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ABSTRACT 
 

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas (CRISPR associated) 

system was discovered in 1987 and it is used by bacteria as defense mechanism. Thanks to its ability 

to target a specific DNA sequence, this system showed up as a promising genome editing tool. In this 

PhD thesis is presented the application of the CRISPR/Cas9 system to produce two miR-34a knock-

out cell lines in order to study the role of this microRNA in the expression of genes that may be 

involved in tumorigenesis.  

Micro-RNAs (miRNAs) are small non-coding and regulatory RNAs of about 21 nucleotides that act 

as regulators of gene expression; generally, they have an inhibitory effect by either blocking protein 

translation or promoting mRNA degradation. These small RNAs have an important role both in 

physiological events like cell proliferation, differentiation, and development as well as in pathological 

conditions such as cancer and neurodegenerative diseases. One of the most studied miRNAs in cancer 

is the miR-34a that, inhibiting the expression of different pro-tumorigenic genes, like CDK4/6, BCL2, 

SNAIL and CD44, behaves as a tumor suppressor. Indeed, this miRNA is frequently dysregulated in 

different types of tumors like gliomas, neuroblastