitro cell adhesion143,144. Laminin structure is 

represented in fig.1.11. 

Proteoglycans (PGs) fill the majority of the extracellular interstitial 

space within the tissue in the form of a hydrated gel145,146.  PGs are composed 

of glycosaminoglycan (GAG) chains covalently linked to a specific protein 

core and have been classified in three main families: small leucine-rich 

proteoglycans, modular proteoglycans and cell-surface proteoglycans. The 
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GAG chains are unbranched polysaccharide chains composed of repeating 

disaccharide units that can be sulphated or non-sulphated. PGs are highly 

polar, extremely hydrophilic and adopt extended conformations that are not 

only essential for hydrogel formation, but also enable matrices to withstand 

high compressive forces. PGs have a wide variety of functions that reflect 

their unique buffering, hydration, binding and force-resistance properties, 

moreover have been implied in genetic disorders and cancer147. Most PGs act 

predominantly in the extracellular space, not only as structural elements, but 

also as ligands for the many small protein growth factors, cytokines, 

chemokines, and morphogens that regulate embryonic development, 

inflammatory responses to pathogens and injury, and communication 

between cells145,146. PGs structure (as an example lecticans and small leucine-

rich repeat proteoglycans SLRP) is represented in fig.1.11. 

In some cases, GAGs can be found unbound to protein cores. The most 

common and well known is hyaluronic acid (HA), a non-sulfated high-

molecular-weight GAG composed of repeating N-acetylglucosamine and 

glucuronic acid disaccharides. The physical and mechanical properties of HA 

contribute to maintenance of tissue hydration, mediation of solute diffusion 

and the lubrication. The diverse biological functions of HA are manifested 

through its complex interactions with matrix components and resident cells. 

Binding of HA with cell surface receptors activates various signaling 

pathways, which regulate cell function, tissue development, inflammation, 

wound healing and tumor progression and metastasis. 
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1.2.2 Cell-ECM interactions 

As mentioned before, the ECM is not only a mechanical scaffold that 

allows cells 3D organization, but it is also actively interacting with cells in a 

dynamic and reciprocal influence. Therefore, cells need specific adaptors to 

catch ECM cues, transduce them to intracellular signaling and elaborate a 

specific cellular response.  

- Integrins. The first contact between cells and ECM is mediated 

mostly by integrins, alongside other receptors such as cadherins. 

Integrins are heterodimeric, glycosylated, transmembrane cell 

adhesion receptors that link the ECM to the cytoskeleton. In humans, 

the integrin family accounts of 24 members, composed by different 

combinations of noncovalently bound α- and β- subunits. To date, 

24 α- and 9 β-subunits have been identified and in all reported cases, 

integrins are formed by the combinations of one α- with one β-

subunit. The specific α- and β-subunits combination determines the 

ligand specificity of the integrin and the type of intracellular 

response, as shown in fig.1.12148,149. For example, integrins 

containing the α4-, α5-, α8-, αIIb-, or αV- subunits bind to ECM 

components that contain the RGD (Arg-Gly-Asp) sequence, such as 

fibronectin and vitronectin;  integrins containing the α3-, α6-, or α7-

subunits are laminin-binding receptors, while the α1-, α2-, α10-, or 

α11-subunits are collagen-binding receptors. Integrin monomers 

have a large extracellular domain, also called the globular head 

domain, a single transmembrane domain and a generally short 

cytoplasmic tail. Integrin extracellular domains can exist in bent 

‘closed’ conformations, intermediate extended conformations with 

a closed headpiece, and extended ‘open’ conformations. These states 

may correspond to low affinity, activated, and activated and ligand 

occupied integrins, where the ligand binding site is formed by the 

assembly of the globular head domains from the two α- and β-

subunits148,150,151. 
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There are two directions of integrin signaling: inside-out and 

outside-in signaling. During ‘inside–out’ signaling, an intracellular 

activator, such as talin, binds to the β-integrin tail, which is inhibited 

by the cytoplasmic domain of the α-subunit, leading to 

conformational changes that result in increased affinity for 

extracellular ligands, also referred as integrin ‘activation’. This 

conformational rearrangement splits α and β cytoplasmic domains. 

Certain cations (e.g., Mn2+) and antibodies may activate integrins by 

stabilizing or inducing their active conformation148. Inside–out 

signaling controls adhesion strength and enables sufficiently strong 

interactions between integrins and extracellular matrix (ECM) to 

allow integrins to transmit the forces required for cell migration and 

ECM remodeling and assembly. The outside-in signaling instead is 

related to the traditional receptor activity of integrins, where 

information is transmitted from the extracellular environment to the 

cell. Binding of integrins to their extracellular ligands changes the 
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conformation of the integrin and contributes to integrin clustering. 

Integrin conformational rearrangement and bidirectional integrin 

signaling are summarized in fig.1.13. The combination of these two 

events leads to intracellular signals that control cell polarity, 

cytoskeletal structure, gene expression and cell survival and 

proliferation. Although the two signaling directions are described 
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separately, they are closely linked: on one hand integrin activation 

can increase ligand binding, resulting in outside–in signaling, while 

on the other hand ligand binding can generate signals that cause 

inside–out signaling150,151.  

- Focal adhesions. Following integrin activation, ligand binding and 

oligomerization, a variety of proteins including integrins, signaling 

molecules and cytoskeletal proteins are recruited to form a 

specialized structure in adherent cells named focal adhesions. 

Average focal adhesion contact area is about 200 nm and the 

dimension of the protein complex that connects integrins to the 

cytoskeleton (also known as adhesome) is about 40 nm152. Are least 

232 proteins are involved in the formation of the integrin adhesome 

as represented in fig.1.14153,154. From a structural point of view, as 

represented in fig.1.14, the focal adhesion is organized in layers: in 

contact with the membrane there is the first layer containing integrin 

cytoplasmic tails, FAK and paxillin; then an intermediate force 

transduction layer containing talin and vinculin; and an uppermost 

actin-regulatory layer containing zyxin, vasodilator-stimulated 

phosphoprotein and a-actinin152. As the layer structure suggests, 

indeed focal adhesions components are recruited in a hierarchical 

fashion after integrin activation and aggregation: the first proteins to 

be recruited are the adaptor protein tensin and focal adhesion tyrosin 

kinase (FAK), then cytoskeletal components such as vinculin, talin, 

and α-actinin are recruited, and the signaling cascade is initiated. 

Notably, various adhesion structures that differ in their morphology 

and subcellular localization as well as in their protein composition 

and mechanical properties can be recruited following distinct 

integrin combinations155, but a key player of integrin signaling 

through focal adhesions is FAK156. As represented in fig.1.15, FAK 

exists as an auto-inhibited monomer, a conformation maintained by 

interactions between its amino terminal FERM domain and the  
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Figure 1.14: Focal adhesion layer organization and consensus adhesome proteins. Top: 
different layers that compose focal adhesions. Bottom: the 232 proteins involved in the 

formation of the integrin adhesome. Adapted from Kanchanawong et al. 2010 and from Horton 

et al. 2015. 
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central kinase domain. Upon PIP5KIγ-mediated  

phosphatidylinositol-4,5-biphosphate [PI(4,5)P2] release in focal 

adhesions157, [PI(4,5)P2] induces a relaxed conformation in FAK, 

followed by FAK clustering and dimerization. FAK dimerization 

allows FAK autophosphorylation at Y397 in trans. Y397 FAK 

phosphorylation creates a binding site for the SH2 domain of Src 

kinases and the FAK-Src complex initiates multiple downstream 

signaling pathways through phosphorylation of other proteins to 

regulate different cellular functions.  
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- Mechanotransduction. Besides recognizing the different ECM 

proteins and respond accordingly as previously described, integrins 

and focal adhesions are also main players in cell mechanosensitivity. 

Indeed, integrin adhesome proteins are the first sensors of the 

physical state of the extracellular environment, transmitted to the 

cells by ECM stiffness and tension or by the neighbor cells. The 

process of reacting to the biophysical properties of the extracellular 

environment through integrin-based adhesion sites is called 

mechanotransduction155. During mechanotransduction, force alters 

the function and structure of mechanosensitive proteins within focal 

adhesions to initiate signaling cascades that regulate both rapid 

responses in cellular mechanics and long-term changes in gene 

expression. In the cell, force is transmitted by a continuous flow of 

actin polymerization against the membrane. At the membrane edge, 

actin monomers are polymerized and the growing actin filaments is 

pushed inside, in a continuous actin flow called ‘retrograde flow’ 

since it moves from the cell edge where cell–ECM adhesions form 

towards the cell center, driven by myosin powered contractions. The 

speed of actin flow determines the force load on the focal adhesions, 

and the integrin adhesome that connects ECM to the force-

generating actomyosin cytoskeleton can be compared to a molecular 

clutch that transmits the force between the ECM and the actin 

filaments158. Binding proteins such as talin and vinculin mediate the 

interaction between integrins and actomyosin cytoskeleton. F-actin 

and myosin are held together by crosslinking proteins in structures 

called stress fibers (SFs)159. 

When the clutch senses force, the mechanical stretch on integrins 

activates FAK and Src family kinases and induces immediate cell 

stiffening through the Rho pathway: RhoA promotes stress fiber 

formation and myosin II activity through the activation of Rho-

associated kinase (ROCK). Rho pathway activation ultimately 

results in the activation of Yes-associated protein (YAP) and WW 
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Domain-Containing Transcription Regulator Protein 1 (WWTR1 or 

TAZ), generally referred to as YAP/TAZ, even if the direct 

molecular link has yet to be clarified160. YAP/TAZ are 

transcriptional co-regulators well characterized in the context of the 

Hippo pathway, but recent findings suggested a new role for YAP 

and TAZ as master regulators of mechanotransduction161,162. 

Notably, YAP and TAZ respond to very diverse biomechanical 

signals with cell type- stress-specific biological effects as 

represented in fig.1.16.  

Figure 1.16: Mechanical stimuli influencing YAP and TAZ. Top: mechanically activation of 

YAP/TAZ (red), results in nuclear translocation and interaction with TEAD transcription factors. 

Bottom left: mechanical conditions where YAP/TAZ is not active. Bottom right: mechanical 

conditions that activate YAP/TAZ. Adapted from Panciera et al. 2017. 
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YAP/TAZ activity is linked to their cellular localization: if they are 

kept outside of the nucleus, their transcription factor activity is 

inhibited, when they are in the nucleus they actively promote 

transcription. Remarkably, in cells experiencing low levels of 

mechanical signaling (rounded cells attached to a soft ECM or to a 

small adhesive area), YAP/TAZ remain in the cytoplasm, while in 

cells perceiving high levels of mechanical signaling (rigid substrates, 

cytoskeletal tension or deformation) YAP/TAZ are situated in the 

nucleus. They remain evenly distributed at more intermediate levels 

of mechanical signals160. Notably, no direct link between FAK and 

YAP/TAZ activation has been reported, but FAK activation in 

mandatory for YAP/TAZ activation in response to mechanical 

stimuli163.  

In conclusion, considering the above-mentioned complexity of integrin-, 

focal adhesions- and mechanotransduction-related phenomena, is not 

surprising how alterations in integrin activation, focal adhesion signaling or 

YAP/TAZ expression results in genetic diseases or in uncontrolled alterations 

of cell fate and ultimately in cancer153,160,164,165. 

1.2.3 ECM role in stemness  

As reported above, ECM and ECM-cell relationships have great influence 

on cell function and cell fate. Therefore, lot of effort has been made to 

understand the ECM role in maintenance and differentiation of stem cells. 

Although ECM influence in embryogenesis and on embryonic stem cells 

pluripotency may be difficult to study due to technical accessibility and 

dynamic evolution of the embryo, another kind of stem cells is available in 

every tissue of the body: the adult stem cells (ASC). Indeed, ECM and cell-

ECM interactions have great influence on both adult stem cells and pluripotent 

stem cells maintenance and differentiation.  

1.2.3.1 Adult Stem Cells niche 

Some tissues of the human body are constantly renovating their cell 

population (e.g. skin, blood, gut) in a process called tissue homeostasis, 
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where old or damaged cells are substituted by new cells. Other tissues 

(muscles, liver and brain) have lower turnover, but require fresh tissue-

specific cells for tissue growth, regeneration and damage repairing. The 

cells source for this continuous turnover are the adult stem cells resident in 

the tissue itself. ASC are stem cells with low levels of potency (multi-, oligo-, 

unipotent or progenitors) that can differentiate only in the few cell types 

required for the relative tissue166,167. Notably, ASC pool reside in the tissue 

in a quiescent state, with low levels of self-renewal168 and, upon stimulation, 

start to proliferate asymmetrically, giving rise to one stem cell and one 

differentiated cell169. With asymmetric proliferation, the ASC pool is 

maintained virtually along the whole lifespan. It is evident that ASCs 

represent a precious cell pool for the tissue and in fact, they are protected in 

a specialized microenvironment named the stem cell niche, that provides to 

ASC the correct balancing between quiescence, self-renew and 

differentiation170. The niche composed by the combination of ASCs, 

supporting stromal cells and specific ECM molecules. Niches have specific 

anatomical localization in the tissue and are both vascularized and 

innervated to be connected with the tissue itself and other tissues in the 

organism. The ECM composition of the niche offers biochemical and 

mechanical cues to direct ASC quiescence or proliferation. Of course, also 

ASC have a deep influence on the niche, secreting growth factors, ECM 

components or remodeling it.  

Thanks to the combinatorial potential of integrin subunits, every cell-

niche relationship is characterized by a specific set of ECM molecules-

integrin interactions, with few common players. Among those, β1 integrin 

is essential to control the balance between symmetric and asymmetric 

divisions by controlling mitotic spindle orientation171.  

Moreover, the ECM provides to the cells a reservoir of growth factors 

embedded in the matrix. This ability of the ECM to seize growth factors is 

essential to regulate spatially and temporally growth factors availability to 

cells172. For example: fibronectin, vitronectin, collagens and proteoglycans 

can bind FGFs, HGFs, VEGFs, BMPs and TGF-β. In this scenario, the 
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secretion of metalloproteases or their release from ECM seizure can remodel 

the matrix and regulate growth factors availability to cells.  

Beside the biochemical interactions, the niche provides also 

fundamental mechanical information on the tissue state. In the niche, the 

forces acting on ASC are due both to the ECM stiffness and to the 

surrounding cells. Therefore, an overcrowded niche will exert high pressure 

on the cells and will block cell proliferation, while a reduction in cell 

population will stimulate cell proliferation to re-establish pressure 

homeostasis, in a mechanism known as contact inhibition of proliferation, 

which is deregulated in tumors162,173. Similarly, an increase or decrease in 

ECM stiffening will induce a different ASC differentiation. For example, 

mesenchymal stem cell (MSC) differentiation is directed by the physical 

features of the cell micro- environment rather than by soluble signals: on 

stiff substrate MSCs follow an osteogenic fate, whereas they turn into 

adipocytes at low mechanical stresses, with involvement of YAP/TAZ 

regulation160,174. Another example is liver fibrosis, where tissue damage 

triggers YAP nuclear translocation and activation of hepatic stellate cells, 

with consequent increase in collagen deposition and stellate cell 

differentiation in myofibroblasts, resulting in liver fibrosis175.  

In conclusion, the extracellular matrix is a key player for stem cell fate, 

and therefore studying ECM in adult stem cell niche is therefore important 

not only to gain a better understanding of pathologies such as cancer or 

fibrosis, but also to elicit correct tissue regeneration for regenerative 

medicine approaches176.  

1.2.3.2 ECM in pluripotency maintenance  

At first, human primed pluripotent stem cell lines have been 

established in vitro using medium containing animal serum in co-culture 

with a feeder layer of mitotically inactive mouse embryonic fibroblasts 

(MEF). These culture conditions are unfortunately undefined and carry 

along potentially xenogenic allergens derived from raw animal materials, 

therefore not applicable for industrial or clinical purposes. Moreover, co-
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culture with feeder cells require time-consuming passaging procedures and 

represents a potential risk of cell contamination and scarce results 

reproducibility15,177. In recent years, many efforts have been spent to 

develop chemically defined, xeno-free and feeder-free systems to sustain 

human primed PSC proliferation and differentiation. At first MEF were 

substituted with MEF-conditioned medium17, then chemically defined 

media have been developed both for hESC derivation178 and for iPSC 

reprogramming179. Remarkably, chemically defined culture media have 

been followed by the development of more and more specific and minimal 

MEF surrogates, taking into account that pluripotent stem cells are 

adhesion-dependent and are not able to attach to tissue-culture plastic. At 

first, an already available product, commercially known as Matrigel180–182 

has been applied. Matrigel is a crude extract from gelatinous protein mixture 

secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, therefore 

it is an undefined mixture of laminin, entactin, collagens and heparin sulfate 

proteoglycan, plus several growth factors. Matrigel can sustain attachment 

and growth of several cell lines, and a special Matrigel reduced factor (MRF) 

version has been obtained by depleting growth factors to allow specifically 

pluripotent stem cells undifferentiated growth. Unfortunately, being 

Matrigel an undefined extract, it is subjected to batch-to-batch differences 

and variable experimental results. Moreover, it is not suitable for clinically 

applications because of the potential risks deriving from animal compounds. 

Next, by analyzing Matrigel composition, the single ECM protein 

contribution to maintain pluripotency has been investigated. Between 

laminin, collagen IV, and fibronectin coatings, laminin has proved to sustain 

long-term feeder free human primed PSC culture and among the different 

laminin isoforms, laminin-511 and -521 showed the best performances183,184. 

Recently, recombinant E8 fragments of laminin-511 (LM-E8s), which were 

the minimum fragments conferring integrin-binding activity, were 

developed as coatings for chemically defined human primed PSC culture185. 

Besides laminin, other ECM proteins have been proved to sustain long-term 

human primed PSC undifferentiated self-renewal, such as vitronectin 
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(VTN), a glycoprotein commonly found in bones and serum18. A truncated 

version of VTN, lacking the N-terminal (VTN-N) has proven better that 

wild type protein to support attachment and survival and is now widely 

used179.  Other ECM proteins, such as fibronectin and collagen I are not as 

efficient at maintaining undifferentiated proliferation of human primed 

PSC17. Besides natural and recombinant compounds, also fully synthetic 

materials have been developed for human primed PSC culture, such as 

peptide-acrylate surfaces186, PMEDSAH187 or hydrogels with tunable 

elasticity188. In all cases, synthetic materials need an additional coating with 

RGD or KGGPQVTRGDVFTMP (vitronectin) peptides to allow primed 

PSC adhesion and proliferation. Some studies reported that also the use of 

decellularized ECM from hESC can sustain undifferentiated proliferation of 

human primed PSC189.  

The development of the above-mentioned coatings to support human 

primed PSC culture followed mainly empirical and combinatorial 

approaches, but the current knowledge on the endogenous production of 

ECM proteins by PSC and the intracellular signaling pathways needed to 

maintain pluripotency are still largely unknown. Some studies have 

demonstrated that laminin-511 and collagen IV are the most abundant 

endogenous proteins produced by human primed PSC, but their 

physiological role is unknown184,190. In particular, laminin chain α5 is 

important for pluripotency and disruption of endogenous α5 laminin subunit 

expression dramatically impaired self-renewal and increased apoptosis, with 

reduction of OCT4 and SOX2 expression, while culturing cells on 

exogenous laminin-521 restored self-renewal and survival191. Indeed, 

during differentiation, the expression pattern of different laminin isoforms 

in human primed PSCs changes dramatically192.  

Taken together these data demonstrate that specific cell-ECM 

interaction pathways are active in human primed PSC and change during 

differentiation in concert with the better-studied gastrulation and 

organogenesis gene networks. In particular, some integrin isoforms have 

been demonstrated to have a prominent role in pluripotency maintenance, in 
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correlation with the specific coating protein applied: laminin coating is 

correlated with high expression of α6β1 integrin, moderate levels of α2, and 

low levels of α1, α3 and β4 integrin subunits17, while vitronectin coating 

requires αVβ5 integrin18,193. Another highly expressed integrin in human 

primed PSC is α5β1, specific for fibronectin binding, even if fibronectin 

coating is not used for primed PSCs expansion193. Importantly, the 

knockdown of integrin α6 in hESC led to a reduction in NANOG, OCT4, 

and SOX2 levels, suggesting that integrin signaling may be crucial for 

maintaining PSC self-renewal and the expression of pluripotency 

transcription factors in human primed PSC194. Notably, integrin subunit β1 

is fundamental for the adhesion and proliferation of primed PSC on laminin 

or fibronectin and targeting it with a blocking antibody prevents cell 

attachment and growth. This phenotype can indeed be reverted by αVβ5 

integrin activation by vitronectin18. Other possible integrin dimers with 

monomers that have been detected in human primed PSCs are α2β1 (binding 

collagen and laminin), α3β1 (binding nidogen, laminin, collagen I, and 

fibronectin) and α11β1 (binding collagen), bur the role of these or other 

integrins has not been sufficiently investigated yet18. 

As reported in paragraph 1.2.2, integrin-ECM binding activates the 

recruitment of a plethora of intracellular proteins. In human primed PSC, 

integrin signaling has been reported to converge on AKT pathway activation, 

which is fundamental to promote self-renewal and survival of primed PSCs. 

In these cells, AKT pathway requires FGF2-mediated activation of PI3K 

pathway and integrin β1-mediated activation of integrin-linked kinases195,196. 

Ultimately, FAK transduces integrin activation to activate AKT pathway to 

promote adhesion and prevent cell death by anoikis197. Surprisingly, recent 

works show that integrin-FAK signaling pathway is not active in 

undifferentiated human primed PSCs. Indeed, recent works report that in 

primed PSC, FAK is not phosphorylated at Y397, first auto phosphorylation 

site required for FAK activation, and it is localized in the nuclei of primed 

PSCs, interacting with OCT4 and SOX2 instead of being localized in focal 

adhesions194,197,198. Notably, both the nuclear localization signal and nuclear 
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export signal sequences of FAK have been identified in its NT domain. This 

interaction was demonstrated by co-immunoprecipitation studies194. This 

study suggests that integrin α6 is required to maintain FAK nuclear and 

dephosphorylated. In fact, during differentiation integrin α6 levels diminish, 

and FAK Y397 becomes phosphorylated, while during reprogramming, 

integrin α6 is not expressed in parental fibroblasts, but become expressed 

few days after reprogramming factors induction and consequently FAK 

loses the Y397 phosphorylation194. Taken together, these findings suggested 

that the integrin-ILK signaling pathway is active in order to maintain hPSC 

self-renewal and survival through the activation of AKT signaling pathways 

while integrin-FAK signaling pathway is not active. However, how can cells 

grown on vitronectin maintain FAK nuclear localization since no α6β1 

integrin is involved in vitronectin binding? To clarify this point, endogenous 

laminin production by primed PSC was investigated and indeed these cells 

are able to remodel the substrate in which they are growing by secreting and 

depositing their own α5 laminin194. A useful tool to activate integrins is 

incubation with Mn2+, which results in β1 activation, formation of focal 

adhesions, phosphorylation of FAK, and notably, in reduction in Oct4 

expression. These data suggest that in undifferentiated primed PSCs the 

majority of integrins are in an inactive state, but are poised to be activated. 

When integrins are active, Oct4 expression is reduced; however, the 

knockdown of integrin α6 also induced the reduction of NANOG, OCT4,  

and SOX2. This suggests that in primed PSCs, integrin α6 may be pro-

pluripotency by inhibiting the ability of integrin β1 to phosphorylate FAK 

at Y397 and with it preventing the repression of pluripotency transcription 

factors194. A similar mechanism of α6-mediated β1 inhibition was 

demonstrated to prevent FAK phosphorylation in myoblasts199. FAK has 

been reported to shuffle from focal adhesions to the nucleus where it acts as 

a scaffold for other proteins such as p53, p21 and GATA4 to promote cell 

proliferation and survival in stress conditions such as oxidative stress and 

detachment from the substratum200,201. FAK non-canonical activity in 

primed PSC has been summarized in fig. 1.17. 
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Another important ECM-cell interaction for pluripotency maintenance 

is the modulation of RHO-myosin pathway, which is related to laminin α5 

subunit and therefore to integrin α6. In fact, disruption of endogenous α5 

laminin production led PSC to apoptosis and that the treatment with Rho-

associated kinase (ROCK) inhibitor partially restored their self-renewal and 

diminished apoptosis, suggesting a strong relationship between laminin α5, 

integrin α6 and RHO-myosin pathway in preserving pluripotency and 

survival202–204. Indeed, in a study, human primed PSC single-cell suspension 

treated with laminin-511 in solution recovered from single-cell passaging 

without addition of ROCK inhibitor molecules190. Moreover, in the same 

study it was shown that by blocking integrin α6 in primed PSC, colony 

aggregation was inhibited, while by blocking integrin β1, colony attachment 

and proliferation was almost completely prevented. These findings could 

explain the low survival rate of human primed PSC after single cell 

passaging in absence of ROCK inhibition.  

Notably, all the above-mentioned observations on ECM-related 

preservation of pluripotency have been made in primed PSC. As human 

naïve PSCs are concerned, no study has assessed the naïve endogenous 

ECM protein production, nor the integrin pathways operating in naïve PSC. 

Some speculations may be made by comparing human primed PSC features 

with mouse ESC, which represents the mouse counterpart of human naïve 

PSC. In mESC, collagen I and gelatin are suitable to maintain mESC self-

renewal, while laminin or fibronectin induced the differentiated epiblast-

like PSC state, the counterpart of human primed PSC. Therefore collagen I 

and gelatin may be more suitable for naïve state, while laminin may be more 

suitable for the primed one205. A study on FAK nuclear localization in 

human primed PSC showed how inhibition of FAK signaling that results in 

FAK nuclear localization, promotes a shift in cell behavior: from matrix-

cell adhesion and a more flat phenotype, to cell-cell adhesion with a more 

3D, dome-shaped morphology typical of naïve PSC197. Unfortunately, this 

study does not investigate any naïve pluripotency marker expression to 

validate a similar correlation.  
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Another demonstration of the peculiar functionality of focal adhesions 

in human primed PSC is linked to the overall low adhesion strength that 

characterizes these colonies206 and to the organization of actin cytoskeleton 

in primed PSC colonies207. The low adhesion strength is related to the switch 

in integrin expression that occurs during reprogramming: in fibroblast the 

most expressed integrin is α5β1, while in iPSC is α6β1. This switch is 

required for completing reprogramming and in fact, cell-ECM interactions 

rearrangements and expression of integrin α6 is a major barrier toward 

reprogramming208. Indeed, reprogrammed pluripotent cells exhibit 

significantly lower adhesion strength, on different substrates (fibronectin, 

laminin, Matrigel) than parental fibroblasts and this correlated to the number 

of focal adhesions spotted in the two stages. Moreover, partially 

reprogrammed cells showed an intermediate strength, with more focal 

adhesions that iPSC and less than parental cells206. Low adhesion strength 

is correlated to a different actin cytoskeleton between differentiated cells 

and human primed PSC207,209, as shown in fig.1.18. In fact, fibroblasts have 

multiple thin actin fibers  aligned along the long axis of the cell and 

connected to focal adhesions at their distant edges, while PSC show thick 

actin stress fibers parallel to the colony edge, anchored to focal adhesions at 

the cornerstones of the colonies207. These thick fibers act as a fence that 

surrounds the colony at the bottom plane and play an active role in colony 

tight packaging. In colonies composed by more cells, the strength produced 

by the single actin fiber decreases and therefore, bigger colonies have 

thinner actin fibers, and higher colony density. Indeed, disruption of the 

actin fence (by blebbstatin, latrunculin-A or ROCK inhibitor treatment) 

results in reduction of SOX2 expression, cell spreading and 

differentiation207. These data suggest that also mechanical cues play a major 

role in primed PSC cell fate and pluripotency maintenance. In fact, Rho 

signaling, which is involved in mechano-sensing as above described, is 

involved in human primed PSC self-renewal and survival through its 

downstream effector YAP/TAZ210. In primed pluripotent stem cells, 

YAP/TAZ are nuclear when cells are grown on stiff substrates and relocate 
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in the cytoplasm when cells are forced to adopt a round shape because of 

lack of mechanical stress160. Moreover, YAP/TAZ activation is responsible 

for the morula cells commitment in trophoblast cells, while cells of the inner 

cell mass have cytoplasmic, inactive YAP/TAZ.   

As human naïve PSC are concerned, up to now, the gold standard 

substrate for expansion of these cells are mitotically inactivated mouse 

embryonic fibroblasts (MEF), only one study reports growth of feeder free 

human naïve PSC on Matrigel and laminin 511, but no information on 

maintenance of ground state pluripotency features in feeder-free conditions 

is reported. About the correlations between ECM features and pluripotency 

maintenance, some speculations may be done by looking at mouse ground 
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state PSC, where focal adhesion signaling pathway is strongly 

downregulated comparing to the differentiated counterparts211,212. In mouse 

PSC, reduction of ECM-integrin interaction by low adhesion strength results 

in pluripotency maintenance, while Mn2+ integrin activation leads to FAK 

phosphorylation and overall reduction of pluripotency markers expression. 

In 2iLIF conditions (the same conditions used to culture human naïve PSC), 

mouse PSC show downregulation of pathways related to integrins, FAK 

phosphorylation, focal adhesions and actin cytoskeleton211,212. These data 

suggest a role for low cell-ECM adhesions in the maintenance of ground 

state pluripotency similar to the one analyzed above for human primed PSC. 

A recent work on human primed PSCs demonstrated that if PSC are grown 

on low-adhesion substrate (low-adhesion gelatin nanofibers), two PSC 

subtypes with different morphologies arise. In particular, about 90% of the 

cells maintained a flat morphology, while about 10% of the cells acquired a 

dome-shaped 3D morphology213. A gene ontology analysis on differentially 

expressed genes between these two morphologies showed that the main 

differences were related to adhesion genes. Moreover, dome-shaped cells 

had higher proliferation rate, resistance to single-cell passaging and formed 

bigger teratomas. The characterization of the dome-shaped cells obtained in 

this study is not sufficient to state that the isolated population is composed 

by naïve PSC, but a higher expression of NANOG and KLF4 (naïve marker) 

is reported. Some in-depth analysis on serum response factor (SRF) suggest 

that it may be involved in the switch between the two morphologies. SRF is 

a transcription factors that regulates cell cytoskeleton structure, cell 

adhesion, motility and fate decision. SRF requires the binding with 

megakaryocytic acute leukemia (MAL), which is sensitive to variations of 

actin un-polymerized monomers (G-actin). When cells are exposed to low 

tensile and adhesive forces, actin cytoskeleton is largely un-polymerized 

and the monomeric G-actin prevails over the polymerized F-actin form. In 

the nucleus, G-actin binds to MAL, preventing it to bind with SRF, 

suppressing SRF signaling. Instead, if cells are subjected to stronger 

adhesion forces, G-actin is polymerized in F-actin, MAL interacts with SRF 
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and SRF signaling is active, resulting in cell differentiation214,215. Indeed, in 

cells with flat morphology F-actin prevailed over G-actin, resulting in SRF 

activation and downregulation of NANOG and KLF4, while in dome-like 

cells G-actin prevailed and no SRF activation was reported.  

Another work suggests a possible role of YAP/TAZ in the conversion 

of human primed PSC into naïve PSC216. In this work, overexpression of 

YAP in human ESC promoted conversion of these cells into naïve-like cells, 

with simil-3D morphology and higher resistance to single-cell passaging 

comparing to the control. However, this study has some controversies: first, 

the 3D morphology obtained is flatter than other human naïve PSC studies; 

then the naïve marker characterization provided is quite poor. Therefore, 

more data are needed to understand YAP/TAZ role in naïve pluripotency.  
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1.3. MICROFLUIDIC DEVICES CREATE 

CONFINED ENVIRONMENT FOR CELL 

GROWTH  

Conventionally, cell culture is performed in plastic platform with large cell-

adhesive area, such as multiwell, petri dishes, cell flasks and so on. All of those 

systems are characterized by the need of large volumes of medium covering the 

cell culture. In these systems, cells are surmounted by several millimeters of 

medium, which correspond to about 100 times the height of the cell itself. By 

thinking to a tissue in vivo, where cells are tightly packed and nutrients are 

delivered to the cells by tiny capillaries and by diffusion in the few micrometers 

interstitial space, it is easily understood how conventional cell culture devices are 

not an accurate reproduction of a physiological environment. Moreover, the wider 

the cell-adhesive surface, the greater will be the costs. 

To overcome this limitations, a new kind of cell culture devices, based on 

microfluidic technology has been developed.  

1.3.1. Characteristics and advantages of uF devices 

The field of microfluidics is characterized by the study and manipulation 

of fluids at the submillimeter length scale. The fluid phenomena that dominate 

liquids at this length scale are different from those that dominate at the 

macroscale217 (Fig.1.19): 

- Laminar versus turbulent flow: for microfluidic systems, flow is almost 

always in the laminar flow regime, allowing for highly predictable fluid 

dynamics. Molecular transport also changes dramatically at this scale 

because convective mixing does not occur, enabling predictable diffusion 

kinetics. 

- Surface and interfacial tension: these forces play more dominant roles on 

the microscale compared to gravity, which is much more dominant on the 

macroscale.  
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- Capillary forces: at the microscale, capillary action is a more dominant 

force, allowing fluids to advance in opposition to gravity.  

Certain derived properties of this peculiar flow dynamic, have made them 

attractive candidates to replace traditional experimental approaches, especially 

in the biological and medical field. By simply miniaturizing macroscopic 

systems and taking advantage of the possibility of massive parallel processing, 

some microfluidic chips enable high-throughput biological experiments. 

Specific effects of laminar flow at the micron-scale also enable spatial control 

of liquid composition at subcellular resolution, fast media and temperature 

changes, and single cell handling and analysis. Microfluidic technology 

enables studies of cell behavior from single- to multi-cellular organism level 

with precise and localized application of experimental conditions unreachable 

using macroscopic tools218. 

Moreover, microfluidic cell culture devices allow a precise control of cell 

microenvironment, by allowing both fine control of gradients and factors 

delivery at the cell level, and enhanced accumulation of paracrine factors 

produced by the cell itself. The concentration of a specific signaling molecule 

in the medium is controlled in these systems at a scale comparable to cell size 

(few micrometers), unlike in conventional culture systems where only bulk 

concentration is defined. Traditional macroscopic culture methods such as Petri 

dish poorly mimics in vivo conditions such as growth factor concentration, 

chemical and mechanical stimuli (Fig.1.19). In addition, large-scale 

experiments, which consist of doing a large number of experiments at the same 

time in different conditions, are often not feasible. Finally, the miniaturization 

of volumes, reagents and cell number allows a consistent reduction of 

experimental costs, and the possibility to automate the system reduces the 

manual work and the contamination risk (Fig.1.19)219,220.  
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Figure 1.19: Microfluidic cell culture devices. Top: fluid phenomena at the microfluidic scale comparing 

to standard macroscale devices. Middle: microfluidic devices allow concentration of cell-secreted factors 

and prevent dilution of paracrine signaling. Bottom left: dimensions and component of a microfluidic 
platform. Bottom right: microfluidic devices guarantee reduction of costs by downscaling volumes of 

reagents and cell numbers needed to perform experiments (compared to standard 6-well multiwell).  
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1.3.2. Microfluidic devices enhance paracrine signaling and 

extracellular factors accumulation 

In vitro, cells interact with extracellular environment by up taking and 

releasing molecules through cellular membrane into the medium. This 

interchange produces a gradient of factor concentration in the immediate 

surroundings of the cell surface. Thus, the soluble culture environment is 

characterized by spatially heterogeneous and dynamically changing 

composition. In conventional culture devices, the large amount of medium over 

the cells represents an essentially unlimited source of molecules for cell uptake 

but also strongly dilutes the concentration of factors released by the cells. In 

microfluidic devices instead, the few microliters of medium surrounding the 

cells allow any exchange of molecules between cells and soluble environment 

to strongly affect factors concentration. Thus, microfluidic discontinuous 

perfusion, where cell culture medium is changed several times a day depending 

on cell type and growth rate, but, between one medium change and the other, 

the medium is static over the cells, is an optimal strategy to grant endogenous 

factor local accumulation and availability of fresh growth factors. This peculiar 

feature of microfluidic devices has been applied to optimal maintenance of 

multiple cell types. In particular pluripotent stem cells, both ESC and iPSC 

have been demonstrate to take advantage of controlled confined 

microenvironment221–224. These studies demonstrated how optimal 

maintenance of pluripotent stem cell morphology and pluripotency markers 

required a specific frequency of medium change to maintain high and uniform 

expression of pluripotency markers and pluripotency morphology, as shown in 

fig.1.20. In particular, Guild et al. demonstrated that mouse embryonic stem 

cells (mESCs) inside microfluidic chambers formed colonies and expressed 

markers of pluripotency in the absence of feeders or pluripotency-inducing 

signals such as leukemia inhibitory factor (LIF), while mESCs in standard 

cultureware differentiated rapidly. These differences in cell response are due 

to endogenous production of LIF and other growth factors brought upon by 

cultivation in confined environment. With a different technique, but with a 

similar approach, Warmflash et al. cultured and differentiated hESC on 
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micropatterned surfaces that constrained the colonies in a delimited area. On 

these surfaces, colonies were able to self-organize in developmental patterns 

with precise spatial resolution225. This work demonstrated the importance of 

local gradients in embryonic self-organization during development. 

In a recent work, Hu et al. analyzed the secretome of human BJ fibroblasts 

cultivated in microfluidic chips and in conventional platforms with SILAC-MS 

technique and demonstrated for the first time that the microfluidic environment 

can boost secretome proteins production and accumulation288. In this 

experiment, conditioned medium was collected from the two platforms during 

cell growth, balancing channels and wells in order to collect, for each day, the 

same volume of conditioned medium from the two platforms. In the devices, 
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the cells were seeded at the same density on the same area, heavy-labeled cells 

were seeded in microfluidics and light-labeled cells in wells. It is possible to 

notice how in microfluidics more proteins are detected compared to well 

system (22 proteins in μF and 14 in well) (Fig.1.21). Among those, only 28.6% 

of the total proteins are overlapping, 21.4% are expressed only in well and 50% 

of the total are expressed only in microfluidics. Furthermore, a Gene Ontology 

(GO) enrichment analysis was performed on this list of proteins and the most 

abundant protein set is the one correlated with extracellular matrix (ECM). This 

category is highly represented in the subset of proteins that are expressed only 

in microfluidic devices, suggesting a positive influence of confined 

environment on the deposition and remodeling of ECM288. 
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1.3.3. High efficiency reprogramming in microfluidic devices 

A groundbreaking work published by Luni et al. developed a novel 

protocol for high efficiency cell reprogramming in microfluidic cell culture226.   

In this work, BJ fibroblasts (a model cell line widely used for cell 

reprogramming) have been reprogrammed to hiPSC in microfluidic devices 

with a cocktail of modified mRNA (mmRNA) coding for six reprogramming 

factors (OCT4, SOX2, KLF4, C-MYC, LIN28 and NANOG). The mmRNA 

cocktail was previously validated by Warren et al227,228.  

This protocol was optimized in xeno-free, feeder-free, chemically defined 

conditions, in order to guarantee maximum safety and robustness to the 

protocol, and it consumes only ~200 μL of medium during a 14 days 

reprogramming. The downscaling of reprogramming conditions to a few 

microliters, caused a ten-fold reduction in the ratio of medium volume to cell 

surface area compared to that of a well plate and allowed extrinsic autocrine 

and paracrine factors released by the cells to concentrate rapidly. In agreement 

with the advantages of microfluidic devices on pluripotent stem cell culture, 

also cell reprogramming was deeply influenced by the confined environment. 

In fact, downscaling mmRNA reprogramming to microliter volumes generates 

a favorable environment for the acquisition of pluripotency, achieving an 

average efficiency of 120% (120 hiPSC colonies per 100 seeded cells) with a 

50-fold increase in micro-scale compared to a multi-well plate (2.1 % ± 0.7). 

In this work, microfluidics allowed to achieve the highest reprogramming 

efficiency ever reported in the literature. Moreover, this was obtained with a 

60-fold reduction of the overall amount of mmRNA per cell compared with 

conventional multiwells. Thus, not only microfluidics boosts cell 

reprogramming, but allows also a conspicuous saving in experimental costs by 

a 100-fold reduction of raw material compared to a standard multiwell.   

Recently, this protocol has been further improved by switching from 

modified mRNAs to non-modified mRNA and by shortening the RNA 

transfections. In this case the RNA mix includes three components: non-

modified mRNA of the four Yamanaka factors (OCT4, SOX2, KLF4, C-MYC), 
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NANOG, and LIN28; mRNA encoding for E3, K3, and B18R for evasion of 

the immune response, and double-stranded microRNAs (miRNAs) from the 

302/367 cluster229,230. Further increase in reprogramming efficiency can be 

achieved by adding sodium butyrate, PS48 and TGF-β RI Kinase Inhibitor IV 

during reprogramming.  

Having a system that boosts reprogramming efficiency is very important 

for generating hiPSC from recalcitrant cell types such as slowly proliferating 

and early senescent primary cells or from heterogeneous population such as 

cells extracted from tumor masses that contain cancer stem cells.  

Nevertheless, the specific molecular mechanism or pathway responsible 

for this increase in reprogramming efficiency has not been uncovered yet and 

further analysis are needed to characterize the system. 
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1.4. DISSECTING CELL HETEROGENEITY AT 

SINGLE-CELL LEVEL 

As it is widely known, the gene expression profile of a cell defines its 

function in a specific period of time and in a specific spatial localization. All cells 

of a human organism share the same DNA and therefore the same set of about 

20000 genes. However, different cells transcribe into RNA a different portions of 

the total genome, leading to cell-cell difference in gene expression profiles. 

Therefore, only by analyzing the RNA expression profile of cells it is possible to 

have insight on the cell function.  

In decades, different approaches have been developed to inquire RNA 

expression in cell populations. At first only targeted analysis such as PCR or qPCR 

were available, strongly limiting knowledge possibilities to hypothesis-driven 

experiments. Later whole transcriptome analysis such as RNA-sequencing (RNA-

seq) have become available to study the whole RNA expression in a cell 

population. With the introduction of transcriptomic approaches, experimental 

strategies have changed from being gene-focused or pathway-focused to modern 

holistic views. In fact, with pre-omic approaches, only specific targets were 

interrogated in each analysis, with the risk of losing the complete picture of the 

phenomena-of-interest. Thanks to RNA-seq, instead, it is possible to snap a 

comprehensive portrait of cell activity in specific experimental conditions. In this 

way, new and previously unexplored correlations can be found, enhancing total 

knowledge.  

However, until less than 10 years ago, RNA-seq has been limited to the 

analysis of pooled populations of cells, which was necessary to obtain sufficient 

RNA for analysis. For example, to obtain the transcriptomic profile of a specific 

tissue, the whole tissue was processed as a whole. In this way, RNA amount was 

not a limiting factor anymore, but any information of cell heterogeneity was 

completely lost. Therefore, it was possible to distinguish the expression profile of 

brain tissue from muscle tissue for instance, or of a tumor mass from a healthy 

tissue, but it was impossible to distinguish rare cell populations such as the adult 
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stem cell pool from the differentiated cell or the cancer stem cells from the main 

tumor mass. This kind of RNA-seq approach is defined bulk RNA-seq and focuses 

on the analysis of pooled cell populations, which does not enable the identification 

of different cell types that express different genes but instead provides a virtual 

average of the multiple cellular components, which may well say very little about 

any specific cell type present. Besides tissue anatomy and tumor organization, cell 

heterogeneity is also a main feature of embryogenesis, where progenitor cells that 

are often histologically indistinguishable undergo diverse differentiation decisions 

to become specific cell types. Analysis of the gene expression of pooled 

populations of progenitor cells does not enable distinction of the signals that drive 

a progenitor down a particular differentiation pathway. For example, with bulk 

RNA-seq analysis of a morula-stage embryo it would be impossible to distinguish 

morula cells that will become the trophoblast from those that will become the 

inner cell mass.  

For these reasons, in the past decade new approaches to enable gene 

expression analysis at much higher resolution than previously possible have been 

developed. The currently available techniques, known as single-cell RNA 

sequencing (scRNA-seq), allow depicting the expression level of every gene, even 

in a single cell. Such analysis provides much more meaningful insights into cell 

behaviour than analysis of pooled cells231–234. 

From 2009, when the first scRNA-seq was published by Tang et al.235, single 

cell techniques have been extensively applied to complex tissues to enable 

identification of new, previously unknown cell types236–241, to study tumor 

composition and evolution242–245 or to study embryonic development, 

pluripotency acquisition and stem cell heterogeneity70,246–252.  

1.4.1. scRNA-seq strategies 

scRNA-seq techniques have evolved rapidly in the past decade, 

improving sequencing quality, depth and throughput, passing from tens of cells 

up to hundreds of thousands of single cells per study in few years232. However, 

the different techniques all share the same basic principles and pipelines: 

scRNA-seq starts with single cell isolation, cell lysis, mRNA isolaton and 
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reverse transcription in cDNA. The obtained cDNA can be amplified by PCR 

to build a cDNA library suitable for the most diffused sequencing systems. The 

sequenced reads are then re-aligned on a reference genome to decipher the 

expressed genes. According to the relative reads abundance, differential 

expressed genes are then identified. Cells with similar expression profiles can 

be clustered together in principal component analysis (PCA) or by hierarchical 

clustering.  

Of course, performing this pipeline at single-cell level has numerous 

limitations, first of all successful single-cell isolation must be achieved to avoid 

fake expression profiles linked to the analysis of multiple cells instead of a 

single cell. Then, for successful signal detection with RNA-seq, on the order 

of 0.1–1.0 μg of total RNA is needed, but a single cell only hosts from 1–50 pg 

of RNA depending on cell type232. One way to overcome this problem is to 

amplify the total cDNA before library construction, but this need universal 

primer and has to prevent amplification biases that may mask relative transcript 

abundance.  

In general, when approaching a scRNA-seq experiment, the nature of the 

research question plays an important role in determining which scRNA-seq 

protocol and platform should be employed. To date, about 20 different scRNA-

seq protocols have been published to date, but the key difference among these 

methods is that some provide high quality, full-length transcript data, whereas 

others specifically count only the 3’-ends of the transcripts, giving only a 

superficial overview of the cell population. Indeed, significant variation was 

revealed in the sensitivity of each protocol232,234,253. On the other hand, high-

resolution methods require time-consuming cell isolation and library 

preparation protocols and high sequencing costs per cell and therefore only a 

limited amount of cells, from tens to few hundreds, can be analyzed per 

experiment. Low-resolution strategies instead usually employ microfluidic-

based or other high-throughput devices to isolate and process hundreds of 

thousands of cells per experiment, thus lowering overall costs per cell. A 

comparison between the two strategies is shown in fig.1.22. 
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For example, if analyzing a well characterized biological model, low-

resolution – high-throughput methods are to be preferred since a superficial 

information is per se sufficient to recognize the relative cell population. As well, 

if info on alternative splicing or on base mutations is not required, but the aim 

of the study is to count mRNA molecule copy number to deduce relative 

expression in the target cell population, low-resolution – high-throughput 

methods can give information on a higher number of cells per run, thus 

delineating better the biological landscape. If the aim of the experiment instead 

is more specific (e.g. detect splicing variants or gaining a deep knowledge on 

a poorly characterized cell model) then high-resolution – low-throughput 

methods shall be used233,253.  

1.4.1.1. Smart-seq scRNA-seq 

The most used techniques that provides high resolution data but low 

throughput information is Smart-seq (from version 2 to version 4)254. This 

method requires a manual cell separation step that can be performed with a 

FACS sorter, by manual pipetting or by serial dilution. Since every cell is 

considered as a sample itself, it has to be processed separately from the 

others, therefore analyzing hundreds of cells at the same time can be very 

time consuming. Due to the complexity and low throughput of the technique, 

the costs per cell are very high, about 200 €/cell. The technique is 

represented in fig.1.23. 

1.4.1.2. Drop-seq scRNA-seq 

A major breakthrough in single-cell screenings derived from the 

introduction of droplet microfluidics technology, coupled with 

transcriptome barcoding. The methods based on this approach are 

characterized by a general low-resolution in data depth, but allow the 

pooling of thousands of cells in a single-tube pipeline, thus reducing 

processing operation, timings and costs. Many techniques available apply 

this approach, here Drop-seq scRNA-seq238 will be described as an example, 

since it represents a method that can be set up in any laboratory at an 

affordable cost and is brand independent. A representation of this technique 

is shown in fig.1.24.  
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The microfluidic platform developed of Drop-seq scRNA-seq is 

composed by three inlets: one for cell solution, one for barcoded beads and 

lysis buffer solution and one for the droplet-forming oil. Cells and beads 

combine simultaneously with the oil flux and form droplets of water-soluble 

solution in oil. The average dimension of the droplets is 80 µm and all fluxes 

are optimized to guarantee that droplets contain one cell and one barcoded 

bead per droplet. The barcoded beads are about 40 µm and are 

functionalized by mRNA-capturing oligos. Those sequences contain a PCR 

primer, a cell-specific barcode that identifies the captured cell uniquely, an 

unique molecule identifier (UMI) sequence that tags the specific mRNA 

molecule and a oligo(dT) to capture mRNA. When the cell solution 

encounters the bead lysis solution inside the droplet, the cell is lysed, the 

mRNA is released in solution and can be captured by the barcoded bead. 

Beads are then reverse-transcribed with template-switch oligo approach in 

order to attach a universal PCR primer at 3’-end of mRNA sequence. After 

PCR amplification, the whole transcriptome of single cells is uniquely 

tagged with a cell-specific barcode and, within the same barcode, single-

molecules are tagged with a molecule-specific UMI, which allows 

calculating the relative abundance of single mRNA molecules in the related 

cell. Thanks to the barcode-UMI technique, which is shared by all high-

throughput scRNA-seq methods249,255,256, it is possible to process all the 

beads together, thus reducing dramatically experimental time, reagents and 

general costs. After PCR amplification, cDNA is tagmented for Illumina 

library preparation and only 5’-end with the barcode is recovered and 

sequenced. In this way, the information of the complete mRNA sequence is 

lost, but it is still possible to count the relative mRNA expression in different 

cells and therefore taking a wide picture on the heterogeneity of cell 

landscape. Drop-seq pipeline is described in fig.1.24. Starting from this 

work, many companies created commercial products for high-throughput 

scRNA-seq, such as 10x Genomics’ “Chromium Single Cell Gene 

Expression Solution”. 
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CHAPTER 2: AIM  

 

Pluripotency state is a dynamic contest with high degrees of complexity, where 

cell-specific gene expression program is constantly in crosstalk with extracellular 

cues provided by the surrounding cells or by the environment. Embryonic 

development can be considered the most perfect example of cells self-assembly 

represent an example of the great ability of cells to shape their environment by 

creating their own extracellular matrix. However, the current knowledge on cell-

extracellular matrix relations in pluripotent stem cells is still limited and the 

commonly used simplistic in vitro cell culture conditions provided by conventional 

cell culture systems are not able to recapitulate the in vivo complexity. 

In the recent years, new systems based on microfluidic technology have been 

applied to cell cultures. Microfluidics provides a confined environment for cell 

culture, with limited volume of medium surrounding the cells. A confined 

environment influences the cell under several points of view: chemical signaling, 

mechanotransduction, gene and protein expression are all influenced by this system. 

In particular, secreted factors are allowed to accumulate around the cells thanks to 

the physical constrains provided by the microfluidic channels and therefore paracrine 

signaling pathways are boosted. This provides a useful tool to mimic the in vivo 

extracellular environment, one step forward for recreating a synthetic 

microenvironment to study pluripotent stem cells. Moreover, microfluidics proved to 

extremely enhance reprogramming efficiency, but no explanation for this behavior 

has been exhaustive so far.  

In this scenario, the aim of this thesis is to analyze the influence of confined 

microfluidic environment on pluripotency acquisition and maintenance, with a 

focus on the role of extracellular matrix.  
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To achieve this goal, naïve and primed pluripotent stem cells, together with 

differentiated fibroblasts and cells undergoing reprogramming have been cultured in 

conventional wells and in microfluidic platforms and the features of their 

extracellular matrix network have been analyzed. To cope with the high complexity 

of the biological question, conventional hypothesis-driven and targeted analysis 

techniques such as immunofluorescence staining and western blot have been coupled 

with global, high-throughput, multi-omics approaches such as RNA sequencing and 

mass spectrometry. Moreover, single-cell approaches have been used to take into 

account the different expression profiles of the single cells. 

By applying microfluidic confinement to pluripotent stem cell culture with the 

resulting enhancement of accumulation of paracrine signals, this work aims not only 

at characterizing the main features of extracellular matrix network in different 

developmental stages, but also to begin to uncover the contribution of extracellular 

matrix and single cell-specific signals for maintenance and acquisition of 

pluripotency.  

In addition, a second aim this thesis is the analysis of the contributions of the 

serin-protease inhibitor SERPINB3 and of its related gene network to the process of 

cell reprogramming, in the context of using cell reprogramming for the epigenetic 

rewriting of tumors with high expression of SERPINB3. 
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Figure 1.1: Graphical abstract. Analysis of the influence of confined microfluidic environment on pluripotency 

acquisition and maintenance, with a focus on the role of extracellular matrix. 
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CHAPTER 3: MATERIALS AND 

METHODS 

 

3.1. MICROFLUIDIC PLATFORMS 

The microfluidic platform used in this work, also called microfluidic chip, is 

designed and fabricated in house according to standard soft-lithographic 

techniques and molded in polydimethylsiloxane (PDMS) as previously 

described224,226. It is composed by 10 independent microfluidic channels, each one 

with a surface of 27 mm2 (18mm long, 1.5mm wide) and a height of 200 µm. The 

desired pattern was designed in AutoCAD and printed on acetate foil at 8,000 dpi. 

By soft-lithography, the pattern was then engraved on a 4-inch silicon wafer 

(Siegert) covered by 200-µm-thick SU-2100 photoresist (MicroChem). The wafer 

was coated for 1h with chlorotrimethylsilane vapors (Sigma- Aldrich) at room 

temperature. PDMS (Sylgard 184, 1:10 base:curing agent ratio, Dow Corning) 

was poured liquid over the patterned wafer and, after de-bubbling, cured for 2h at 

75 °C. The PDMS mold with multiple independent channels, when solid, was 

extracted from the wafer, punched with 1 mm biopsy punch (Kai Medical) and 

bound covalently to a 75x25 mm microscope glass slide (Menzel-Glaser) by 

plasma treatment (Plasma Cleaner, Harrick Plasma). On one side of the 

microfluidic channels a second layer of PDMS reservoirs with a height of 3 mm 

and a diameter of 3 mm was attached with plasma treatment. The chip was washed 

once with isopropanol and twice with distilled water to wash uncured PDMS and 

check channel functionality, then autoclaved to guarantee sterility. The procedure 

to produce microfluidic platforms is represented in fig.3.1.  
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PDMS is the elastomer of choice for microfluidic platforms designed for cell 

culture because it is chemically inert which makes microfluidic platform 

biocompatible; it is homogeneous, isotropic, and optically transparent down to 

about 300nm, which makes possible coupling with detection analysis instruments 

like fluorescence microscopy. Moreover, it is highly permeable to several gases, 

included oxygen and carbon dioxide, allowing fast equilibration time in standard 

cell culture incubators. Finally, it is a durable elastomer, allowing long-term 

experiments to be performed219,257.  
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3.2. CELL LINES AND CULTURE SYSTEMS 

In this work, somatic and pluripotent cell lines have been used, both in 

microfluidic devices and in conventional cell culture systems. All cell lines were 

cultured at 37 °C and 5% CO2 atmosphere. All commercially available cell lines 

were certified mycoplasma free. All cells used in this study have been verified for 

absence of mycoplasma contamination. 

Notably, adaptations are required when culturing cells in microfluidic chips.  

3.2.1 Cell culture in conventional devices 

3.2.1.1. FIBROBLASTS 

Human foreskin BJ fibroblasts (Miltenyi Biotec) and human foreskin 

fibroblasts HFF-1 (ATCC) were routinely cultured in High Glucose 

Dulbecco’s modified Eagle Medium (DMEM, ThermoFisher Scientific) 

supplemented with 10% Fetal Bovine Serum (FBS, ThermoFisher Scientific) 

on tissue culture treated 100 mm petri dish (Falcon) with medium change 

every second day. When confluent, fibroblasts were washed with phosphate 

buffer without Ca2+/Mg2+ (PBS-/-, ThermoFisher Scientific) and incubated 

with Trypsin-EDTA 0.25% (ThermoFisher Scientific) for 5’ at 37 °C. 

Growth medium with FBS was added to inactivate trypsin; cells were 

centrifuged at 300 g for 5’ and seeded in the reported medium. BJ fibroblasts 

were used for reprogramming only up to passage 12. Cells were frozen in 

FBS supplemented with 10% DMSO (Sigma-Aldrich). 

3.2.1.2. NAÏVE HUMAN PLURIPOTENT STEM CELLS 

In this study, Naïve HPD06: an induced pluripotent stem cell line 

reprogrammed from HFF fibroblasts to naïve state was used. After 

microfluidic naïve reprogramming (article under revision), cells were 

extracted from the microfluidic chip and cultured on confluent (~300 MEF 

per mm2) mitotically-inactivated mouse embryonic fibroblasts (MEF, DR4 

ATCC) with RSeT medium (STEMCELL Technologies) in 12-well 

multiwells (Falcon). MEF feeders were routinely seeded on 0.1% gelatin 

from porcine skin (Sigma-Aldrich) in MilliQ water at least one day before 

naïve passaging. For extracellular matrix-related experiments, human 
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vitronectin was used instead of gelatin as coating for MEF feeders. Naïve 

HPD06 colonies were passaged every 4-6 days, when the colony diameter 

reached about 100 µm.  To passage naïve cells, colonies were washed with 

PBS-/- and routinely dissociated at single cell level with TrypLE™ Select 

Enzyme (Thermo Fischer Scientific) for 5’ at room temperature, inactivated 

with equal volume of 0.5 mg/ml Soybean Trypsin Inhibitor (ThermoFisher 

Scientific) and centrifuged at 300 g for 5’. Cells were seeded routinely on 

MEF feeders in RSeT medium supplemented with 10 µM StemMACS 

Y27632 ROCK Inhibitor (Miltenyi Biotec). Other coatings have been tested 

in this study: Matrigel Growth Factor Reduced (MRF, Corning) diluted in 

KnockOut DMEM (ThermoFisher Scientific) at the concentration of 5% (5% 

MRF) and human vitronectin (VTN-N 0.5 μg/cm2, ThermoFisher 

Scientific). ROCK inhibitor was used only for 24 h after passaging. Naïve 

medium was changed once a day and cells were frozen in KnockOut Serum 

Replacement (KSR, ThermoFisher Scientific) supplemented with 10% 

DMSO (Sigma). 

To produce mitotically-inactivated mouse embryonic fibroblasts to be 

used as feeder layer, DR4 MEF line (ATCC) was expanded on 0.1% gelatin 

from porcine skin (Sigma-Aldrich) in MilliQ water coating until confluent. 

Confluent MEF were mitotically-inactivated with 10 µg/ml Mitomicin-C 

for 2 h at 37 °C, then frozen in FBS supplemented with 10% DMSO (Sigma-

Aldrich). 

3.2.1.3. PRIMED HUMAN PLURIPOTENT STEM CELLS 

Naïve HPD06 cell line has been converted to primed pluripotency state 

to have an isogenic primed PSC control. To convert naïve HPD06 to primed 

state, cells have been cultured in 12-well multiwell (Falcon) on MEF feeder 

layers in RSeT medium until ready to be splitted. The first day of transition, 

medium was changed to N2B27 medium: 48% DMEM/F12 (ThermoFisher 

Scientific), 48% Neurobasal medium (ThermoFisher Scientific), 1% B-27 

Supplement (1:100, ThermoFisher Scientific), 0.5% N-2 Supplement (50x, 

ThermoFisher Scientific), 1% GlutaMAX Supplement (100x, 

ThermoFisher Scientific), 1% MEM Non-Essential Amino Acids Solution 
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(100x, ThermoFisher Scientific), 0.01% 2-Mercaptoethanol (50 mM, 

ThermoFisher Scientific) and 0.25% Insulin (1,72 mM, Sigma-Aldrich). 

The second day cells were dissociated at single-cell with TrypLE™ Select 

Enzyme (Thermo Fischer Scientific) for 5’ at room temperature, inactivated 

with equal volume of 0.5 mg/ml Soybean Trypsin Inhibitor (ThermoFisher 

Scientific) and centrifuged at 300 g for 5’. Cells were seeded on Matrigel 

Growth Factor Reduced (MRF, Corning) diluted in KnockOut DMEM 

(ThermoFisher Scientific) at the concentration of 0.5% (0.5% MRF) in 

N2B27 medium supplemented with 10 µM StemMACS Y27632 ROCK 

Inhibitor (Miltenyi Biotec). From day 3 to day 6 medium was gradually 

switched from N2B27 to Essential 8 (E8, ThermoFisher Scientific), with the 

following gradient: day 3 75% N2B27 - 25% E8; day 4 50% N2B27 - 50% 

E8; day 5 25% N2B27 - 75% E8 and day 6 100% E8. When colonies with 

primed-like, flat morphology appeared were passaged with 0.5 mM EDTA 

(ThermoFisher Scientific) on 6-well multiwell (Falcon) coated with 0.5% 

MRF and selected until stable. 

Freshly derived hiPSC, reprogrammed from BJ fibroblasts with 

modified mRNA as described in Luni et al. 2016, have been extracted from 

the microfluidic device and stabilized in 6-well multiwell plates (Falcon)226. 

Stable hiPSC clones were routinely cultured on 6-well multiwell plates 

(Falcon) coated with human vitronectin (VTN-N 0.5 μg/cm2, ThermoFisher 

Scientific) or with 0.5% MRF. hiPSC medium was StemMACSTM iPS-

Brew XF (Miltenyi Biotec) or Essential E8 (E8, ThermoFisher Scientific).  

In all primed PSC lines used in this study, medium was changed once 

a day. hiPSCs were passaged with 0.5 mM EDTA (ThermoFisher Scientific) 

and frozen in KnockOut Serum Replacement (KSR, ThermoFisher 

Scientific) supplemented with 10% DMSO (Sigma). 
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3.2.2 Cell culture in microfluidic devices 

Autoclaved microfluidic chips, produced as reported in paragraph 3.1, are 

kept inside 100 mm petri dishes (Falcon) with a PBS-/- bath to maintain sterility 

and controlled humidity. When dry, the PBS-/- bath is refilled with sterile 

MilliQ water to keep the salt concentration constant. Every channel has a 

volume of 5.4 µl, but to fill channel, inlet, outlet and reservoir, a volume of 12 

µl per channel is used. Unless otherwise specified, 12 µl is the standard volume 

of solution per channel used. Before cell seeding, chips are washed once with 

PBS-/- to remove possible debris and then coated for one hour with the desired 

coating. When seeding primed PSC cells, MRF concentration is increased to 

2.5%. Since wash and coating are performed when the channels are empty, to 

ease the inflow of protein solution and avid bubbles, the pipet tip should go 

precisely inside the inlet hole. At the end of the incubation period, typically 1 

hour at room temperature, the coating solution is replaced with fresh medium 

that is left in the chamber until cell seeding. Part of the solution in the reservoir, 

containing a mixture of coating solution and medium is aspirated, without 

completely emptying the reservoir. Also during cell seeding, the tip should be 

placed precisely inside the inlet hole. 12-µL of well-mixed cell suspension 

should be injected by quick pipetting. The reservoir will be full at the end of 

seeding and it is possible to leave a little amount of medium at the inlet; it is 

convenient not to aspirate this medium, to obtain a spatially homogeneous 

seeding along the culture chamber.  

Microfluidic platforms require two medium change per day, one every 12 

hours. Only after cell seeding, usually performed in the morning, the second 

change is skipped to prevent cell detachment due to shear stress. During 

medium changes, the strategy that minimizes bubble formation consists in 

depositing 12 µL of medium near the inlet; because the reservoir is almost full, 

a droplet of medium is formed at the inlet. Then, using a 200-µL pipette some 

medium can be aspirated from the reservoir, in order to have all the medium at 

the inlet entering the chamber (it enters by capillarity). A representation of cell 

culturing procedures in microfluidic channels is shown in fig.3.2. 
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3.3. CELL REPROGRAMMING  

3.3.1 Modified mRNA reprogramming  to primed pluripotency in 

microfluidics 

BJ human fibroblasts were reprogrammed in feeder-free, chemical 

defined conditions in microfluidic devices as previously described226 using 

modified synthetic mRNA (mmRNA) developed by Warren et al.227,228. On D-

3 (referred to the beginning of mmRNA transfections) cells were detached from 

the Petri dish with Trypsin-EDTA 0.25% (Life Technologies) for 2’ at 37 °C, 

resuspended in High Glucose Dulbecco’s modified Eagle Medium (DMEM 

41965, Life Technologies) supplemented with 10% FBS (FBS, Life 

Technologies), counted with a Burker chamber and seeded at low density (5-

10 cell/mm2) in the microfluidic channels coated with fibronectin (Fn, 25 

µg/mL, Sigma-Aldrich). The day after (D-2) medium was switched to Pluriton 

reprogramming medium (Stemgent), a chemically defined, TGF-β-free 

medium and cells were allowed 2 days to adapt to the new medium, with 

medium change twice a day. On D0 the mmRNA transfections were started 

and 12 daily transfections were performed because mmRNA transfection leads 

to transient production of the proteins of interest, with a peak of production 
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between 12 and 24 h, and complete clearance at 42 h after transfection, 

therefore daily transfections are needed. During transfections, medium was 

supplemented with B18R recombinant protein (200 ng/mL, eBioscience) to 

suppress single-strand RNA-induced immune response mediated by type I 

interferons258. mmRNA Reprogramming kit (Miltenyi Biotech) was used 

according to the manufacturer instructions: single lyophilized mmRNAs 

(OCT4, SOX2, KLF4, c-MYC, NANOG, LIN28 and nGFP) were first 

resuspended with RNAse-free water and pooled together with 3:1:1:1:1:1:1 

stoichiometry. nGFP mmRNA was added to evaluate the transfection 

efficiency. Single use aliquots were prepared and stored at -80 °C. All RNA-

related operations were performed with RNAse free consumables and all 

surfaces were pre-treated with RNAse-Zap (Ambion). The transfection mix 

was prepared according to the manual of the StemMACS mRNA Transfection 

Reagent (Miltenyi Biotec) pooling two solutions: the first obtained diluting 5x 

100 ng µL−1 mmRNA in transfection buffer solution, and the second diluting 

10× transfection reagent in transfection buffer solution. The two solutions were 

mixed and incubated for 20’ at room temperature. The transfection mix was 

diluted in reprogramming medium and handled to the microfluidic channels. 

Cells were incubated with the transfection reagent for 4 h and then medium 

was replaced with fresh reprogramming medium. After 7 days of transfections 

cells undergo mesenchymal-to-epithelial transition and at D10-11 first colonies 

arise. After 12 days of transfection the medium was no longer supplemented 

with B18R protein and cells were cultured for 2 additional days to degrade all 

exogenous mmRNA. From D14 medium was switched to primed pluripotency 

medium such as was StemMACSTM iPS-Brew XF (Miltenyi Biotec) or 

Essential E8 (E8, ThermoFisher Scientific). At D14, if reprogramming 

efficiency needed to be established, cells were stained for pluripotency markers 

and the reprogramming efficiency was calculated as n° of NANOG+ colonies 

per seeded cells per channel. If colonies needed to be extracted, reprogrammed 

cells were allowed to grow for additional days before extraction.  
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3.3.2 Non-modified mRNA reprogramming to primed pluripotency in 

microfluidics 

This protocol is closely derived from the previous, with few modifications. 

The RNA mix of the reprogramming kit used in this protocol includes three 

components63: non-modified mRNA of the four Yamanaka factors (OCT4, 

SOX2, KLF4, C-MYC), NANOG, and LIN28; mRNA encoding for E3, K3, 

and B18R for evasion of the immune response, and double-stranded 

microRNAs (miRNAs) from the 302/367 cluster230 (StemRNA-NM 

Reprogramming Kit, Stemgent). This protocol though being similar to the one 

applied to mmRNA, due to the higher efficiency it is shorter. On D0 

(considering D1 the day of the first transfection) cells were detached from the 

Petri dish with Trypsin-EDTA 0.25% (ThermoFisher Scientific) for 2’ at 37 °C, 

resuspended in High Glucose Dulbecco’s modified Eagle Medium (DMEM 

41965, ThermoFisher Scientific) supplemented with 10% FBS (FBS, 

ThermoFisher Scientific), counted with a Burker chamber and seeded at 60 

cell/mm2 in the microfluidic channels coated with vitronectin solution at 25 

µg/mL in DPBS. A hypoxia incubator is used for the whole duration of the 

experiment (37°C, 5% CO2, 5% O2). The day after (D1) medium is switched 

to Pluriton reprogramming medium (Stemgent) and the first transfection is 

performed with StemMACS mRNA Transfection Kit (Miltenyi Biotec). 

Transfections are performed for 8 days, eventually adjusting mRNA amount to 

support cell growth. After 4 days of transfections cells undergo mesenchymal-

to-epithelial transition and at D7-8 first colonies arise. From D9 medium is 

replaced with StemMACS iPSBREW XF (Miltenyi Biotec) and colonies are 

allowed to grow until D15. At D15 if reprogramming efficiency needed to be 

established, cells were stained for pluripotency markers and the 

reprogramming efficiency was calculated as n° of NANOG+ colonies per 

seeded cells per channel. If colonies needed to be extracted, reprogrammed 

cells were allowed to grow for additional days before extraction.  
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3.4. IMMUNOASSAYS AND IMAGING  

3.4.1. Immunofluorescence stainings 

For immunofluorescence staining cells were fixed in 4% (w/v) 

paraformaldehyde (Sigma-Aldrich) for 7’ and blocked with 10% FBS in PBS-

/- with 0.1% (v/v) Triton-X-100 (Sigma-Aldrich) for 1 h at room temperature, 

then incubated overnight at +4°C with primary antibodies in PBS-/- with 1% 

(w/v) BSA (Sigma-Aldrich). The day after samples are washed 3 times with 

PBS-/- (5’ per wash) and incubated with secondary antibody for 45’ at 37°C. 

The antibodies used in this study are reported in Table 3. Hoechst 3342 

(ThermoFisher Scientific) was added 1:1000 during the incubation with the 

secondary antibody. When phalloidin was used to stain actin filaments, 

phalloidin (488 nm, ThermoFisher Scientific #A12379 or 647 nm, 

ThermoFisher Scientific #A22287) was added 1:60 during the incubation with 

the secondary antibody. Large field images (whole channel mosaics) were 

acquired with a DMI6000B fluorescence microscope with motorized stage 

(Leica Microsystems), while confocal images were acquired with a TCS SP5 

confocal microscope (Leica Microsystems). 

3.4.2. Western Blot analysis 

HFF fibroblasts, naïve and primed HPD06 were cultured for 4 days in 

microfluidic chips or in 24-well multiwell (Falcon) with glass coverslip. HFF 

fibroblasts were cultured on vitronectin coating, primed HPD06 on 2.5% MRF 

coating and naïve HPD06 on MEF feeders. After 4 days in culture cells were 

lysed by using RIPA Lysis and Extraction Buffer (ThermoFisher Scientific) 

additioned with 25x cOmplete protease inhibitor cocktail (Roche) following 

manufacturing instructions to extract total protein content. In wells, 100 µl of 

RIPA buffer was used and surface was scratched to recover extracellular matrix 

proteins. In microfluidic chips, each channel was cut open with a sterile blade 

and protein were extracted with 10 µl RIPA buffer, scratching the glass surface. 

In parallel, a vial of frozen HL-60 promyeloblast form peripheral blood (ATCC) 

has been thaw and cells lysed directly in 100 µl RIPA Lysis and Extraction 

Buffer (ThermoFisher Scientific) additioned with 25x cOmplete protease 
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inhibitor cocktail (Roche). Samples were quantified with BCA protein assay 

kit (ThermoFisher Scientific) to load 20 µg of total protein per sample. Western 

blot was performed under reducing conditions by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis onto NuPAGE 4-12% Bis-Tris Protein Gels 

(ThermoFisher Scientific), followed by transfer to Invitrolon PVDF membrane 

(ThermoFisher Scientific). The antibodies used in this study are reported in 

Table 3. 

Table 3: Antibodies used in this study.  

Target Brand, cat# Host IF 

dilution 

WB 

dilution 

Collagen 1 (COL1) Abcam #34710 Rabbit 1:500 1:1000 

Collagen 4 (COL4) Abcam #6586 Rabbit 1:1000 1:1000 

Collagen 5α1 (COL5A1) Santa Cruz # SC-166155 Mouse 1:50  

Collagen 6 (COL6) Fitzgerald # 70R-CR009X Rabbit 1:50  

Collagen 23a1(COL23A1) Santa Cruz # SC-514835 Mouse 1:50  

Fibronectin (FN) Sigma-Aldrich #F7387 Mouse 1:200  

Focal Adhesion Kinase 

(FAK) 

Santa Cruz #SC-558 Rabbit 1:50  

Focal Adhesion Kinase 

(FAK) 

Thermo #AHO0502 Rabbit  1:500 

Laminin (LAM) Sigma-Aldrich #L9393 Rabbit 1:250 1:1000 

YAP Santa Cruz sc-101199 Mouse 1:50  

KLF17 Sigma-Aldrich # 

HPA024629 

Rabbit 1:250  

NANOG Reprocell #RCAB0004P-F  Rabbit 1:100  

OCT4 Santa Cruz #SC-5279 Mouse 1:200  
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TRA-1-60 Cell Signalling #4746s Mouse 1:250  

TFCP2L1 RnD #AF5726-SP Goat 1:250  

TFE3 Sigma-Aldrich 

#HPA023881 

Rabbit 1:250  

GAPDH Cell Signaling # D16H11 Rabbit  1:1000 

Donkey anti-Rabbit 488 nm Thermo #A-21206 Donkey 1:200  

Donkey anti-Rabbit 594 nm Thermo #A10042 Donkey 1:200  

Donkey anti-Mouse 488 nm Thermo #A-21202 Donkey 1:200  

Donkey anti-Mouse 594 nm Thermo #A10037 Donkey 1:200  

Donkey anti-Goat 647 nm Thermo #A-21447 Donkey 1:200  

Goat anti-Rabbit HRP Thermo #G-21234 Goat  1:5000 

Goat anti-Mouse HRP BioRad #1706516 Goat  1:1000 

 

 

3.4.3. Second Harmonic Generation imaging 

The introduction of multiphoton fluorescence microscopy enabled 3D 

imaging with high spatial resolution and significant depth penetration in 

tissues261. Multiphoton fluorescence microscopy can be used to excite both 

exogenous and endogenous fluorescence signals to image intrinsic signals 

using the scattering phenomena of Second Harmonic Generation (SHG). In the 

process of SHG light is scattered by non-centrosymmetric structures to 

combine two incoming photons into one outgoing photon without the loss of 

energy due to a Stoke's shift as seen in fluorescence. Hence the outgoing photon 

has the same total energy as the incoming photons, and half the incoming 

wavelength. The primary tissue constituent responsible for SHG is collagen262, 

therefore, a two-photon fluorescence microscopy (Thorlab) was used to image 

extracellular matrix deposition from naïve HPD06 cells cultivated on MEF 



 

89 

 

feeders and on 5% MRF, from primed HPD06 cells cultivated on 2.5% MRF 

and from HFF cultivated on vitronectin coating by exciting samples at 800 nm.  

3.4.4. Electron Microscopy 

Naïve HPD06 colonies cultivated on MEF feeders, 5% MRF or 

vitronectin in 24-well multiwell on glass coverslips have been fixed in 

glutaraldehyde 2.5% in cacodylate buffer 0.1M pH 7.4 (both Sigma-Aldrich) 

at 4°C for 2 hours, then washed with cacodylate buffer and stored at +4°C. 

Scanning electron microscopy (SEM) and transmission electron microscopy 

imaging was performed by our collaborators Dott.ssa Patrizia Sabatelli and 

Dott. Stefano Squarzoni at “Istituto di Genetica Molecolare – Consiglio 

Nazionale delle Ricerche c/o Istituto Ortopedico Rizzoli Bologna (BO)”. 
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3.5. RNA-BASED ASSAYS 

3.5.1. RT-PCR and qPCR analysis  

Microfluidic channels were washed with PBS, then dried and injected 

with iScript (Bio-Rad) for total RNA extraction. The solution was left on the 

channels for exactly 60 seconds. RNA (0.1 µg) was directly reverse transcribed 

into cDNA with High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher Scientific). qPCR was performed with TaqMan gene 

expression assay probes (ThermoFisher Scientific) according to 

manufacturer’s instructions with TaqMan Universal PCR Master Mix 

(ThermoFisher Scientific). Reactions were performed on ABI Prism 7000 

machine and results were analyzed with ABI Prism 7000 SDS software. 

GAPDH expression was used to normalize Ct values of gene expression, and 

data were shown as relative fold change to control cells using the ΔΔCt method. 

The probes used in this study are reported in Table 4. 

Table 4: TaqMan qPCR probes used in this study.  

Target TaqMan Cat# 

GAPDH Hs02758991_g1 

OCT4 Hs04260367_gH 

NANOG Hs04399610_g1 

SOX2 Hs01053049_s1 

VIMENTIN Hs00958111_m1 

E-CADHERIN Hs01023894_m1 

N-CADHERIN Hs00983056_m1 

Β-CATENIN Hs00355049_m1 

TGF-β1 Hs00998133_m1 

SNAI1 Hs00195591_m1 
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3.5.2. Transcriptomic analysis of SERPINB3-related genes 

Microarray data (GSE50206) collected during human fibroblast 

reprogramming published in the recent paper of Takahashi et al.263 were 

analyzed. In this analysis, a subset of genes related to SERPINB3 was selected 

from literature data and used to perform cluster analysis (Table 5). 

Bioinformatic analysis was performed using MATLAB R2017a software. 

Gene expression data were log2 transformed and normalized according to 

quantile normalization. For heatmap graphics data were median-centered. 

Hierarchical clustering was performed with average linkage and Euclidean 

distance. Differentially expressed genes between pairs of conditions were 

found using one-way ANOVA with Benjamini and Hochberg correction. 

Table 5: SERPINB3-related genes. Literature revision (related articles indicated). 

GENE NAME ENTREZ GENE 

ID 

GENE NAME ENTREZ GENE 

ID 

SERPINB3 6317    

Downstream of SERPINB3 

Activated By SB3 Inhibited by SB3 

ACTA2264 59 BCL2265 596 

ACVR2B266 93 BID265 637 

AKT266 207 CAPN1267 823 

ATF4268 468 CASP3269,270 836 

ATF6268 22926 CASP9265 842 

AXL126 558 CBR1271 873 

BCL2L2266 599 CDH1124,264,268,

272 

999 

BIRC5126 332 CTRB1273 1504 

CDC25A126 993 CTSK273 1513 

CDK1266 983 CTSL273,274 1514 

CDK4126 1019 CTSS273 1520 

COX2118 4513 EPCAM268 4072 

CSF2275 1437 MAPK8276 5599 

CSF3275 1440 MAPK13276 5603 

CTNNB1118,264,277,

278 

1499 MAPK14276 1432 

CXCL1275 2919 SHC1279 6464 
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CXCL12266 6387   

CXCL8275 3576   

EGFL7266 51162   

EGFR266 1956   

EIF2AK3268 9451     

EPAS1121 2034     

FN1268 2335     

GSK3B264  2932     

HMGA2266 8091     

HRAS266 3265     

IGF1R266 3480     

IL6269,275,280 3569     

KLF6266 1316     

KRAS266 3845     

LEF1118 51176     

MCL1266 4170     

MKI67269 4288     

MMP16266 4325     

MMP9264,281 4318     

MTOR266,279 2475     

MYC126,282 4609     

NAE1122,283 8883     

NPM1126 4869     

NRAS266 4893     

PTMA126 5757     

PTTG1IP266 754     

RELA275 5970     

SMAD4266 4089     

SNAI1124 6615     

SUV39H1266 6839     

TCF7118 6932     

TGFB1259 7040     

VEGFA266 7422     

VIMENTIN124,268 7431     

WNT-1278 7471     

WNT7A278 7476     

XBP1268,275 7494     
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YAP1126 10413     

Upstream of SERPINB3 

Activate SB3     

EPAS1122,283 2034     

ETV4275 2118     

HRAS266,275 3265     

IL13284 3596     

IL4284 3565     

KRAS266,275 3845     

MAPK8276 5599     

NRAS266,275 4893     

PIK3CA279 5290     

STAT3285 6774     

STAT6286 6778     

 

3.5.3. Transcriptomic analysis of fibroblasts, naïve and primed PSC 

datasets 

The following RNA-sequencing dataset analyzed in this work were 

deposited in GEO (Gene Expression Omnibus) or in ENA (European 

Nucleotide Archive).  

- GEO: HFF GSM2448850, GSM2448851 and GSM2448852 from 

GSE93226; BJ fibroblasts:  GSM1553088, GSM1553089 and 

GSM1553090 from GSE63577; Naive pluripotent stem cells: 

GSM2218668, GSM2218669, GSM2218670 and GSM2218671 from 

GSE75868; Primed pluripotent stem cells GSM2218660 and 

GSM2218671. 

- ENA: Naïve pluripotent stem cells ERS1059993, ERS1059996 and 

ERS1059999 from PRJEB12748, ERS537884, ERS537876 and 

ERS537881 from PRJEB7132; Primed pluripotent stem cells ERS537890 

and ERS537878 from PRJEB7132, ERS559332, ERS559334, 

ERS559335 and ERS559336 from PRJEB7450 
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Other samples (BJ – This study, primed iPS – this study, niPS HFF uF, 

hiPS BJ well, hiPS BJ uF) were obtained from previous experiments of the 

laboratory, where uF indicates that the cells were cultured in microfluidic 

platforms. RNA-seq data were subjected to quantile normalization, log2-

transformed and median-centered before plotting in heatmaps. Heatmap were 

drawn to represent the results from hierarchical clustering performed using 

Euclidean distance and complete linkage. The different sets of genes plotted 

were manually compiled from gene annotations referring to KEGG pathways 

gene lists. Differentially expressed genes (DEGs) were identified by ANOVA 

test, with post-test correction to account for multiple comparisons based on 

Benjamini–Hochberg method. A mixed criterion based on corrected p-value 

lower than 0.05 and log2-fold change higher than 1.5 was used to define a gene 

as differentially expressed. 

3.5.4. Bulk RNA-sequencing 

Samples for bulk RNA-sequencing were extracted from HFF fibroblasts, 

naïve and primed HPD06 cultured in microfluidic chips and in 24-well 

multiwell (Falcon) with glass coverslip. HFF fibroblasts were cultured on 

vitronectin coating, primed HPD06 on 2.5% MRF coating and naïve HPD06 

on MEF feeders. After 4 days in culture, RNA was extracted with RNeasy Plus 

Micro Kit (Qiagen) following manufacturer instructions. In addition, 3D and 

2D naïve HPD06 colonies cultured on MEF feeders were manually picked from 

microfluidic chips or from 24-wells multiwells and processed for RNA 

extraction and RNA-sequencing. At least 10 colonies have been analyzed per 

sample.  

RNA-sequencing was performed by the Next Generation Sequencing 

Facility of the Telethon Institute of Genetics and Medicine (TIGEM) in Napoli 

(NA). Sequencing strategy was 3’-end mRNA sequencing based on QuantSeq 

sequencing for RNA quantification287. 

3.5.5. Single-cell RNA-sequencing of microfluidic reprogramming 

BJ human fibroblasts (p5-p6) were reprogrammed in microfluidic chips 

with non-modified mRNA, following the protocol presented in paragraph 3.3.2. 
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At D1-3-5-7-9-11-13 and 15 cells were harvested from the chips and cryo-

preserved for scRNA-seq. For every time point, 20-22 hours after the last 

transfection, at about 4 pm, cells were washed three times with PBS-/- and 

dissociated with TrypLE™ Select Enzyme (Thermo Fischer Scientific) for 10’ 

at 37°C. Enzyme was inactivated with DMEM/F12 (ThermoFisher Scientific) 

supplemented with 40% KSR (ThermoFisher Scientific) and 1% RevitaCell 

Supplement (100X) (ThermoFisher Scientific). Cells were centrifuged at 300 

g for 5’ at +4°C, counted and diluted at 100000 cell/ml. 5000 cells aliquots 

were frozen (15% DMSO final) for scRNA-seq. For each time point, two 

biological replicates and at least five technical replicates were prepared. 

scRNA-seq was performed with 10x Genomics’ “Chromium Single Cell Gene 

Expression Solution” by our collaborator Prof. Davide Cacchiarelli at Telethon 

Institute of Genetics and Medicine (TIGEM) in Napoli (NA).  

3.5.6. Drop-seq scRNA-seq setup 

Drop-seq scRNA-seq system was setup and tested for single-cell 

capturing efficiency and mRNA recovery efficiency. The microfluidic platform 

was prepared according to the protocol reported in paragraph 3.1, using the 

AutoCAD file provided by Macosko at al. 2015. Inlets and outlets were 

punched with a 0.75 mm biopsy punch (Kai Medical). Shortly before the Drop-

seq experiment, chips were treated with Aquapel solution (Pittsburgh Glass 

Works) for 60 seconds to achieve maximum water-repellent behavior from the 

microfluidic channels. Aquapel was removed with Fluorinert FC-40 oil 

(Sigma-Aldrich) and air and chips were dried at 65°C for 20’. 

mRNA capturing beads were purchased from Chemgenes, resuspended in 

ethanol and stored in TE-TW solution (10 mM Tris pH 8.9, 1 mM EDTA, both 

ThermoFisher Scientific, 0.01% Tween-20, Sigma-Aldrich; all solution were 

bought RNAse- and DNAse-free and operated under biological hood treated 

with RNaseZap, ThermoFisher Scientific to minimize RNase contamination). 

The following lots of beads were tested: 011416B and 082516.  Coupled 

primers were also purchased from Chemgenes and sequences are reported in 

Table 6.   
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Table 6: Drop-Seq Bead sequences, where J-sequence indicates cell-specific Barcode and N-sequence 

indicates the UMI sequence on the beads. TSO primer is used to perform reverse-transcription and SMART 

PCR primer is needed for PCR amplification.  

NAME SEQUENCE 

Barcoded Bead SeqB 
5’–Bead–Linker-­‐
TTTTTTTAAGCAGTGGTATCAAC 

GCAGAGTACJJJJJJJJJJJJNNNNNNNN 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-­‐3’ 

Template Switch Oligo (TSO) AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG 

SMART PCR Primer AAGCAGTGGTATCAACGCAGAGT 

At the moment of performing Drop-seq experiment, beads were counted 

and diluted at 300 beads/µl in Lysis Buffer (RNase-free water, ThermoFisher 

Scientific, 6% Ficoll PM-400, Sigma-Aldrich; 0.2% N-Lauroylsarcosine 

sodium salt solution, Sigma-Aldrich; 20 mM EDTA, ThermoFisher Scientific; 

200 mM Tris-HCl ph 7.5, ThermoFisher Scientific; 50 mM DTT, Sigma-

Aldrich).  

Cells of two different kinds (BJ human fibroblasts and H9 hESC) were 

used to perform a mixed cell experiment, to estimate the mRNA capture 

efficiency and single-cell resolution efficiency. At the moment of performing 

Drop-seq experiment, cells were dissociated at single cell with TrypLE Select 

Enzyme (Thermo Fischer Scientific) for 5’ at room temperature, then spinned 

at 300 g for 5’ and resuspended in PBS - 0.001% BSA (Sigma-Aldrich) at the 

concentration of 620 cell/µl. BJ and H9 cells were mixed with 1:1 ratio. 

To setup a Drop-seq experiment, first Droplet generation oil (Bio-Rad) is 

loaded in a 10 ml syringe (BD), and the syringe is connected to the oil inlet of 

the microfluidic chip via a 26G luer lock needle (BD) and a 60 cm Teflon tube 

(Scientific Commodities). The syringe is loaded in a syringe pump (Harvard 

Apparatus) and flow rate set at 12000 µl/hour. Then cell suspension is loaded 

in a 3 ml syringe (BD), and the syringe is connected to the cell inlet of the 

microfluidic chip via a 26G luer lock needle and a 60 cm Teflon tube (Scientific 

Commodities). A magnetic stirrer disk (Hanna Instruments) is placed inside the 

cell suspension and the syringe is placed on a syringe pump (Harvard 



 

97 

 

Apparatus), close to a magnetic stirrer (Hanna Instruments), in order to keep 

cells in homogeneous suspension. To test the viability of stirring cells during 

the experiment, runs without stirring disc were also performed. Finally, bead 

suspension is loaded in another 3 ml syringe (BD) with magnetic stirring and 

connected to the bead inlet of the chip analogously to the cells. Cells and beads 

flow rate was set at 2400 µl/hour.  

Keeping the chip under a microscope to control that no clogs are formed 

in the microfluidic channels, the pumps are started in the following order: cells, 

beads and oil. After 15’ of sample collection, cells and beads are consumed and 

the fluxes are stopped in the following order: beads, cells and oil. The sample 

is collected in a 50 ml tube (Falcon) and processed for droplet breakage. To 

control bead doublet-rate, an aliquot of droplet solution is analyzed and 

counted with ImageJ software (NIH). To verify cell doublet rate, cells were 

stained with 1 µM Calcein-AM (ThermoFisher Scientific) and fluorescent 

Calcein release in the droplets after cell lysis was evaluated with ImageJ 

software (NIH) and analyzed with using MATLAB R2017a (The Mathworks). 

Droplet breakage was performed with 6x SSC (ThermoFisher Scientific) 

and perfluorooctanol (PFO, Sigma-Aldrich). After three 6x SSC washes, beads 

with captured mRNA were reverse-transcribed with the following RT mix: 

RNase-free water (ThermoFisher Scientific); 5x Maxima H Minus Reverse 

Transcriptase Buffer (ThermoFisher Scientific), 4% Ficoll PM-400 (Sigma-

Aldrich), 1 mM dNTPs (Clontech), 40x RNase Inhibitor (Lucigen), 2.5 µM 

TSO Primer, 20x Maxima H Minus Reverse Transcriptase Enzyme 

(ThermoFisher Scientific). Reverse transcription was performed on a 

thermomixer (Eppendorf) for 30’ at room temperature and 90’ at 42°C with 

rotation. After reverse-transcription, beads with cDNA were treated wih 

Exoniclease I (New England Biolabs) to chew the excess of bead primers that 

did not capture any mRNA molecule. Recovered beads were counted and 

divided in 2000 µl aliquots and PCR amplification was performed for each 

aliquot separately. 2x Kapa HiFi Hotstart Readymix (Kapa) and 0.8 µM 

SMART PCR PRIMER was used to perform PCR amplification with the 

following PCR program:  
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1x 95°C 3’ 

4x 98°C 20’’ – 65°C 45’’ – 72°C 3’ 

15x 98°C 20’’ – 67°C 20’’ – 72°C 3’ 

1x 72°C 5’ 

4°C forever 

PCR amplified sequences can then be processed for Illumina sequencing 

library preparation (Nextera XT, Illumina).  

After reverse-transcription and after PCR amplification samples were 

analyzed by qPCR for housekeeping gene GAPDH to confirm bead capturing 

and processing efficiency. RNA amplified with random primers (ThermoFisher 

Scientific) was used as control. PCR products have also been imaged with 2% 

Agarose gel in TAE Buffer and SYBR Safe (all ThermoFisher Scientific). 

Capturing experiment was also performed in 200 µl tubes (Eppendorf) 

with beads and purified mRNA (from H9 hESC), in the same conditions as 

reported for the Drop-seq experiment, but without cells and droplet formation. 

As control, mRNA reverse-transcribed with High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher Scientific) was used.  
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3.6. SILAC SECRETOME ANALYSIS 

SILAC analysis of BJ fibroblasts and BJ-derived primed hiPSCs were 

performed by the Laboratory of Biological Engineering at SIAIS Institute, 

ShanghaiTech University, Shanghai (China). Results obtained in fibroblasts have 

been published in Hu et al. 2018288. Here the methods reported in the paper and 

applied also to primed hiPSCs analysis.  

3.6.1. Cell isotopic labeling for SILAC 

Human fibroblasts were cultured in DMEM medium for SILAC 

(ThermoFisher Scientific) supplemented with 0.8 mM light (ThermoFisher 

Scientific) or heavy (13C6, 99%; 15N2) lysine, 0.4 mM light (ThermoFisher 

Scientific) or heavy (13C6; 
15N2, ThermoFisher Scientific) arginine, and 10% 

dialyzed FBS (ThermoFisher Scientific) at 37 °C and 5% CO2. To check 

labeling efficiency, cells were cultured for 11 days in medium containing heavy 

amino acids, lysates were collected after treatment with RIPA Lysis and 

Extraction Buffer (ThermoFisher Scientific) with MS-SAFE Protease and 

Phosphatase Inhibitor (Sigma) and analyzed by LC-MS/MS daily starting from 

day 4. Subsequent experiments were performed with cells labeled for at least 8 

days, sufficient to have a labeling of more than 98%. 

3.6.2. Collection of conditioned media for secretome analysis 

Conditioned media for secretome analyses were performed using the 

chemically-defined E8 medium, which only contains four proteins: fibroblast 

growth factor 2 (FGF2, Peprotech), transforming growth factor beta (TGFB, 

R&D), insulin (Sigma-Aldrich), holo-transferrin (Sigma-Aldrich), substituting 

the lysine and arginine amino acid with either heavy or light lysine (0.5 mM) 

and arginine (0.7 mM). For preliminary validation experiments, human heavy 

and light fibroblasts were seeded into standard wells at 150 cell/mm2. 

Conditioned media were collected every 24 h and kept at −80 °C until use. 

Equal volumes of heavy and light conditioned media were mixed and processed 

as described below. In subsequent experiments, heavy cells and light cells were 

seeded into wells and microfluidic channels, or the contrary, at 150 cell/mm2. 
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Conditioned media were collected every 12 h from microfluidic channels and 

every 24 h from wells, and kept at −80 °C until use. Equal volumes of heavy 

and light conditioned media were pooled together. 

3.6.3. Sample preprocessing for LC-MS/MS 

Heavy and light conditioned media were mixed in 1:1 volume ratio, for a 

total of 1 ml. Amicon® Ultra centrifugal filters (Merck/Millipore) were used 

for protein purification and concentration. Then, proteins were reduced in 

0.1 M DTT at 95 °C for 5 min and dissolved in 8 M urea solution. Alkylation 

was performed for 30 min at 25 °C in the dark with 55 mM iodacetamide, 

followed by trypsin (Promega) digestion for 16 h. Peptides were desalted by C-

18 spin column (Pierce) and dried into powder. Before MS analysis, peptides 

were resuspended in 30 μl of 0.1% acetic acid. 

3.6.4. LC-MS/MS analysis 

Thermo Fusion Mass Spectrometer coupled with Thermo Easy-nLC1000 

Liquid Chromatography was used to get the peptides profiles. 170 min of LC-

MS gradients were generated by mixing buffer A (0.5% acetic acid in water) 

with buffer B (0.5% acetic acid in 80% ACN in water) by different proportions. 

Using NSI as the ion source and Orbitrap as the detector, the mass scan Rang 

was at 300–1800 m/z, and the resolution was set to 120K. The MS/MS was 

isolated by Quadrupole and detected by Iontrap, whose resolution was set to 

30K. The activation type was HCD. Peak list files were searched against 

UniProt human reference proteome (UP000005640) by Thermo Proteome 

Discoverer v. 2.1. 

3.6.5. Bioinformatic analysis 

All bioinformatic analyses were carried out using MATLAB R2017a (The 

Mathworks). Proteomic data were filtered to exclude proteins that were 

detected only in one of three replicates. Protein functional classification and 

over-representation analyses were performed using DAVID 6.8. 
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3.7. EXPERIMENTAL DESIGN: ECM 

DEPOSITION, ORGANIZATION AND ROLE 

IN PLURIPOTENCY  

In chapter 4.1, 4.2, 4.3 and 4.4, results related to extracellular matrix 

deposition in pluripotent stem cells will be presented. Here the specific 

experimental design and technical methods related to these experiments are 

reported. 

3.7.1. ECM deposition evaluation 

General ECM deposition has been evaluated by SHG, SEM and TEM 

imaging, as reported in paragraph 3.4.3 and 3.4.4. Specific protein deposition 

has been tested in the following cell lines:  

- Naïve HPD06 pluripotent stem cells grown on MEF feeders (which in 

turn have been seeded on vitronectin coating), on 5% MRF or on 

vitronectin coating, as described in paragraph 3.2 in microfluidic chips 

and 24-well multiwell or 8-chammbers chamberslides (Falcon).  

- Primed HPD06 hiPSC stem cells grown on 2.5% MRF as described in 

paragraph 3.2 in microfluidic chips and 24-well multiwell or 8-

chammbers chamberslides (Falcon).  

- HFF fibroblasts grown on vitronectin as described in paragraph 3.2 in 

microfluidic chips and 24-well multiwell or 8-chammbers chamberslides 

(Falcon).  

- Mitotically-inactive MEF feeder layer seeded on vitronectin as described 

in paragraph 3.2 in 24-well multiwell or 8-chammbers chamberslides 

(Falcon).  

The following ECM specific proteins and pluripotency markers have been 

tested in these analysis: Collagen 1, Collagen 4, Collagen 6, Collagen 23, 

Fibronectin, Laminin, Yap, KLF17, TFE3, TFCP2L1, OCT4, NANOG, with 

dilutions reported in Table 3. 
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3.7.2. Naïve HPD06 colony picking and re-seeding 

Naïve HPD06 colonies grown in RSeT medium on MEF feeders were 

manually picked according to their morphology. A pool of 2D or 3D colonies 

(at least 10 colonies per pool) was centrifuged at 300 g for 5’ and dissociated 

at single cell level with TrypLE™ Select Enzyme (Thermo Fischer Scientific) 

for 5’ at room temperature, inactivated with equal volume of 0.5 mg/ml 

Soybean Trypsin Inhibitor (ThermoFisher Scientific) and centrifuged at 300 g 

for 5’. Cells were seeded on MEF feeders in RSeT medium supplemented with 

10 µM StemMACS Y27632 ROCK Inhibitor (Miltenyi Biotec). Re-seeded 

cells were allowed to grow for 4 days before PFA fixation and 

immunofluorescence staining. Colony height was evaluated with Leica TCS 

SP5 confocal microscope (Leica Microsystems). For statistical analyses, single 

pairwise comparisons were analyzed using Student’s t-test with P < 0.05 (*), P 

< 0.01 (**) or P < 0.001 (***) indicating significance with GraphPad Prism 6 

software.  

3.7.3. Blocking antibody assays 

The following blocking antibodies were used in the indicated dilution in 

RSeT naïve culture medium: anti-integrin α4 (1:50, 10 µg/ml, BD #553314) 

anti-integrin β1 (1:100, 10 µg/ml, Origene #BM6028P) and anti-CSPG (1:40, 

5 µg/ml, Santa Cruz #SC80003). Blocking analysis was performed in 

microfluidic chips, seeding naïve HPD06 dissociated at single-cell over MEF 

feeder layer. Blocking antibody was administered either at the moment of cell 

seeding (“Blocking from Day 0” condition) or after 12 hours of cell attachment 

(Blocking from Day 1” condition). Colony number and growth was monitored 

daily by large field imaging acquired with DMI6000B microscope with 

motorized stage (Leica Microsystems). After four days, colonies were fixed 

with PFA for immunofluorescence staining. Colony number and diameter was 

measured with NIH ImageJ software. For statistical analyses, single pairwise 

comparisons were analyzed using Student’s t-test with P < 0.05 (*), P < 0.01 

(**), P < 0.001 (***), P < 0.0001 (****) indicating significance with GraphPad 

Prism 6 software.  
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3.7.4. Mn2+ and Latrunculin-A assays 

Naïve HPD06 cells were seeded in microfluidic chips on MEF feeders on 

day 0. From day 1 to day 4 or from day 3 to day 4, RSeT naïve medium was 

supplemented with 0.5 mM MnCl2 (Sigma-Aldrich) dissolved in water. Colony 

number and growth was monitored daily by large field imaging acquired with 

DMI6000B microscope with motorized stage (Leica Microsystems). After four 

days, colonies were fixed with PFA for immunofluorescence staining. Colony 

number and diameter was measured with NIH ImageJ software. For statistical 

analyses, single pairwise comparisons were analyzed using Student’s t-test 

with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****) indicating 

significance with GraphPad Prism 6 software.  

For cytoskeleton assembly inhibition assay, naïve HPD06 cells were 

seeded in microfluidic chips on MEF feeders and allowed to grow for 4 days 

in RSeT naïve medium. On day 4, Latrunculin-A (0.5 µM, ThermoFisher 

Scientific) was supplemented to RSeT medium and administered to cells for 

30’ at 37°C. Right after treatment, cells have been fixed with PFA for 

immunofluorescence staining.  

 

3.8. STATISTICAL ANALYSIS 

Data are expressed as mean ± standard deviation. When two samples are 

compared, statistical significance is determined by unpaired Student’s t test with 

two-tailed p-value. When more than two samples have been compared, statistical 

significance is determined by repeated measures ANOVA. For all the statistical 

analysis, the software GraphPad Prism 6.01 was used. A p-value of less than 0.05 

is considered statistically significant (ns: p-value > 0-05, *: p-value < 0.05, **: p-

value < 0.01, ***: p-value <0.001, ****: p-value < 0.0001). 
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3.9. EXPERIMENTAL DESIGN: SERPINB3 

INFLUENCE ON CELL REPROGRAMMING 

ANALYSIS 

Several experiments to evaluate SERPINB3 influence on cell 

reprogramming were performed. Here described the experimental design and 

methods employed. 

3.9.1. Recombinant SERPINB3 production  

The recombinant wild-type purified protein used in this work has already 

been extensively characterized259,260 and it was supplemented fresh daily to the 

reprogramming medium at the concentration of 200 ng/ml, a protein 

concentration identified biologically active in preliminary experiments (data 

not shown). 

Plasmid construct. Total RNA was extracted using Trizol reagent 

(ThermoFisher Scientific) from human liver cancer tissue obtained at the time 

of surgical resection from patients carrying wild-type SERPINB3 (Accession 

No. NM_006919). The first strand of cDNA was synthesized (Superscript II 

reverse transcriptase, ThermoFisher Scientific) and used for SERPINB3 cDNA 

gene amplification by nested polymerase chain reaction (PCR). The PCR 

fragment of the wild-type SERPINB3 was cloned into pcDNA3.1D7V5-His-

TOPO (ThermoFisher Scientific). This was propagated in Escherichia coli 

TOP10- competent cells (ThermoFisher Scientific) and purified using the 

Genopure Plasmid Maxi kit (Roche Applied Science). Sequencing was 

performed using an ABI 310 automated DNA sequencer (Applied Biosystems).  

SERPINB3 protein purification. Wild-type SERPINB3 cDNA was cloned 

into pET101 (ThermoFisher Scientific). The plasmid construct was grown in 

BL21 Star (DE3) cells (ThermoFisher Scientific) with pET101/SCCA1 for 

protein expression. The soluble fractions of bacterial extracts were dialyzed 

against 20 mM 2-(N-morpholino) ethanesulphonic acid (MES), pH 6, and 

loaded on an anion exchange column (Mono Q, GE Healthcare Bio-Sciences 
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AB). The recovered protein fractions were dialyzed against PBS and 

characterized by SDS–PAGE electrophoresis. 

3.9.2. SERPINB3 administration during reprogramming 

To test SERPINB3 influence during cell reprogramming, reprogramming 

protocols, either using mmRNA or non-modified mRNA were divided in two 

parts: a pre- mesenchymal to epithelial transition phase (pre-MET) and a post-

MET phase. SERPINB3 recombinant protein at 200 ng/ml (produced in house) 

was supplemented to reprogramming medium only in the pre-MET phase, only 

in the post-MET phase or during the entire reprogramming protocol. When 

mmRNA are used, the pre-MET phase is identified from D0 to D7 (condition 

“SERPINB3 Day 0-7”), the post-MET phase from D7 to D14 (condition 

“SERPINB3 Day 7-14”). Condition “SERPINB3 Day 0-14” indicates 

SERPINB3 administration all along the protocol. When non-modified mRNA 

are used, MET occurs earlier, as previously reported, therefore the pre-MET 

phase is identified from D0 to D4 (condition “SERPINB3 Day 0-4”), the post-

MET phase from D4 to D15 (condition “SERPINB3 Day 4-15”). Condition 

“SERPINB3 Day 0-15” indicates SERPINB3 administration all along the 

protocol. At the end of the protocol, cells were stained for pluripotency markers 

and the reprogramming efficiency was calculated as n° of NANOG+ colonies 

per seeded cells per channel. 

3.9.3. EMT-MET marker analysis 

To evaluate whether SERPINB3 administration could impair EMT-MET 

marker expression, such as Vimentin, E-Cadherin, β-Catenin and Snai1, BJ 

human fibroblasts were treated with the recombinant protein in different 

conditions. On one side BJ human fibroblast were grown in microfluidic chips 

in DMEM high glucose + 10 % FBS for 7 days with and without SERPINB3 

to evaluate SERPINB3 effect on EMT-MET markers on basal culture 

conditions. After 7 days, mRNA was collected for qPCR analysis. On the other 

side the fibroblasts were reprogrammed in microfluidic chips with mmRNA 

and non-modified mRNA until day 7 with and without SERPINB3 
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administration as previously described. At day 7, mRNA was collected for 

qPCR analysis. For each condition, three independent channels were used. 

3.9.4. Pluripotency gene expression in hiPSC treated with SERPINB3 

To evaluate the possible influence of SERPINB3 administration on 

pluripotency gene expression, hiPSC cells were detached from 6-well 

multiwell with EDTA 0.5 mM and seeded on vitronectin-coated microfluidic 

chips at 100 cell/mm2 in StemMACSTM iPS-Brew XF medium. After seeding, 

cells were allowed to grow and adapt to microfluidic conditions for 4 days. 

Then were treated with or without SERPINB3 for 7 days and mRNA was 

extracted for qPCR analysis. For each condition, three independent channels 

were used.  

3.9.5. TGF-β1 analysis 

To evaluate whether SERPINB3 administration could impair TGF-β1 

expression, fundamental for cell reprogramming41, BJ human fibroblasts were 

grown in microfluidic chips in DMEM high glucose + 10 % FBS for 7 days 

with or without SERPINB3 administration. After 7 days, mRNA was collected 

for qPCR analysis. For each condition, three independent channels were used. 
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CHAPTER 4: RESULTS  

 

4.1. ECM ORGANIZATION IN NAIVE AND 

PRIMED HUMAN PLURIPOTENT STEM 

CELLS 

To understand if the expression of ECM could be related to the 

developmental stage of cultured cells, both ECM-related gene expression and 

ECM network organization has been evaluated in fibroblasts, naïve and primed 

pluripotent stem cells. 

4.1.1. Distinct pluripotency states are characterized by different ECM 

genes expression profile   

Expression of ECM-related genes and in particular of collagen genes has 

been analyzed by comparing different RNA-sequencing data available in GEO 

and ENA databases (access numbers in paragraph 3.5.3) or derived from 

previous experiments carried on in the laboratory. As shown in fig.4.1, collagen 

expression has been compared in fibroblasts and in pluripotent stem cells, both 

primed and naïve, embryo-derived or obtained by reprogramming, showing a 

different pattern of expression in the three groups. In particular, it is evident 

how the expression of collagen genes is per se sufficient to cluster separately 

fibroblasts, naïve and primed PSCs. 
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4.1.2. ECM protein organization is different in Naive and Primed PSC  

Therefore, we investigated whether this difference in gene expression 

between fibroblasts and the two pluripotent states of naïve and primed PSCs 

was also reflected in a different structural organization of the ECM proteins. 

Second harmonic generation imaging allows the visualization of ECM proteins 

characterized by non-centrosymmetric structures, such as collagens, which are the 

main responsible for SHG signal in tissues261-262. With this analysis it is possible 
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to image the general ECM network, taking into account all the contributions from 

the different collagens and other ECM proteins. Therefore, we performed such 

analysis by comparing human foreskin fibroblasts (HFF), naïve and primed 

PSCs derived from HFF. As it can be seen in the second harmonic generation 

images of fig.4.2, the general organization of ECM is remarkably different in 

the three samples. In particular, fibroblast ECM deposition is highly ordinated, 

while primed PSC ECM deposition is inhomogeneous and only few spots of 

ECM fibers can be appreciated. Moreover, in the naïve samples, ECM 

deposition depends on the substrate where the cells were cultured: MEF feeder 

layer or Matrigel growth factor reduced (MRF). Naïve colonies show higher 

ECM deposition comparing to primed colonies when cultured on MEF feeder 

cells and the ECM is organized in fibers. Differently, when naïve colonies are 

grown on MRF, the SHG signal is mostly intracellular.   

To further compare naïve and primed pluripotent stem cells, scanning 

election microscopy (SEM) was used. With this analysis it is possible to picture 

the surface of the colonies, in order to understand the deposition of ECM above 

and around the colonies. Differently from what observed in primed PSC 

colonies (fig.4.3), naïve colonies on the three coatings have a marked 3D 

morphology, almost spherical, with few anchorage points to the surface. This 

observation is confirmed by the lateral view of the 3D colony reported in fig.4.8.  

Moreover, the naïve colonies appear as a compact dome-shaped cluster of 

cells in which is impossible to distinguish the single cells from which it is 

composed. Rather an extracellular structure seems to cover each entire colony. 

Such “capsule” is visible in all the coating conditions, but it is fluffier on MEF 
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feeder layers, while on VTN coating is smooth. Moreover, some spherical 

components emerge from the colony, suggesting the presence of cellular  blebs, 

apoptotic bodies, single cells or part of the colony separated from the main 

body. In addition, and to better clarify the entity of the “capsule” revealed by 

SEM, TEM analysis have been performed by slicing the naïve colonies in 

parallel to the adhesion surface. As it is possible to appreciate in fig.4.4, an 

electron-light layer of non-organized ECM surrounds the colonies (panel A and 

B, white arrows) this data can confirm the capsule of ECM structure covering 

the colonies detected by SEM imaging. In panel B, the dashed line indicates a 

spherical component separated by the main body of the colony, as previously 
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seen in the SEM images. Between the main colony and the detached body, 

some electron-dense material is accumulated. Inside the colony, numerous 

junctions connect cells (panel C and D magnification). Between the cells some 

electron-light material accumulates (white arrows, panel C and D). These data 

could explain matrix accumulation in spots inside the colonies that are reported 

also in the following immunofluorescence analysis. By analyzing primed 
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colonies with TEM microscopy, it is possible to appreciate the absence of the 

electron-light material surrounding the cells, as shown in fig.4.5. The main cell-

cell junction visible in these cells is adherens junction (fig.4.5, black arrows) 

typical of epithelial-like tissues such as primed epiblast-like cells. One major 

cadherin involved in adherens junctions is E-cadherin, which is a main marker 

of primed PSCs72,73. Moreover, in adherens junctions, the actin cytoskeleton is 

organized in actin rings around the cells, as reported in fig.4.7 and as previously 

demonstrated207. This data is in agreement with the poor matrix deposition and 

organization revealed by immunofluorescence staining of fig.4.7.  
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Next, we investigated single ECM proteins by immunofluorescence 

staining and confocal microscope. The main components of the basal lamina 

together with the most abundant proteins find in tissues were firstly 

investigated135-138,141,143,144. In the following panels, every picture is composed 

by the z-stack of many confocal images taken at different heights along the z-

axis. Each frame was captured at the minimal distance in z-axis allowed by the 

resolution of the microscope.  

In fig.4.6, five ECM proteins: Collagen I, collagen IV, collagen VI, 

laminin and fibronectin are analyzed in HFF cells, together with actin 

cytoskeleton stained with phalloidin and nuclear HOECHST staining. The 

ECM proteins are partially secreted and organized in extracellular network, but 

not from all cells. Collagen I and laminin are mostly retained in the cytoplasm. 

Actin is organized in fibers. 

In fig.4.7, the same proteins are stained in HPD06 primed PSCs grown on 

MRF coating. In these cells, proteins are mostly retained inside the cells or 

secreted but not organized in an extracellular network. This confirm the 

differences that can occur in ECM organization between fibroblasts and 

pluripotent cells.  

Surprisingly, naïve HPD06 colonies show a remarkably different ECM 

organization comparing both to fibroblasts and to primed state, as shown in 

fig.4.8.  

In fact, when cultured on MEF feeders, the naïve colonies are in contact 

with a network of extracellular  collagen I and collagen VI, as if colonies were 

engulfed in a niche. Naïve HPD06 have high expression of collagen IV and 

laminin. Fig.4.8 shows also a lateral view of a naïve colony grown on MEF 

feeders. In this figure, it is possible to appreciate the typical 3D dome-like 

shape of naïve colonies and how ECM proteins such as collagen I are organized 

around the colonies. However, since MEF feeder layer is itself producing ECM, 

as reported in fig.4.9, whether the ECM found in naïve PSC cultivated on MEF 

feeders was produced by MEF and rearranged by naïve colonies or if naïve 

colonies were able to produce ECM proteins themselves was investigated. 
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Notably, as shown in fig.4.9, the ECM proteins produced by MEF alone are 

organized differently comparing to the ECM detected nearby naïve colonies as 

shown in fig.4.8. ECM produced by these MEF is scarce and by comparing 

fig.4.8 and fig.4.9. 

To verify if naïve HPD06 were preserving ECM organization in absence 

of MEF, this line was cultured in feeder-free conditions. As feeder replacement 

5% Matrigel (MRF) was used and in these conditions ECM proteins can be 

stained on naïve colonies as shown in fig.4.10. Differently than the staining on 

MEF, organized matrix could be seen only around or inside the single colonies, 

not between different colonies. Remarkably, since Matrigel is a complex 

substrate made of a cocktail of ECM proteins, these staining helped to confirm 

naïve cells ability to remodel ECM (see black halo around the colonies in 

fig.4.10) but did not confirm the ability of those cells to produce ECM protein 

themselves. Therefore, naïve HPD06 colonies were plated in feeder-free 

conditions on vitronectin coating (VTN). Since VTN is the only protein in this 

coating, all the stained ECM proteins shown in fig.4.11 are produced by the 

naïve HPD06 themselves. On VTN coating it’s possible to appreciate how most 

proteins are retained inside the cells, only collagen VI and laminin are secreted 

but scarcely organized. Fibronectin does not have a net-like organization as in 

fibroblasts, but it is secreted in spots or retained in the cells. 

Taken together these data demonstrate for the first time that naïve and 

primed pluripotent stem cells have different ECM protein expression, 

deposition and organization. Moreover, for the first time direct ECM 

production by naïve pluripotent stem cells without feeder cells contribution has 

been demonstrated. 
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1.1.1.1.  

4.2. INFLUENCE OF CONFINED ENVIRONMENT 

ON ECM PROTEINS 

After evaluating ECM deposition in conventional cell culture devices such 

as multiwell, HPD06 cell system was analyzed in microfluidic devices to 

understand if a confined environment with enhanced paracrine signaling could 

have influence on ECM deposition. First, the general influence of confined 

environment on cell secretome, which comprehends the overall production of 

secreted proteins, was analyzed by high throughput approaches; then the structure 

of ECM proteins in microfluidics was investigated. 

4.2.1. Confined environment promotes accumulation of secreted 

proteins 

To analyze secreted proteins, SILAC-MS was applied to HPD06 cell 

system. SILAC (stable isotope labeling by/with amino acids in cell culture) is 

a technique based on mass spectrometry that detects differences in protein 

abundance among samples using non-radioactive isotopic labeling. In a SILAC 

experiment, two populations of cells are cultivated in different cell culture 

media. One is fed with growth medium containing normal amino acids (eg. 

12C6
14N2 L-Lysine and 12C6

14N4 L-arginine). The second population is fed with 

growth medium containing amino acids labeled with stable (non-radioactive) 

heavy isotopes (eg. 13C6
15N2 L-Lysine and 13C6

15N4 L-arginine). Medium 

collected from both cell populations can be combined and analyzed together by 

mass spectrometry. Pairs of chemically identical peptides of different stable-

isotope composition can be differentiated in a mass spectrometer according to 

their mass difference. The ratio of peak intensities in the mass spectrum for 

such peptide pairs reflects the abundance ratio for the two proteins. 

With this technique, it is possible to compare secretome (the global study 

of secreted proteins and secretory pathways) form cells grown in conventional 

well for cell culture and from cells grown in microfluidic platforms, after 
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appropriate volume and cell number normalization, and to discover which 

pathways are influenced by environmental confinement ( Fig.4.12). 

Similarly to the experiment performed by Hu et al.288 described in 1.3.2, 

the secretome of different hiPS cell lines reprogrammed from BJ fibroblasts 

was analyzed (Fig4.13 and Fig.4.14). Cells were seeded on the platforms and 

let 2 days to adapt. In order to avoid any variability induced by the material or 

any contaminant from the coating solution, wells with glass bottom and coating 

with recombinant human vitronectin were used. Also in this case, heavy-

labeled cells were seeded in microfluidics, light-labeled cells in wells. 

Conditioned medium was collected from the two platforms during cell growth, 

balancing channels and wells in order to collect, for each day, the same volume 

of conditioned medium from the two platforms. In the devices, the cells were 

seeded at the same density on the same area.  
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In the statistical analysis on the collected data (μF and well together) the 

circles represent the total number of detected proteins per day and, meaning the 

total number of different proteins detected, not the total quantity or 

concentration (Fig.4.13). The increasing diameters indicate increase in number 

of detected proteins, and this leaves space for different interpretations: on one 

side, from day 2 to day 5 cells are growing in number and therefore more cells 

produce more secreted proteins and in the last days even less expressed proteins 

reach the mass spectrometry detection threshold. On the other hand, it is 

possible that some proteins are expressed only at a certain time point. Finally, 

it is possible that those proteins are due to an increment of dead cells or 

exosomes. The green circle represents the GO category “extracellular proteins” 

and, since the circle diameter is not increasing, it is possible to assume that the 

system sensitivity on those proteins is good already from day 2. 
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To further analyze the extracellular protein compound, the differential 

expression analysis that is represented in the middle heatmap was performed 

(Fig.4.13). The colors are relative to the Heavy/Light Ratio, and therefore red 

indicates that the given protein, at a certain time point is more expressed in 

microfluidics compared to well. White indicates no differences in expression 

between microfluidics and wells and blue indicates an overexpression in wells 

compared to chips. Last, proteins not detected at certain time points are labeled 

in black, but it is not always possible to tell if it is a problem of experimental 

sensitivity or a real oscillation in protein expression. For example, if a protein 

is detected at day 2, not detected at day 3 and then detected again at day 4 we 

can be sure that we are observing a real oscillation, because protein signal was 

already detectable with few cells. Instead, if the protein is only detected from 

day 4 on, it is not possible to distinguish between biologically significative 

oscillation and experimental sensitivity. 

It’s very important to notice that the great majority of extracellular 

proteins are overexpressed in microfluidics and that among the few proteins 

overexpressed in well it is possible to find all proteins coming from cell culture 

medium (TGF- β, FGF2, Albumin) and from the coating solution (VTN) that 

are obviously light-labeled. In Fig.4.15 there is a selection of all detected 

collagens and, also in this cell model, the confined environment enhances the 

production of collagens and ECM proteins. The most detected collagens in this 

analysis were COL1A2, COL4A2, COL 5A1, COL5A2, COL6A1, COL6A2, 

COL11A1 and COL18A1. In particular, COL6A1 is detected from the very 

first days, while the others are detected in the following days. This analysis 

supports the need to investigate by immunofluorescence staining the ECM 

organization of these collagens, as previously reported and as shown in the 

following results.  
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4.2.2. RNA-seq analysis of fibroblasts, naïve and primed PSCs reaveals 

distinct matrisome gene expression in well and microfluidic 

systems.  

After the result obtained with hiPSC secretome analysis in well and 

microfluidic environment, a trascriptomic analysis was performed on the 

isogenic cell system introduced in paragraph 4.1.  

In this system, HFF fibroblasts, naïve HPD06 pluripotent stem cells and 

primed HPD06 pluripotent stem cells share the same genetic background, since 

naïve HPD06 have been reprogrammed to naïve ground state directly from 

HFF fibroblasts and primed HPD06 have been differentiated to primed state 

from the naïve cell line. Therefore, the differences detected in RNA-

sequencing analysis should be addressed to the differences in developmental 

stage. To perform bulk RNA-seq, cells were seeded in wells and microfluidic 

chips at the same density at Day 0 as reported in chapter 3. RNA was extracted 

at Day 1, 4 and 7 of cell proliferation after seeding and sequenced by 3’-single 

end RNA-seq as described in chapter 3. At Day 4, cells were fixed with PFA 

for immunofluorescence staining, as will be described in paragraph 4.2.3. 
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Moreover, at Day 4, naïve colonies with 3D or 2D morphology were manually 

picked from wells and from microfluidic chips and analyzed separately.  

As shown in fig.4.16, an average of 15000 genes/sample was detected in 

fibroblasts and primed HPD06 cells. In naïve cells instead, the number of 

detected genes was sometimes reduced compared to other samples, even if the 

total amount of sequenced RNA was comparable. This may be due to the 

presence of MEF as feeder layer for naïve cells, whose transcripts are not 

aligned with the human genome and result in a decrease of total detected genes. 

Nevertheless, in the principal component analysis shown in fig.4.16, the three 

developmental stages can be well separated and clusterize well among each 

other, no matter the day of the experiment or the cell growth system. 

In fig.4.17, a detail on HFF fibroblasts is reported. In the PCA analysis it 

is possible to appreciate how samples grown in microfluidic devices are 

separated from those coming from conventional well systems. Moreover, in 

microfluidics HFF fibroblasts require some time to adapt and stabilize, in fact, 

samples from Day 1 are separated from samples from Day 4 and 7. 

Nevertheless, as shown from the hierarchical clustering in fig.4.17, the main 

difference between the samples (first branching of the tree) is the culture 

system, while the culture time represents the second branching of the tree. By 

analyzing the differences in the reactome of HFF fibroblasts in wells and 

microfluidics after 7 days, it is possible to detect that in well matrix-related 

genes are overexpressed, while in confined environment the most upregulated 

pathway is related to lipids metabolism. This may sound in contrast to the data 

previously reported, but a possible explanation for this behavior is that in 

microfluidic chips cells are accumulating ECM proteins faster, from the first 

days, therefore there is less need for matrix-related gene transcription at Day 7. 

Indeed, as shown from panel C and D of fig.4.17, a confined environment has 

a deep influence on the expression of matrix genes and matrix-related genes. 

The genes selected for this analysis belong to the category of Core Matrisome 

and Matrisome-Associated (The Matrisome Project – MIT297). And it is 

possible to appreciate how the relative expression of these genes is completely 

opposite in wells compared to microfluidic chips.  
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In fig.4.18 and 4.19 the results related to pluripotent stem cells, both 

naïve and primed have been described. Fig.4.18 represents the hierarchical 

clustering of all the pluripotent samples, including the manually picked 3D or 

2D naïve colonies. It is possible to appreciate how the general expression 

pattern is different between primed and naïve pluripotent state. As shown 

from the branching of the tree, picked colonies are recognized as naïve 

samples, but no appreciable difference was detected between 2D and 3D 

colonies, both from well or microfluidic chips. Indeed, as shown in fig.4.19, 

the manually picked samples are very separated from the naïve samples and a 

possible explanation for this behavior is the picking method itself. In fact, for 

each sample, at least 20 colonies were manually picked and the overall 

operation required about one hour per sample. Therefore, these stressing 

conditions could have altered the cell expression program to the point of 

masking other differences among those four samples. For this reason, the 

picked samples will not be included in the following analysis.  

Fig.4.20 shows a more detailed analysis of primed HPD06 samples. The 

PCA analysis shows how in well, gene expression is stable in these cells from 

Day 1 to Day 7, while the culture of these cells in confined microfluidic 

environment requires few days to adapt. In fact, samples from Day 1 and 4 

are distant from the main cluster but converge at Day 7. This may be due to 

an initial adaptation shock: primed HPD06 cells are routinely cultured in 

conventional wells and seeded in the microfluidic platform at the starting of 

each experiment. Therefore, it is possible that the seeding in a confined 

environment from the conventional well may cause a perturbation in gene 

expression that is fixed after few days in culture in the confined environment. 

As shown from panels B and C of fig.4.20, primed HPD06 genes belonging 

to the core matrisome or associate to the matrisome are not as different from 

wells to microfluidic platforms as reported for HFF fibroblasts. Indeed, the 

main differences in matrix-related genes expression observed between wells 

and microfluidic chips appear mainly in samples collected from microfluidic 

chips at Day 1 and 4, while at Day 7 matrix-related gene expression is 

comparable to cells cultivated in wells.  
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In fig.4.21, a detail of gene expression of naïve HPD06 samples is 

reported. By comparing the PCA of fig.4.21 with the PCA of fig.4.20 it is 

possible to see that naïve HPD06 are more variable compared to primed HPD06. 

Moreover, in naïve samples, cells from Day 7 in microfluidics correspond to 

cells from Day 4 in wells. By looking at the matrisome detail of panels B and 

C it seems that there is a strong upregulation of ECM-related genes 

transcription in Day 1 of cell culture. Core matrisome gene expression and 

Matrisome-associated gene expression of naïve and primed HPD06 is 

summarized in fig.4.22. 
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Figure 4.22: Core Matrisome and Matrisome-Associated gene expression in naïve and primed HPD06. 
(A) Core Matrisome genes (The Matrisome Project: Core Matrisome). (B) Matrisome-Associated genes 

(The Matrisome Project: Matrisome-Associated). 
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4.2.3. Microfluidics enhances ECM deposition  

Therefore, confined environment influence on specific ECM protein 

deposition was analyzed in HFF, primed HPD06, primed H9 and naïve HPD06 

cells (fig.4.23, 4.24, 4.25 and 4.26).   

In HFF fibroblasts (fig.4.23), confined environment promoted the 

deposition of a thicker extracellular network of collagen IV and fibronectin 

compared to conventional wells, while did not show increase in collagen I and 

collagen VI deposition.  

 

In primed HPD06 colonies (fig.4.24), confined environment promotes 

accumulation of collagen I, IV, VI and fibronectin, but does not promote 

organized deposition of collagen I and IV in fibers. Collagen VI is produced 

intracellularly but not secreted and organized.  

Naïve HPD06 colonies instead show a remarkable difference in ECM 

deposition between conventional cell culture systems and microfluidic devices. 

In particular, when colonies are grown in confined environment, ECM proteins 

are more expressed and organized around the colonies as shown in fig.4.25. 

This has been confirmed for all coating conditions previously tested on these 

cells (MEF feeder layer, MRF and VTN). For example, collagen I in 

microfluidics is strongly deposited around the colony, surrounding the colony 
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as a ring or creating sectors inside the colonies.  Collagen IV is highly deposited 

inside the colonies, creating thick sectors.Collagen VI in confined systems can 

be observed outside the cells, weakly organized in spots, whether in 

conventional devices was only retained inside the cells. Also fibronectin 

deposition in spots is enhanced in microfluidics.  

In conclusion, confined environment granted by in microfluidic devices, 

promotes the secretion of proteins belonging to the gene ontology category of 

“extracellular proteins”, among which the most abundant group belongs to the 

category “extracellular matrix” and to the KEGG pathway of cell-ECM 

interaction. Moreover, confined environment promotes a more defined ECM 

organization in pluripotent stem cells (naïve and primed HPD06 lines).  
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4.3. NAÏVE COLONY 3D SHAPE, ECM AND 

PLURIPOTENCY MARKERS 

Since the most evident difference between naïve and primed pluripotent stem 

cells from a morphological point of view is the 3D organization of the two 

pluripotent stages, a possible correlation between colony shape and pluripotency 

marker expression was investigated.  

4.3.1. Naïve colony 3D shape is linked to ECM deposition and 

pluripotency markers expression 

As previously reported, bona fide naïve colonies are characterized by 3D 

dome-shape morphology and this characteristic is considered a key feature to 

confirm appropriate culture conditions. Nevertheless, naïve pluripotent stem 

cells in vitro culture is a rather new achievement and it is not possible to 

guarantee complete stability of the culture conditions, also because, as seen in 

chapter 1.1, pluripotency is a continuous process in vivo, hard to stabilize in 

vitro. Indeed, in naïve cultures, both in conventional wells and in microfluidic 

platforms, two different morphologies can be identified: most of the colonies 

retain the typical 3D dome-like shape, but some colonies acquire a 2D flat 

morphology. In this chapter, data that link 3D morphology to a higher ECM 

deposition will be presented.  

The height difference measured on the z-axis between the two phenotypes 

is statistically different, as represented in fig.4.19, while in fig.4.20, an example 

of the two morphologies is shown. When measuring the height of the two types, 

3D colonies have an average height of 33.18 µm ± 2.242 µm , while 2D 

colonies have an average height  of 16.41 µm ± 0.8047 µm. Another striking 

feature that distinguishes flat and 3D colonies is the actin cytoskeleton 

arrangement. In fact, 3D colonies are characterized by a thick actin ring that 

surrounds the colonies, typical feature of pluripotent cells with low adhesion to 

the substrate, as described in chapter 1207. 
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From the lateral view in fig.4.20 it is possible to see that flat colonies are 

composed by a single layer of cells, while the 3D colonies are composed by 

multiple layers of cells. Moreover, in flat colonies nuclei are flat, while in 3D 

colonies nuclei are vertically elongated. In fig.4.20 it is also shown a 3D 

reconstruction of collagen I deposition in a 2D and in a 3D colony. Collagen I 

is produced all around the 3D colony, confirming the shell-like deposition 

already shown in fig 4.8.  

When looking at matrix deposition in the two types of colony, a striking 

difference appeared; in fact, comparing to 2D colonies where ECM proteins 

are not assembled or weakly organized, only 3D naïve colonies show organized 

ECM, as shown in fig.4.21. This panel summarizes differences in ECM 

deposition in 2D and 3D colonies grown on MEF feeder layer and on Matrigel 

coating. As shown by the green arrows, collagen I, IV, VI, laminin and 

fibronectin are all better organized in an extracellular network in 3D colonies 

or around them. Instead, as shown by the red arrows, in 2D colonies those 

proteins are downregulated. For example, on MEF feeders, collagen VI 

produced by MEF assembles only around the two 3D colonies, while the flat 

one is not surrounded by the thick collagen VI fibers.  
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Therefore, pluripotency marker expression in 2D and 3D colonies was 

analyzed. Indeed, as shown in fig.4.22, 3D morphology is linked to enhanced 

expression of naïve pluripotency markers such as KLF17, OCT4, TFE3 and 

TFCP2L1, while flat morphology is linked to a downregulation of naïve 

pluripotency markers expression. This happens independently from the coating 

used to growth the cells, in fact, in the top panel cells are seeded on Matrigel, 

in the left one on vitronectin and on the right one on MEF feeders. The top 

panel of fig.4.22 shows one 2D colony and two 3D colony positively stained 

for collagen VI, laminin and TFCP2L1, a naïve marker. Between those two 

colonies, the smaller one has unorganized laminin. The flat colony instead, 

does not show any sign of laminin staining and is only weakly stained for 

collagen VI and TFCP2L1. The fact that the colony, even though with flat 

morphology, retains a residual TFCP2L1 expression may suggest that flat 

colonies are still naïve, but with a downregulated expression of naïve markers. 

On the left panel, the colony with 3D morphology also shows increased 

collagen VI deposition and OCT4 expression. In the 2D colony, collagen VI is 

only retained inside the cells, while in the 3D colony it is also secreted and 

organized. On the right panel, 3D morphology is linked to KLF17 expression, 

fundamental marker for naïve pluripotent stem cells recognition. As shown in 

this panel, KLF17 expression is nevertheless heterogeneous inside the colony 

itself, however, a peculiar collagen such as collagen 23 which is a 

transmembrane collagen (MACIT) associated with focal adhesions139, is 

expressed only in cells where KLF17 expression is lower.   

Next, the randomness of 3D or 2D colony morphology was evaluated by 

picking separately 2D or 3D colonies, dissociating them at single cell level, re-

plating the cells and allowing new colonies to grow for four days. In this way, 

if morphology is a random choice for cells, single cell dissociation should result 

in random probability of 2D or 3D colony formation, while if the shape depends 

on the endogenous state of the cells of the colony, the original morphology 

should be conserved. 
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The experiment has been performed in well and in microfluidic chip. Four 

days after colony picking and re-seeding, colonies have been analyzed for 

laminin and OCT4 expression and, as shown in fig.4.23, 3D colonies derived 

from 3D picked colonies are more compact, surrounded by a ring of laminin 

and have uniform expression of OCT4. 2D colonies derived from 2D picked 

colonies have a generally weaker and more heterogeneous expression of OCT4 

and are not surrounded by the laminin ring. Average colony height obtained by 

picking and re-plating 3D colonies was 27,75 µm ± 2,323 µm (N=4) and all 

colonies had the typical 3D dome shape, while the average colony height 

obtained by picking and re-plating 2D colonies was 21,00 µm ± 0,7071 µm 

(N=4) and the colony had a less compact morphology. Despite additional 

experiments need to be done, this preliminary data suggests a link between cell-

specific pluripotency state and flat or 3D shape of the resulting colony. 

However, the experiment should be repeated to increase sample size and 

confirm the result.  

Bulk RNA samples have been collected from naïve HPD06 (on MEF, 

Matrigel and VTN), primed HPD06 and HFF, grown for one, four or seven 

days in microfluidic platforms or conventional wells. Moreover, whole 3D or 

2D colonies from microfluidic platforms or conventional wells have been 

picked and lysed to recover RNA. These samples have been send to TIGEM 

institute (Naples) for bulk RNA-sequencing. When available, results will be 

presented discussed. 

To organize themselves in space, cells need not only to secrete ECM 

proteins and to rearrange the cytoskeleton, but also to remodel the extracellular 

environment. In fact, the difference in ECM organization between primed and 

naïve colonies can be explained both by a different ECM transcripts expression 

profiles, as reported in fig.4.1, but also by a different production of ECM 

remodeling enzymes. Indeed, as reported in fig.4.24, also metalloproteases and 

other ECM remodeling protein expression have a distinct expression profile in 

fibroblasts, naïve and prime pluripotent stem cells.   
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4.3.2. Insight into cell-ECM interaction in naïve pluripotent stem cells 

Since naïve and primed pluripotent stem cells have such a remarkable 

difference in ECM gene expression and protein deposition, components of the 

cell-ECM adhesion pathways have been investigated, with particular focus on 

integrin expressions, which are the first proteins involved in cell-ECM 

engagement and on proteoglycans expression. As shown in fig.4.25, fibroblasts, 

naïve and primed PSC have different expression profiles when compared 
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among integrins or proteoglycans expressions. The most upregulated integrins 

in naïve samples are integrin αM, α2B, αL, αX, α9, β2, β4 and β5, of which 

only α9, β4 and β5 have been previously related with stemness, as discussed 

below. Since the role of those integrins has never been deeply investigated, few 

tools and assays (such as blocking antibodies or molecules designed to bind to 

the active site) are available to study these proteins. Gene silencing or 

molecular antagonism experiments are needed to study the role of these 

integrin. As a preliminary approach, this work started with the analysis of more 

well-characterized integrins such as integrin α4 and β1, which are among the 

most studied integrins for pluripotency maintenance and for binding the ECM 

proteins analyzed in previous results of this work. However, the role of this 

integrins has never been analyzed in naïve pluripotent stem cells. In addition, 

it is important to notice that, even if α4, α6, αV, β1 and other integrins well 

known to be important for embryogenesis are downregulated in naïve cells 

compared to the other samples of the database, this does not imply that naïve 

cells do not express them at all.  

Therefore, blocking antibodies against the extracellular portion of integrin 

α4 and β1 have been used to disturb integrin attachment with ECM components. 

In this experiment, naïve HPD06 cells have been seeded as single cells in 

microfluidic channels on MEF feeder layer and have been treated with anti-α4 

blocking antibody, anti-β1 blocking antibody or with a combination of both. 

Two different conditions have been setup: in the first one the treatment has 

been started at day 0, when cells were still in suspension, in the second at day 

1, after cells had adhered to the MEF layer. With this approach, the difference 

between the role of this integrins in cell-adhesion process has been discerned 

from the role of the integrins in colony maintenance. In particular, in the first 

case (named “Blocking from Day 0 in fig.4.26), Naïve HPD06 colonies have 

been dissociated at single-cell level and seeded in the microfluidic channels in 

presence of anti-α4 blocking antibody, anti-β1 blocking antibody or with a 

combination of both. Instead, in the second case (named “Blocking from Day 

1 in fig.4.26), naïve HPD06 colonies have been dissociated at single-cell level 

and seeded without blocking antibodies in the microfluidic channels. The 
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following day, when cells were already attached, medium was supplemented 

with anti-α4 blocking antibody, anti-β1 blocking antibody or with a 

combination of both. Both conditions were kept in medium with blocking 

antibodies for four days. After four days colony number has been calculated 

and colony diameter has been measured. As shown in fig.4.26, blocking α4 

integrin interaction with matrix proteins reduced colony number inside the 

microfluidic channel and overall colony diameter, thus demonstrating an anti-

proliferative effect on naïve pluripotent stem cells. Blocking β1 integrin instead 

did not have a significative influence on colony number or on colony diameter, 

demonstrating the inactivation of this integrin in naïve cells. However, the 

treatment with blocking antibodies had a visible effect on MEF morphology: 

on treated channels, MEF cells looked shrunk, leaving large empty areas in the 

feeder layer. As shown in fig.4.26, blocking α4 and β1 integrin gave also an 

effect on colony morphology: in samples treated from Day 0, in control 

channels, the 3D dome-shape morphology prevailed, while channels treated 

with anti-α4 blocking antibody, flat colonies were more frequent than in the 

controls. This data was calculated as 2D colony number on total colonies 

counted in the channel. In samples treated from Day 1 instead, the increase in 

2D colonies fraction is increased in all conditions where blocking antibodies 

were administered. However, the overall fraction of 2D colonies in these 

samples is lower comparing to the samples treated from Day 0. Nevertheless, 

the results reported are preliminary data, which need to be repeated to increase 

sample numerosity and statistical significance.  

Since blocking β1 integrin had only a mild effect on naïve stem cells 

growth, an opposite approach has been applied. Naïve HPD06 colonies have 

been treated with Mn2+, which aspecifically activates integrins. Naïve HPD06 

colonies have been seeded on MEF feeders after single cell dissociation and 

treated with Mn2+ from day 1 to day 4 to understand Mn2+ effect on forming 

colonies, or just from day 3 to day 4 to dissect Mn2+ effect on already formed 

3D colonies (fig.4.27).  
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Figure 4.26: Blocking α4 and β1 integrin assay. Top: experimental 
design. Middle: colony number variation from Day 1 to Day 4, total 

number of colonies per channel was counted and normalized on starting 

cell number. Colony diameter at Day 4 in all conditions. Proportion of 

2D colonies at Day 4 calculated as percentage of 2D colonies on total 
colonies. Bottom: effect of blocking antibodies on MEF feeders (i.e. 

compared to well organized MEF layer of Fig.4.9). Scale bar 50 µm. 
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As reported in fig4.27, integrin activation did not have significative effect 

on colony number if given from day 1, when naïve cells are at single-cell state, 

while it results in colony detachment if given at day 3 when colonies are grown. 

On contrary, Mn2+ treatment reduces overall colony diameter if given from day 

1, while it has no significative effect on colony diameter if administered from 

day 3. Taken together these data indicates that integrin aspecific activation 

when cells are at single-cell state does influence the maintenance of colony 

number after. Instead, integrin activation on grown colonies induces cell 

detachment. However, more experiments should be performed to investigate 

long-term effect of Mn2+ treatment on naïve pluripotent stem cells.  

As previously seen in fig.4.25, also proteoglycans show a different pattern 

of gene expression between fibroblasts, naïve and primed pluripotent stem cells. 

To investigate whether blocking proteoglycan attachment with matrix proteins 

could have an effect on naïve cells, a blocking antibody against chondroitin 
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sulfate proteoglycans (CSPG) domain was administered to naïve HPD06 

colonies. This target was shown because CSPG family proteoglycans, such as 

CSPG5 are upregulated in naïve colonies, as reported in fig.4.25. Therefore, 

the same experimental plan designed for integrin α4 and β1 blocking assay was 

applied and, as shown in fig. 4.28, CSPG blocking for four days resulted in 

colony number and colony diameter decrease. Moreover, CSPG blocking from 

Day 0 promoted an increase in 2D colonies proportion, while its blocking from 

Day 1 did not have a significative effect on 2D colony number. However, data 

should be repeated to increase sample size and significance. 

4.3.3. Naive and Primed PSC have different FAK and YAP protein 

localization 
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It has extensively been described in paragraph 1.2.3 how extracellular 

matrix influences also the stiffness of the environment in which cells are 

embedded. Therefore, the ECM compartment can send mechanic stimuli to the 

cell through a complex of signaling cascades known as mechanotransduction. 

Thus, next, mechanotransduction and signaling pathways that connect cell to 

the nucleus have been investigated in naïve and primed PSC. In fact In fig. 4.28 

it is possible to appreciate how focal adhesion-related proteins and Hippo 

pathway (pathway involved in mechanotransduction that exploits YAP/TAZ as 

effector)-related proteins have different expression signatures in fibroblasts, 

naïve or primed pluripotent stem cells. In fig.4.29, fibroblasts samples are 

grouped on the left, primed PSCs samples in the middle and naïve PSCs on the 

right. These evidences point out a different role of these pathways in 

pluripotent cells comparing to differentiated cells, but also a different 

activation in primed comparing to naïve PSCs. Besides a different gene 

expression of focal adhesions-related genes and of Hippo pathway-related 

genes, it has been reported in literature that a fundamental protein such as FAK 

assumes a different localization in pluripotent or differentiated cells194,197,198. 

Moreover it has been demonstrated that YAP activity is related to its nuclear 

or cytoplasmic localization161,162. Therefore, FAK and YAP localization have 

been analyzed in naïve and primed pluripotent stem cells.  

As shown in fig.4.30, in 3D dome-shape naïve colonies, FAK has a 

diffused localization, inside the cells, and clearly, it is not concentrated in focal 

adhesions. If the bottom and the top part of the 3D colonies are analyzed 

separately, it is possible to notice that FAK is more expressed at the bottom 

and at the edge of the colony, where the deposition of the ECM network is 

higher. In 2D flat colonies instead, FAK is more concentrated in focal 

adhesions, and, in fact, instead of a diffused fluorescence signal, 2D colonies 

are scattered of bright FAK positive spots. As it is possible to see by looking 

at cytoskeleton organization stained with phalloidin, where actin ring 

surrounds the colonies as in 3D colonies, indicating absence of punctual focal 

adhesions, FAK is disengaged and diffused between nucleus and cytoplasm. 
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Instead, when actin ring is disassembled and stress fibers are formed as in 2D 

colonies, FAK is engaged in focal adhesions.  

In primed pluripotent stem cells colonies, as shown in fig.4.31, FAK has 

a different localization in the center of the colony comparing to the edge of the 

colony. It has been demonstrated by traction force microscopy that in primed 

colonies, cells at the edge of the colony have stronger mechanical interactions 

with the extracellular matrix than those at the center of the colony296. Indeed, 

in the center, where cells have lower contacts with the ECM network and less 

mechanical stimuli, FAK has a diffused localization, similar to the one reported 

for naïve colonies. At the edge of the colony instead, cells have a stronger 

interaction with the matrix and FAK shows a total nuclear localization. Total 

FAK protein expression has been analyzed by Western blot (fig.4.30) in HFF, 

naïve and primed PSC. HL-60, a line of promyeloblast from peripheral blood 

was used as control, since circulating cells do not have active focal adhesions. 

This analysis shows similar amount of FAK in the two pluripotent stages, but 

as demonstrated by immunofluorescence stainings (fig.4.30 and fig.4.31) with 

different cellular localization. Moreover, total FAK amount is higher than in 

differentiated HFF, highlighting once more the importance of this protein for 

pluripotency. As control of naïve and primed pluripotency, OCT4 is expressed 

both in primed and naïve pluripotent stem cells, while KLF17 only in naïve 

cells.  

Taken together, these data confirm FAK non-canonical activation in 

primed and naïve pluripotent stem cells, even though more experiments are 

needed to evaluate the biological functionality of this non-canonical pathway 

in these cells.  
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Afterwards, YAP expression and localization was analyzed in correlation 

with FAK localization in naïve and primed HPD06 pluripotent stem cells (fig. 

4.32 and 4.33). As shown in fig. 4.32, in 3D naïve HPD06 also YAP has a 

diffused localization, meaning that YAP-mediated transcription is not fully 

active. It is possible to appreciate that some cells at the bottom and at the edge 

of the colony have more nuclear YAP localization, while in cells at the top of 

the colony YAP is diffused both in the cytoplasm and in the nucleus. It is 

important to notice that neither at the bottom or at the top of the colony YAP 

is excluded from the nucleus, meaning that YAP-mediated transcription of 

downstream genes is always at least partially active in naïve 3D colonies. In 

2D colonies instead, YAP has a more defined nuclear localization.  

In primed HPD06 colonies, as shown in fig.4.33, YAP expression pattern 

changes from the center to the edge of the colony. In fact, in the center of the 

colony YAP has is diffused both in the cytoplasm and in the nucleus of the 

cells, even if some nuclei have a more intense and defined YAP signal. At the 

edge of the colony, instead, YAP has a well-defined nuclear localization. 

To investigate FAK-YAP relationship in naïve pluripotent stem cells, 

Latrunculin-A, a chemical compound that interferes with actin cytoskeleton 

polymerization, was administered to naïve PSCs colonies for 30 minutes. In 

previous works od differentiated cells161, Latrunculin-A treatment provoked 

the exclusion of YAP form the nucleus. As shown in fig.4.34, after Latrunculin-

A treatment, the smooth surface of naïve HPD06 colonies becomes irregular 

and full of blebs and the actin ring is completely disassembled. FAK and YAP 

response is shown in fig.4.35: differently from what was reported in 

differentiated cells, after Latrinculin-A treatment, both YAP and FAK localize 

in the nucleus of the cells, independently whether considering the bottom or 

the top of the naïve colony.  

This results indicates once more the relationship between FAK, the actin 

cytoskeleton and YAP, also in naïve pluripotent stem cells and that those 

players have a singular role in pluripotency.  
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4.4. ANALYSIS OF ECM AFTER 

REPROGRAMMING IN CONVENTIONAL 

AND CONFINED ENVIRONMENT 

It has been demonstrated that microfluidic environment promotes high 

efficiency cell reprogramming, with substantial increase in reprogramming 

efficiency compared to other methods already available that exploit conventional 

cell culture devices207. In Luni et al. 2016, an increase in TGF-β1 endogenous 

pattern activation is reported as partial explanation for this result, but only with a 

high throughput approach it will be possible to identify all the players involved in 

this stunning increase in reprogramming efficiency. With SILAC-mass 

spectrometry technique, the secretome of human fibroblasts (which represent the 

starting point of cell reprogramming) and of hiPSCs (which are the end point of 

the process) have been analyzed, as already reported in chapter 4.2. These data 

point out how microfluidic environment promotes extracellular proteins secretion 

and accumulation and Gene Ontology analysis identify extracellular matrix 

components as the first category represented in proteins overexpressed in 

microfluidics. Therefore, ECM deposition was analyzed at the end of 

reprogramming process in microfluidics and in conventional cell culture devices. 

4.4.1. ECM deposition is enhanced around and over the newborn iPSC 

colonies in microfluidics 

At the end of a typical cell reprogramming experiment, some of the 

fibroblasts that underwent the process will give rise to iPSC colonies, which 

can be identified among the un-reprogrammed fibroblasts as a compact mass 

of small cells with high nucleus to cytoplasm ratio. The non-reprogrammed 

fibroblasts will generally arrange around the colony providing support as 

feeder cells. To verify the organization of ECM network in reprogrammed 

colonies and in non-reprogrammed fibroblasts, immunofluorescence staining 

was performed. In fig.4.36 and fig.4.37, the staining of extracellular matrix 

proteins (collagen I, IV, VI, laminin and fibronectin) on cells at the end of 

reprogramming process highlights clear differences in ECM deposition and 
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organization between non-reprogrammed fibroblasts and newborn hiPSC 

colonies. 
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At the end of reprogramming protocol, both in well and in microfluidics, 

the ECM proteins produced have a different arrangement in correspondence to 

fibroblasts or to hiPSC colonies. By analyzing the differences between well 

and microfluidic ECM deposition after reprogramming, it is possible to observe 

that in well the colony is surrounded by the ECM network produced by the 

non-reprogrammed fibroblasts, leaving an empty space in the ECM networks. 

In confined environment instead, ECM proteins coat the colonies as a shell, or 

surround and innervate the colonies with thick fibers such as those made of 

collagen I. This observation is really striking for collagen I, IV, VI and laminin. 

Moreover, in microfluidics, a thicker and more defined actin ring, as shown by 

phalloidin staining, is observed at the edges of the colonies. 
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As a demonstration that in conventional reprogramming performed in 

well, fibroblasts and hiPSC matrices are not interconnected, a simple 

experiment was performed: with a pair of tweezer, the non-reprogrammed 

fibroblast layer was mechanically removed and it detached without altering 

hiPSC colonies position. In Fig. 4.38 it is possible to observe the detached 

floating fibroblast layer and the hole left in the layer by the colonies that 

remained attached to the plastic surface of the well instead.  

The observation that ECM deposition after cell reprogramming is 

different in microfluidics comparing to conventional cell culture devices could 

help to understand why in microfluidics cell reprogramming is more efficient 

than in other supports.  

To increase the understanding of microfluidic high-efficiency cell 

reprogramming, single-cell RNA-sequencing of different time-points along the 

reprogramming protocol has been performed. Today, all experimental samples 

have been collected and sent to sequencing at TIGEM institute (Naples). 

Sequencing data will be analyzed and commented when available.  
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4.5. SERPINB3 ADMINISTRATION INFLUENCE 

ON CELL REPROGRAMMIG 

To elucidate the effect of SERPINB3 on cell reprogramming genetic 

alteration typical of cancer cells, the well-established high-efficient model of cell 

reprogramming based on BJ human fibroblast reprogramming in microfluidic 

platforms was coupled with SERPINB3 administration. 

4.5.1. SERPINB3 inhibits cell reprogramming 

In order to evaluate SERPINB3 effect to cell reprogramming, BJ human 

fibroblasts were reprogrammed with mmRNA technology couopled with 

exogenous SERPINB3 administration at different time points of the 

reprogramming process, following the experimental strategy reported in 

paragraph 3.8. Coherently with previous data1, BJ fibroblasts reprogrammed 

following the standard protocol (CTRL condition) underwent high efficiency 

cell reprogramming (108.7%) as reported in fig.4.39. In this condition, after 

about seven mmRNA transfections (Day7), BJ fibroblast started to change 

morphology, losing the typical fibroblast elongated, mesenchymal shape and 

becoming more round and compact, with large nuclei. Moreover, cell clusters 

started to appear. These morphological changes represent the Mesenchymal-

to-Epithelial Transition (MET) that is required for successful cell 

reprogramming. As expected, after 14 days of protocol hiPSC colonies were 

fully formed (fig.4.39, dashed lines) and abundant along the microfluidic 

channel. When SERPINB3 was administered from day 0 to day 7 during 

reprogramming, cells showed a delayed MET, with many elongated cells still 

present at day 7. This delay determined a 72.15% reduction of reprogramming 

efficiency. A similar behavior was observed when SERPINB3 was 

administered during the whole reprogramming protocol, from day 0 to day 14. 

In this condition the reprogramming inhibition was even more drastic, since a 

80.44% drop of the reprogramming efficiency was observed, with values that 

were about 5.5 times less than CTRL.  
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Also in this condition a delayed MET was observed. On the contrary, 

when SERPINB3 was administered just after MET, from day 7 to day 14 of the 

reprogramming protocol, only 14.44% reduction of the reprogramming 

efficiency was observed. These data demonstrate that in our model SERPINB3 

administration during cell reprogramming considerably inhibits 

reprogramming efficiency, but the effect is more drastic if the protein is given 

before the MET.  

4.5.2. SERPINB3 does not affect pluripotency factors 

We analyzed whether cell reprogramming inhibition was due to 

SERPINB3 interaction with pluripotency genes, since it has been demonstrated 

that SERPINB3 expression is correlated with undifferentiated tumors with 

stem proprieties2–4. Stabilized hiPSC have been seeded in microfluidic chips 

and cultured for 7 days with and without SERPINB3 administration. Main 

pluripotency genes expression (OCT4, NANOG and SOX2) has been 

evaluated by qPCR analysis and no significant alteration was detected 

(fig.4.40). Cell morphology was similar in the two conditions, with compact 

colonies and cells with high nuclear-cytoplasmic ratio (fig.4.40).  

4.5.3. SERPINB3 impairs EMT-MET markers expression  

We then focused on SERPINB3 effect on the first days of the 

reprogramming protocol, since our data indicate that the first seven days, 

before MET, are crucial for a correct and efficient cell reprogramming. From 

previous data SERPINB3 has been reported to promote Epithelial-to-

Mesenchymal transition (EMT) in tumor progression, leading to cell 

detachment, invasiveness and metastasis formation5. Since EMT is the opposite 

transition of MET, required for cell reprogramming, we analyzed SERPINB3 

effect on EMT-MET markers. BJ human fibroblast were cultured in 

microfluidic chips for 7 days in standard culture medium (DMEM high glucose 

+ 10% FBS) with or without SERPINB3 administration. These conditions were 

compared to BJ human fibroblasts undergoing reprogramming protocol for 7 

days, with or without SERPINB3 administration.  
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The experiment was stopped when full MET was observed in the 

untreated reprogrammed cells and well established EMT-MET markers were 

analyzed by qPCR. All the analyzed markers (VIMENTIN, E-CADHERIN, β-

CATENIN, SNAI1) were impaired by the administration of SERPINB3, and 

in particular E-Cadherin expression was greatly de-regulated during cell 

reprogramming with SERPINB3 (fig.4.41).  
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4.5.4. SERPINB3 disrupts TGF-β1 expression 

The effect of SERPINB3 administration on TGF-β1 expression was then 

analyzed, since it has been demonstrated that this cytokine is essential for cell 

reprogramming. BJ human fibroblasts, cultivated in microfluidic chips in 

standard culture medium, showed 73.82% reduction of TGF-β1 expression in 

presence of  SERPINB3 (fig.4.42 ). 

4.5.5. Transcriptomic analysis of SERPINB3-related genes during 

reprogramming 

Transcriptomic microarray data of human dermal fibroblasts (HDF) 

reprogrammed with retroviral vectors6 were analyzed. This particular 

reprogramming protocol lasts 49 days and MET occurs around day 15-20. 

mRNA samples were collected from starting HDF, from reprogramming at day 

3-7-11-15-20-28-35-42 and 49, from freshly derived hiPSC and from human 

embryonic stem cells (hESC) as control. In our analysis we evaluated if 

SERPINB3 and SERPINB3-related genes (Table 6) were significantly 

differentially expressed in this database, indicating that those genes played a 

significant role in cell reprogramming.  
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First of all the whole database was analyzed by principal component 

analysis (PCA). PCA plot shown in fig.4.43 shows how cells undergoing 

reprogramming (human dermal fibroblasts, HDF) evolve (indicated by arrows) 

from fibroblasts, to an intermediate state and to their final pluripotency state. 

The main shift is linked to the completion of MET, spanning from day 7 to day 

15 in this protocol. The PCA loading plot instead indicates the contribution of 

all the genes in the database to the shifts reported in the main PCA analysis. 

Genes at the center of the plot have low influence on the shift and are therefore 

of limited importance for reprogramming process. Genes on the edge of the 

plot have instead great influence on the shift and represent the fundamental 

genes for cell reprogramming. Highlighted in red and blue, SERPINB3-related 

genes, in blue the genes downregulated by SERPINB3, in red those upregulated 

by SERPINB3. Many SERPINB3-related genes are located at the edge of the 

plot, indicating high contribution to reprogramming process.  

Next, SERPINB3-related genes expression during reprogramming was 

analyzed. Coherently with SERPINB3 role in directing cell fate, SERPINB3-

related genes delineated a temporal order of reprogramming stages in this 

unsupervised cluster analysis (fig.4.44). 

 In this analysis, 3 main clusters could be identified: on the left of the 

heatmap (red tree) gene expression of HDF cells clusters together with samples 

collected at the very beginning of reprogramming process (day 3); in the middle 

(blue tree), data from day 7, 11 and 15 cluster together representing gene 

expression in the pre-MET phase; finally on the right (green tree), all samples 

from day 20 to day 49 cluster together with hiPSC and hESC samples, 

indicating similar expression of SERPINB3 and SERPINB3-related genes after 

MET. Taking a closer look to SERPINB3 differential expression during the 

reprogramming transition, the expression of this molecule was found 

downregulated compared to the median gene expression, until the very late 

phases of reprogramming (day 35, 49 and hiPSC samples).  
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Next SERPINB3-related genes were divided into 3 subgroups according 

to literature data (Table 6): Subgroup 1 identifies all genes that in literature are 

reported to be downregulated by SERPINB3, Subgroup 2 represents all genes 

upregulated by SERPINB3 and Subgroup 3 classifies all genes upstream of 
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SERPINB3, that activate the expression of this serpin. The cluster hierarchy is 

maintained as in fig.4.44, where pre-reprogramming samples cluster together 

on the left, pre-MET samples on the middle and post-MET samples on the right. 

As shown in fig.4.45, during unperturbed cell reprogramming, most genes 

belonging to Subgroup 1 are upregulated after MET (cluster on the right), and 

appear in red shades in the heatmap. Therefore, administering SERPINB3 after 

MET (Condition Day 7-14) induces downregulation of genes that are supposed 

to be upregulated in regular cell reprogramming. This can explain loss of 

reprogramming efficiency due to SERPINB3 administration after MET 

(Condition Day 7-14). Similarly, genes in Subgroup 2 that in literature are 

reported to be upregulated by SERPINB3, during regular reprogramming are 

mostly downregulated before MET (middle cluster). Therefore, SERPINB3 

administration before MET (Condition Day 0-7 and Day 0-14) induces a 

general upregulation of these genes that should be downregulated for 

successful reprogramming. Moreover, Subgroup 2 also collects some 

mesenchymal genes, typical markers of EMT-MET, such as FN1, VIM, 

ACTA2. These genes are strongly upregulated in fibroblasts (left cluster), but 

in regular reprogramming they become downregulated when reprogramming 

starts (middle-right cluster). This boost in mesenchymal genes expression has 

previously been reported to be fundamental for successful reprogramming1,7. 

When reprogramming factors administration starts, these genes gets 

downregulated to allow MET and the acquisition of epithelial-like phenotype 

typical of iPSC. Exogenous administration of SERPINB3 before MET doesn’t 

allow the downregulation of these genes and therefore doesn’t allow a correct 

MET, as already shown in fig.4.41. No significant trend was observed in genes 

belonging to Subgroup 3. Finally, about 35% of SERPINB3-related genes are 

significantly differentially expressed along reprogramming with a corrected p-

value less than 0.0001 (Figure 7). These genes are the most important for 

fibroblast reprogramming and include SERPINB3 itself (Figure 7, purple 

arrow), indicating once more how much this serpin is involved in regulating 

cell fate. Among the genes in this group, 25% are SERPINB3-downregulated 

genes (fig.4.46, yellow dots), 67.5% SERPINB3-upregulated genes (fig.4.46, 
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green dots) and 0.7% genes that activate SERPINB3 (fig.4.46, blue dots). This 

handful of genes (41 in total) is sufficient to cluster different stages of cell 

reprogramming and identify MET transition with high significance.  
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4.6. DROP-SEQ SETUP 

Drop-Seq scRNA-seq system was setup as shown in fig.4.47. Syringe pumps 

and magnetic stirrers were correctly positioned and set up. After preliminary 

optimization experiments (data not shown), the optimal flow rates were set at 

12000 µl/hour for oil and 2400 µl/hour for cells and beads, in order to obtain 

uniform, stable droplets with an average diameter in the range of 100-120 µm, as 

recommended in Macosko et al. 2015. At this flow rates the zone in the 

microfluidic platform where the three fluxes are mixes, called the triangle zone, 

is stable as indicated in fig.4.47 with the red arrow. The blurred flux downstream 

the triangle indicates the formation of droplets. A diameter of 107.3 ± 3.46 µm 

was achieved as shown in fig.4.47. This diameter is optimal to maximize cell and 

beads capturing efficiency and to minimize droplet volume, so that, when a cell is 

lysed inside the droplet, the chances for mRNA capturing on the bead are 

increased. 

After flow rate optimization, bead encapsulation efficiency was estimated. 

Among the different bead concentrations tested, the best compromise between 

high bead encapsulation efficiency and chip clogging risk was 300 beads/µl. At 

this concentration, bead encapsulation efficiency is 5.47 ± 0.41%, calculated as 

droplets containing beads over total droplets sampled as shown in fig.4.47. This 

data is higher than the efficiency obtained in Macosko et al. 2015. The probability 

of having two beads in the same droplet is only 0.2 ± 0.04% and the one of having 

more than two beads in the same droplet is statistically irrelevant (0.002%). 

Next, optimal cell concentration has been evaluated. Before dissociation, 

cells have been loaded with Calcein-AM, a cell-permeant dye that can be used to 

determine cell viability. In live cells the nonfluorescent calcein AM, whose 

fluorescence is quenched by acetoxymethyl ester group, is converted to a green-

fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular esterases. 

Dead or damaged cells are not able to perform this conversion. Therefore, live 

cells will be stained with green-fluorescent dye and after cell lysis inside the 

droplet the dye will be released in the droplet volume, where the amount of 

fluorescence will be proportional to the number of encapsulated cells, as shown 



180 

 

in fig.4.48. By fluorescence signal deconvolution it was possible to distinguish the 

fluorescence provoked by the lysis of one cell (first peak), two cells (second peak) 

and so on. Beads are auto-fluorescent if excited at 470-490 nm, and are clearly 

distinguishable inside the droplets, even if coupled with cells fluorescence. By 

counting cells and beads it was possible to estimate the number of the favorable 

events where only one cell and one bead are captured in the same droplet. This 

single-cell single-bead efficiency was 0.49 ± 0.07%, once again higher than the 

one reported in Macosko et al. 2015. Moreover it was possible to calculate the 

probability of unfortunate events where more than one cell or more than one bead 

are captured in the same droplet. Taking into account that having one cell with 

two beads results in a dilution of the phenotype, which can be corrected after 

sequencing by bioinformatic analysis, while having two cells with one bead results 

in a chimeric mixed phenotype that can alter the analysis, creating fake 

phenotypes. Therefore, the first case is less problematic than the second one and 

in the graph in fig.4.48 are represented in yellow and red respectively.  

With the setup recommended in Macosko et al. 2015, cell recovery 

(calculated as the ratio between the number of cells loaded in the syringe and the 

number of cells recovered in the chip) was about 10.2%, therefore 90% of the cells 

were lost in the tubings or in the syringe, probably because of cell settling in the 

syringe. An additional stirring was then added to the cell syringe, to keep cells in 

suspension. To evaluate cell mortality related to the stirring (absolutely to be 

prevented to avoid RNA release in solution that can dirt the result), cells were 

loaded with Calcein-AM and kept in the syringe with or without stirring. 

Fluorescent dye released in solution from dead cells was measured and, as shown 

in fig.4.48, there is no difference in dye release, therefore cells are not disrupted 

by stirring. Moreover, stirring increased cell recovery rate to 48.95%.  
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Once optimized cell and bead encapsulation, mRNA recovery and amplification 

efficiency was tested, following strictly the procedure published by Macosko et al. 

In a mixed-cell type experiment, with 1:1 mix of BJ fibroblasts and H9 hESC, 

reverse-transcription, exonuclease I treatment and PCR amplification was performed 

and an aliquot of beads with cDNA and of PCR product was analyzed by qPCR on 

the housekeeping gene GAPDH and on type-specific genes such as NANOG and 

VIMENTIN. PCR products were also analyzed by agarose gel electrophoresis and 

Agilent BioAnalyzer capillary electrophoresis. Unfortunately, even if cDNA was 

present on the beads, as shown in fig.4.49, no PCR product was detectable, neither 

by qPCR (data not shown) nor by electrophoresis. mRNA reverse-transcribed by 

random primers with two different RT kit and amplified by PCR like the samples 

was used as control. Therefore, some problems in mRNA capturing or in PCR 

amplification to detach cDNA from the beads had occurred.  

To test this hypothesis, in tube capturing tests were performed. For these 

experiments, the number of droplets that could fit 10 µl volume was calculated. A 

corresponding amount of beads was incubated in 10 µl total volume with the mRNA 

quantity expected from the same amount of cells as the beads. In this way, in the 

same confined volume as inside the droplet, beads were in contact with the same 

amount of mRNA as if one cell was lysed inside the droplet. Purified mRNA from 

H9 hESC cells was used. Binding time was calculated on the duration of an average 

Drop-Seq experiment, from droplet formation to breakage. Washes were performed 

as in standard Drop-Seq protocol. At each passage, surnatant was collected to 

calculate the fraction of mRNA that did not bind to the beads or was washed away. 

After 3 washes mRNA was eluted from the beads to check capturing efficiency. As 

control mRNA reverse-transcribed with random primers and diluted in the same 

solutions used in the experiment was used. Capturing efficiency was measured by 

qPCR on the housekeeping GAPDH gene. As shown in fig.4.50, even if the capturing 

is successful, only a small amount of the starting mRNA was captured by the beads 

and eluate from the beads after the washes. Most of the mRNA was probably lost in 

the washes or in inefficient bead capturing or TSO strategy is not sufficient to 

reverse-transcribe full length mRNA and attach PCR primer at 5’-end. However, 

more tests are needed to confirm this data and to obtain good library amplification. 
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Taken together, these data show good results in the microfluidic platform 

optimization, with excellent droplet size, cell and bead capturing efficiency. 

However, library construction is still not optimized and more experiments are needed 

to complete the setup of Drop-Seq scRNA-seq.  
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CHAPTER 5: DISCUSSION AND 

CONCLUSIONS 

 

5.1. DIFFERENT DEVELOPMENTAL STAGES ARE 

CHARACTERIZED BY DIFFERENT ECM 

ORGANIZATION 

According to data shown in paragraph 4.1, it has been demonstrated how 

different developmental stages, are characterized by different expression of 

extracellular matrix-related genes and of ECM deposition and organization. In 

particular, by analyzing RNA-seq data of various samples of fibroblasts, naïve and 

primed PSC, it is possible to appreciate how the sole expression of collagen genes 

is per se sufficient to identify the three main clusters of fibroblasts, naïve PSC and 

primed PSC (fig.4.1). These data indicate that the extracellular matrix has a 

specific formulation that is differentially expressed in the three cell states. Even if 

it could be expected that fibroblast have different ECM expression compared to 

PSC, as it has been extensively reported in literature, surprisingly naïve and 

primed PSC show a remarkably different ECM-related genes expression that is 

reported in this work for the first time.  

Second harmonic generation imaging and electron microscopy confirm from 

macroscopic point of view that the differences in gene expression observed on the 

RNA-sequencing analysis. In fact, SHG imaging highlights the overall structure 

of the extracellular matrix in the sample analyzed (fig.4.2) confirming different 

general organization of ECM in the three developmental stage. SEM imaging 
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(fig.4.3) renders the outer appearance of naïve and primed PSC colonies, showing 

how naïve colonies appear to be surrounded by an ECM capsule, in according 

with the collagen I shell reported in fig.4.8. Finally TEM images (fig.4.4 and 4.5) 

confirm outer ECM deposition, even if with scarce organization, in naïve PSC 

colonies which is not observed in primed PSC colonies.  

When focusing on the most common ECM proteins, such as collagen I, 

which is the most important fibrillar collagen135, collagen IV, which together with 

laminin form the basal lamina137, collagen VI, important for adult stem cells 

maintenance138, and fibronectin, the difference between the three developmental 

stages is once more confirmed. As expected, ECM produced by fibroblasts is 

different from the one produced by pluripotent cells, but differences between 

naïve and primed ECM were shown. Moreover, endogenous production of ECM 

by naïve PSC colonies was confirmed in our feeder-free culture conditions. 

Endogenous production of laminin was previously reported in primed PSC191, but 

no data is currently available on naïve PSC endogenous ECM production. The 

ability of naïve PSC to rearrange ECM proteins can be hypnotized by looking at 

the black halos surrounding naïve colonies on Matrigel coating. Finally, naïve 

HPD06 have high expression of collagen IV and laminin, two components of basal 

lamina, in accordance with published data which report laminin expression in 

pluripotent stem cells17,183,184,185,190. Moreover, low fibronectin expression was 

reported in pluripotent cells, compatible with published data, which report 

downregulation of fibronectin production17.  

Taken together these data demonstrate for the first time that naïve and primed 

pluripotent stem cells have different ECM protein expression, deposition and 

organization and that naïve PSC are able to produce their own ECM proteins and 

to rearrange ECM proteins from the environment.  
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5.2. CONFINED ENVIRONMENT PROMOTES ECM 

PROTEINS SECRETION AND DEPOSITION 

From SILAC analysis reported in fig.4.13 and 4.14, it is clear how cultivating 

cells in a confined environment granted by microfluidic cell culture devices, 

promotes an increased secretion of proteins compared to conventional cell culture 

platforms such as multiwells. This trend has been demonstrated both with human 

fibroblasts and with human primed PSC. In particular, data related to human 

fibroblasts have been published in Hu et al, 2018. Moreover, from the 

bioinformatics analysis, it is clear that microfluidic environment has a deep 

influence on the types of secreted proteins. In fact, the most abundant category of 

proteins detected are related to ECM proteins and to ECM-cell interaction.  

Following proteomic analysis, the deposition of ECM proteins has been 

investigated by bulk RNA-sequencing and by immunofluorescence staining. For 

transcriptomic analysis, samples of the cell model used in this study (characterized 

by three isogenic cell lines in three different developmental stages: HFF 

fibroblasts, naïve and primed HPD06) were cultured in well and microfluidic 

platforms and total RNA was extracted at Day 1, 4 and 7 after seeding. The 

samples collected for RNA-seq were cultivated as reported in other experiments: 

HFF fibroblasts were seeded on glass with VTN coating, naïve HPD06 were 

seeded on glass with VTN coating, on top of which a MEF feeder layer was seeded 

one day before naïve cells were seeded while primed HPD06 where seeded on 

glass and MRF coating. Moreover, 2D and 3D naïve HPD06 colonies were 

manually picked and sequenced separately but these samples were not included in 

the analysis because the general gene expression pattern may have been altered 

by the stress induced by the picking protocol itself. The results of this 

transcriptomic analysis are reported in fig.4.16-4.22. Referring to The Matrisome 

Project (MIT)297, the matrix-associated genes were selected to perform a specific 

analysis. Following the classification proposed by Narba et al, matrix-related 

genes were divided in Core Matrisome (Collagens, ECM Glycoproteins and 

Proteoglycans) and Matrisome-Associated (ECM-affiliated proteins, ECM 

regulators and Secreted Factors). Core Matrisome and Matrisome-Associated 
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gene expression was analyzed in HFF fibroblasts, primed and naïve HPD06. 

Moreover, by analyzing the reactome, additional info on cell metabolism and 

stress state were collected.  

 Fibroblasts and pluripotent stem cells are deeply influenced by the culture 

environment and the confined environment influences the general gene expression 

pattern in all the three cell lines. From the data collected it emerges that 

microfluidic system require an initial adaptation time, probably due to the shock 

cells experience when passed from conventional wells where are routinely 

cultured to microfluidic platforms. This adaptation time is visible in PCA analysis 

of fibroblasts (fig.4.17), primed PSCs (fig.4.20) and naïve PSCs (fig.4.21), where 

microfluidic platforms are less similar to well samples in Day 1 and Day 4 but 

converge at Day 7. By analyzing the differences in the reactome of HFF 

fibroblasts in wells and microfluidics after 7 days in culture, it is possible to detect 

that in well matrix-related genes are overexpressed, while in confined 

environment the most upregulated pathway is related to lipids metabolism. This 

may sound in contrast to the data previously reported, but a possible explanation 

for this behavior is that in microfluidic chips cells are accumulating ECM proteins 

faster, from the first days, therefore there is less need for matrix-related gene 

transcription at Day 7. Indeed, as shown from panel C and D of fig.4.17, a 

confined environment has a deep influence on the expression of matrix genes and 

matrix-related genes. And it is possible to appreciate how the relative expression 

of these genes is completely opposite in wells compared to microfluidic chips. 

Among pluripotent stem cells, primed and naïve HPD06 have a radical 

different gene expression pattern as represented from hierarchical clustering of 

fig.4.18 and PCA analysis of fig.4.19, and these differences may mask the 

differences induced by the microenvironment in this analysis, therefore in this 

clustering three samples from well and from microfluidics are mixed. By looking 

at them separately, instead differences between open or confined environment are 

more clear. Primed HPD06 (fig.4.20) require an adaptation time before 

converging with the well samples and in this period primed cells express more 

matrix-related genes in microfluidics compared to conventional wells. This 

behavior stresses out the connection between cell fate and matrix state.  
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Naïve HPD06 (fig.4.21) cultivated in microfluidic environment are more 

variable compared to colonies cultivated in wells. Moreover, in naïve samples, 

cells from Day 7 in microfluidics correspond to cells from Day 4 in wells. This 

means that cells in microfluidics are stabilized by the confined environment: in 

fact, routinely naïve colonies are splitted and passed every 4 days to prevent cell 

senescence. These cells can be cultivated up to 7 days without passaging, but the 

rate of colony detachment and cell senescence increases. In this RNA-seq analysis 

indeed, naïve cells at Day 7 cultivated in wells are separated from other naïve 

samples (fig.4.19 and 4.21 PCA panel), while samples from microfluidic chips, 

even after 7 days clusterize perfectly with samples of Day 4, suggesting a 

protective mechanism provided by the confined environment. From a reactome 

analysis it emerges that in microfluidics cell-cycle, protein translation and 

metabolic pathways are upregulated, while in wells RNA-degradation, stress, 

senescence and apoptosis pathways are upregulated, supporting a positive 

influence of the confined environment on naïve cells. Notably, from the 

matrisome analysis, it emerges a strong transcription of ECM-related genes in the 

first days in culture, both in well and in microfluidics.  

One of the most striking results of this analysis is the fact that naïve HPD06 

cells express more ECM-related genes compared to primed HPD06, as reported 

from the number of genes detected in fig.4.20 and fig.4.21 and from the 

comparative analysis of fig.4.22. This result confirm the differences 

developmenta stage-related ECM deposition reported in paragraph 4.1.  

Following this results, ECM deposition in HFF fibroblasts, naïve and primed 

HPD06 grown in well or microfluidic chips has been analyzed by 

immunofluorescence staining. With this technique, an increased ECM production 

with a more organized deposition has been demonstrated in fibroblasts, naïve and 

primed PSCs (fig.4.23-4.25), even if the most striking results have been obtained 

in naïve PSCs. If primed PSC are concerned, primed HPD06 line, which is 

isogenic to the naïve line used in this study, shows a remarkably increased ECM 

deposition in confined environment.  
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The accumulation of endogenous proteins in confined environment was 

previously deduced by analysis of optimal discontinuous perfusion 

strategies221,223,224. In those studies, cell survival and pluripotency maintenance 

was achieved only with discontinuous cell medium change, letting the cell-

secreted factors to accumulate for several hours before medium change. Instead, 

if continuous medium flow was applied and factors were not allowed to 

accumulate in the surrounding environment, cell phenotype and survival was lost 

in few days. Nevertheless, the experiments reported in this thesis and published in 

Hu et al, 2018 are the first example of secretome analysis applied to microfluidic 

cell culture. Indeed, it is fundamental to study cell secretome in a more 

physiological cell culture system that mimics the in vivo microenvironmental 

conditions such as the interstitial spaces within tissues and the results highlight 

once more the pivotal role of ECM in cell behavior.  

Taken together these data demonstrate that exposing cells to the confined 

environment granted by microfluidic devices guarantees endogenous protein 

accumulation in the limited surrounding space. Moreover, these data report for the 

first time that extracellular matrix deposition is enhanced in confined environment, 

both in primed and in naïve pluripotent stem cells. Indeed, in microfluidic devices, 

not only the different collagens can be detected in higher amount, but also, the 

extracellular network of such proteins is better organized. 
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5.3. COLONY SHAPE AND MATRIX DEPOSITION 

ARE LINKED TO PLURIPOTENCY IN NAÏVE 

PLURIPOTENT STEM CELLS 

As extensively described, the most striking difference between naïve and 

primed PSC, from a morphological point of view is the 3D organization of the 

cells in the colony. In fact, in primed colonies the cells spread in a bidimensional 

monolayer, while naïve colonies are arranged in 3D compact domes, with multiple 

layers of cells. Interestingly, when culturing naïve cells, seldom colonies lost the 

typical 3D shape for a flatter monolayer-like organization. Therefore the link 

between colony shape, ECM deposition and pluripotency was investigated in 

naïve colonies.  

Indeed, only 3D naïve colonies rearrange and organize ECM in thick rings 

around the colonies, while flat colonies are not surrounded by ECM. Moreover, 

3D naïve colonies show a higher staining for pluripotency markers such as OCT4, 

TFCP2L1, TFE3 and KLF17 comparing to bidimensional colonies. Finally, in 

naïve 3D colonies higher expression of both ECM proteins and of pluripotency 

markers has been reported. These data are in agreement with a previous work that 

analyzed the correlation between colony morphology and pluripotency in primed 

colonies213. In this work, Yu et al. cultivated primed iPSCs on low adhesive 

substrates, obtaining two different colony morphology: about 90% of the colonies 

retained the conventional flat primed morphology, while a 10% acquired a 3D 

dome shape, similar to the one observed in naïve colonies. Indeed, this feature was 

intrinsic in the cells expression program, since in following passages 3D and 2D 

colonies maintained the respective shape. When the authors analyzed the 

transcriptome of the two populations, in the 3D compartment a higher expression 

of NANOG and KLF4, which are typical naïve markers, has been highlighted. 

Unfortunately the authors did not verify any other feature typical of naïve cells. 

Indeed, this work underlines once more how cell populations are characterized by 

intrinsic heterogeneity that can only be uncovered at single-cell level.  
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With the quest to determine whether also naïve colonies were able to 

maintain 3D or 2D morphology with passaging or if the appearance of flat 

colonies was a random feature, the picking experiment described in fig.4.30 was 

performed. Indeed, 3D colonies dissociated at single cell level resulted in 3D 

colonies, while cells originated from flat colony picking and dissociation gave rise 

to flat colonies. Even if these data should be confirmed with a higher number of 

picked colonies, they confirm that 3D or 2D morphology is not randomly acquired 

but it is maintained along passages, confirming the observations of Yu et al. 

As shown in fig.4.31, fibroblasts, naïve and primed PSC are also 

characterized by a different expression of matrix remodeling enzymes such as 

MMP-, TIMP-, ADAM- and ADAMTS-family proteins. Among the genes 

overexpressed in naïve cells, MMP9 is fundamental to remodel collagen IV and 

laminin and it has been associated with cancer invasion133, while MMP14 is 

involved in embryo development. Nevertheless, most of the genes overexpressed 

in this cluster have not been exhaustively studied and their role may have to be 

uncovered yet, suggesting an uncovered role for ECM remodeling in naïve PSC. 

Proceeding in the analysis of naïve cells-environment interactions, the whole 

panel of integrin expression has been analyzed in naïve and primed PSC and in 

fibroblasts. Also in this case, a clear clusterization has been observes, indicating 

a differential role of integrins in the three developmental stages. In particular, most 

of the integrins known in literature to be important for primed PSC maintenance, 

such as integrin α4, α6, αV and β1, which are overexpressed in primed samples, 

in naïve samples are strongly downregulated, suggesting an alternative pathway 

of cell-ECM adhesion in naïve colonies. Among the upregulated integrins in naïve 

samples, only integrin β4289, β5290 and α9291 have been previously related with 

adult stem cells or with cancer stem cells. The role of those proteins has never 

been investigated in naïve or embryonic PSC and therefore few tools and assays 

are available to study this group of integrins. For this reason, more well-

characterized integrins have been analyzed in this thesis. However, it is important 

to notice that, even if α4, α6, αV, β1 and other integrins well known to be 

important for embryogenesis are downregulated in naïve cells compared to the 
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other samples of the database, this does not imply that naïve cells do not express 

them at all.  

As shown in fig.4.33, blocking α4 integrin interaction with matrix proteins 

reduced colony number and overall colony diameter, demonstrating a 

destabilizing effect on naïve pluripotent stem cells, even if more experiments are 

needed to validate if reduction in colony number or diameter is due to cell death, 

colony detachment or altered proliferation. Blocking β1 integrin instead did not 

have a significative influence on colony number or on colony diameter, 

demonstrating the inactivation of this integrin in naïve cells. In fact, as reported 

in chapter 1.2.3.2, in human embryonic stem cells β1 integrin is kept inactive by 

integrin α6, and activation of β1 integrin results in exit from pluripotency194. 

Therefore, it is acceptable that blocking β1 integrin did not have significant effect, 

even if more trials are needed to confirm these results. The treatment with 

blocking antibodies had a visible effect also on MEF morphology: on treated 

channels, MEF cells looked shrunk, leaving large empty areas in the feeder layer. 

As shown in fig.4.33, blocking α4 and β1 integrin gave also an effect on colony 

morphology: in control channels, the 3D dome-shape morphology prevailed, 

while treated channels flat colonies were more frequent than in the controls.  

By applying a strategy that has been already used in literature to induce exit 

from ground state pluripotency in mouse embryonic stem cells211, naïve HPD06 

colonies have been treated with Mn2+, which activates integrins aspecifically. As 

shown in fig.4.34, Mn2+ administration did not induce colony detachment when 

colonies are treated from after single-cell dissociation and seeding, even if the 

growth was impaired, but had a significant effect on well grown colonies, where 

a significative reduction in colony number was reported, indicating an 

involvement of integrins in well grown colonies.  

As shown in fig.4.32, naïve colonies are characterized also by a peculiar 

expression of proteoglycans and in particular, CSPG family proteoglycans, which 

have been reported to be important for embryonic development292, such as CSPG5 

are upregulated in naïve colonies. By inhibiting the interaction between naïve cells 

and CSPG motif, a significant colony detachment and reduction in colony 
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diameter was observed, suggesting a possible role for proteoglycans of the CSPG 

family in naïve pluripotency maintenance that has never been reported before. 

As described in chapter 1.2.3 and as reported in chapter 4.1, not only 

pluripotent stem cell are characterized by a peculiar ECM organization, but also 

signaling pathways linking matrix and nucleus as well as mechanotransduction 

pathways are different from differentiated cells. These evidences point out a 

different role of these pathways in pluripotent cells compared to differentiated 

cells, but also a different activation in primed when compared to naïve PSCs. 

Moreover, as discussed in chapter 1.2.3.2, in primed pluripotent stem cells the 

focal adhesion kinase protein (FAK) is regulated according to a non-canonical 

mechanism194,197,198.  

Therefore, total FAK localization has been evaluated by 

immunofluorescence staining in naïve and primed HPD06 colonies (Fig.4.37 and 

Fig.4.38). FAK, which in differentiated cells is a key component of focal 

adhesions, responsible for transducing the intracellular signaling cascade initiated 

by integrin-extracellular matrix contact, in pluripotent stem cells has a nuclear 

localization and interacts physically with the core pluripotency network (OCT4, 

SOX2 and NANOG)194,198,201. Upon integrin α6 downregulation, FAK is 

phosphorylated at Y397 and moves from the nucleus to the membrane, where it 

participates to focal adhesions. Indeed, in 3D naïve colonies FAK in not localized 

in focal adhesion, but has a diffused signal inside the cell, while in flat naïve 

colonies the expression of this protein is focused in bright spots corresponding to 

focal adhesions. FAK expression has a similar localization in the bottom and at 

the top of the colony, but some cells at the bottom exiting from the main body of 

the colony and protruding with a flatter morphology (shown in fig. 4.37) have a 

completely nuclear localization. These data indicate the possible activation of 

FAK non-canonical pathway already recognized in pluripotent cells. Also in 

primed colonies FAK has a diffused localization and no foci of FAK in focal 

adhesions have been identified. Interestingly, cells at the edge of the colony have 

a more marked nuclear localization of FAK. Taking into account that the cells at 

the edge of the colony are the most subjected to mechanical stresses and also the 

more protrudent, with lamellopodia296, this shared feature between naïve and 
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primed PSC may suggest and involvement in FAK nuclear localization with 

pluripotent cells response to mechanical stimuli.  

Among the possible targets of non-canonical FAK pathway there is YAP 

signaling activation163, even if the precise correlation between FAK and YAP has 

not been found yet. Moreover, only one work analyses YAP role in naïve PSCs 

and concludes that YAP activates naïve pluripotency216. This is in agreement with 

the transcriptomic analysis in fig.4.36 that shows the different YAP-correlated 

Hippo pathway expression in naïve and primed PSCs. By analyzing together data 

shown in fig.4.38, 4.39 and 4.40, many similarities can be noticed in YAP and 

FAK localization patterns. Indeed, after cytoskeleton disruption in naïve colonies 

following Latrunculin-A treatment, both YAP and FAK acquired a fully nuclear 

localization, both responding quickly to mechanic stimuli. This may indicate a 

relationship between these two proteins that has previously been reported in 

literature, but it is still not fully understood and never reported for naïve PSCs 

106,163,210,293.  

In conclusion, the data presented in this paragraph indicate a strong 

relationship among colony shape, ECM deposition or remodeling and naïve 

pluripotency marker expression, which has never been previously reported. 

Moreover, FAK non-canonical localization has been shown to be present in both 

naïve and primed PSCs, at least by identifying FAK nuclear localization with 

immunofluorescence staining. It was also shown that YAP-mediated transcription 

is active in naïve and primed pluripotent stem cells, with marked nuclear 

localization at the bottom and at the edge of naïve PSC colonies and at the edge 

of primed PSC colonies. Finally, FAK and YAP localization dependence on actin 

cytoskeleton integrity has been reported in naïve pluripotent stem cells.   
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5.4. MICROFLUIDIC HIGH EFFICIENCY CELL 

REPROGRAMMING IS LINKED TO ECM 

DEPOSITION  

It has been demonstrated that microfluidic environment promotes high 

efficiency cell reprogramming, with substantial increase in reprogramming 

efficiency compared to other methods already available that exploit conventional 

cell culture devices226. In Luni et al. 2016, an increase in TGF-β1 endogenous 

pattern activation is reported as partial explanation for this result, but only with a 

high throughput approach it will be possible to identify all the players involved in 

this stunning increase in reprogramming efficiency. With SILAC-mass 

spectrometry technique, the secretome of human fibroblasts (which represent the 

starting point of cell reprogramming) and of hiPSCs (which are the end point of 

the process) have been analyzed, as already reported in chapter 4.2. These data 

point out how microfluidic environment promotes extracellular proteins secretion 

and accumulation and Gene Ontology analysis identify extracellular matrix 

components as the first category represented in proteins overexpressed in 

microfluidics. Indeed, as discussed before, ECM remodeling has been recognized 

as a fundamental point of cell reprogramming, mandatory for the correct 

conversion of fibroblasts in iPSCs208. Therefore, ECM deposition was analyzed at 

the end of reprogramming process in microfluidics and in conventional cell 

culture devices. 

As reported in fig4.36, 4.37 and 4.38, in well the newborn colonies are not 

embedded with ECM network, but are only surrounded by ECM proteins in 

correspondence to the fibroblast layer surrounding the colonies. Instead in 

confined environment the colonies are permeated as if innervated by ECM, in 

some cases are surrounded by thick fibers of ECM proteins such as collagen I and 

also the actin ring is thicker, as expected in pluripotent cells207. Some ECM 

proteins, such as laminin and collagen IV cover the colony as a shell in confined 

environment, but not in conventional wells.  
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More high-throughput and multi-omics analysis are needed to establish the 

origin of high efficiency cell reprogramming in confined environment, but these 

data already indicate a significant difference in ECM organization around 

newborn colonies in the two environments. Keeping into account the deep 

connection between ECM and stemness, these data may contribute to explain high 

efficiency cell reprogramming in microfluidics.  
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5.5. EXOGENOUS ADMINISTRATION OF  

RECOMBINANT SERPINB3 INHIBITS CELL 

REPROGRAMMING 

As described in paragraph 1.1.4, cancer onset is characterized by a 

dysregulated cell expression program, with reacquisition of stem cell-specific 

features, such as unlimited proliferation and motility. Therefore, cancer 

reprogramming has been proposed as a novel approach for a better understanding 

of cancer biology and to discover new targets for clinical practice. Unfortunately, 

reprogramming cancers can be challenging due to the genetic and epigenetic 

aberrations characteristic of cancer cells104-114. Therefore, the identification of 

molecules that can affect cancer cell reprogramming might be helpful to better 

define this new therapeutic strategy. For this reason, the administration to a well-

established reprogramming model of the protease inhibitor SERPINB3 has been 

tested to create a model of cancer reprogramming. This model was based on BJ 

human fibroblasts treated with exogenous administration of SERPINB3 protein, a 

molecule found overexpressed in tumors with poor prognosis as reported in 

paragraph 1.1.4.3115-128. Presented data have demonstrated that this treatment 

inhibits cell reprogramming in a time-dependent fashion. In particular, the 

inhibition was more drastic when the protein was administered before the 

Mesenchymal-to-Epithelial Transition, not because of an impairment in the 

expression of the pluripotency genes, but because of the impairment of TGF-β1 

expression and the conflict between Epithelial-to-Mesenchymal Transition 

promoted by SERPINB3 and the Mesenchymal-to-Epithelial Transition promoted 

by cell reprogramming.  

As previous data reported, SERPINB3 in tumors has both an endogenous 

and a paracrine signaling role124,128, in which this serpin is secreted by the cancer 

cells and promotes dedifferentiation and invasiveness in the neighbor cells. Tumor 

environment is therefore conditioned by SERPINB3 overexpression at the point 

that, for example, in  patients with liver cancer, high levels in serum of SERPINB3 

linked to IgM are considered a marker of poor prognosis and undifferentiated 
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tumor294,295. In this scenario, the importance of SERPINB3 paracrine effect is once 

again confirmed and the demonstration that its exogenous administration can 

inhibit cell reprogramming is a further evidence of SERPINB3 role in controlling 

cell fate. To further validate our findings, it is important to consider that the 

microfluidic environment reproduces the in vivo environment in a more 

physiological way, since paracrine signaling is enhanced, due to the reduced 

amount of cell culture medium surrounding the cells. Therefore, simulating cell 

environment in microfluidics with SERPINB3 exogenous administration gives a 

better representation of the tumor microenvironment comparing to other cell 

culture devices.  

As a support to our results, data analysis on microarray databases have 

shown that in regular fibroblast reprogramming, SERPINB3 is downregulated 

until the very last phases of reprogramming process. Moreover, the analysis on 

SERPINB3-related genes confirms how the overexpression of this protein with 

the wrong timing could disrupt a delicate process as cell reprogramming is. 

Nevertheless, SERPINB3 related genes are crucial for cell reprogramming and 

their expression can cluster with high significance the different stages of cell 

reprogramming. 

Cancer reprogramming is an emerging field that is providing promising 

results in those cases where the tumorigenic potential is lost following cancer cell 

reprogramming and differentiation. Unfortunately many cases are reported where 

cancer reprogramming has failed due to unknown reasons that have been 

correlated to aberrant genetic or epigenetic regulation in cancer cells. The data 

presented provides evidence that SERPINB3 profoundly affects the cell fate and  

inhibition of its expression or of its biological activity might be of paramount 

importance when considering reprogramming strategies for malignant tumors 

with high expression of this serpin.     
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5.6. CONCLUSIONS 

The data presented in this work give an important contribution to the field of 

cell biology, especially for the fresh field of naïve pluripotent stem cells.  

For the first time, the production and organization of extracellular matrix 

from naïve pluripotent stem cells has been investigated, confirming that those cells 

produce and rearrange ECM proteins. In fact, it has been reported how the matrix 

produced by those cells has a peculiar organization, different not only from 

differentiated cells, but also from primed pluripotent stem cells. It has also been 

shown for the first time how the confined environment, created to better simulate 

the physiological cell environment thanks to microfluidic technology, promotes 

protein secretion and ECM proteins deposition. Furthermore, it has been reported 

how cell-ECM interaction and colony shape is important for the maintenance of 

naïve pluripotency, with new implications on the role of FAK and YAP in naïve 

and primed pluripotency. Moreover, a peculiar ECM organization after high 

efficiency cell reprogramming in microfluidics has been described. This results 

will open the way to a full understanding of the role of confined environment on 

pluripotency acquisition. In addition, a model for microfluidic cancer cell 

reprogramming has been proposed by analyzing the pivotal role of SERPINB3 

and SERPINB3-related gene network on cell reprogramming. Finally, a 

microfluidic-based system for single-cell RNA-sequencing has been setup to 

study system heterogeneity.  

In conclusion, extracellular matrix deposition has a specific organization 

according to cell developmental stage and confined environments can boost ECM 

production and the signaling feedback loops triggered by cell-ECM and cell-

secreted molecules interactions. Therefore, microfluidic-based confined 

environment can play a fundamental role on pluripotency maintenance and 

acquisition. 
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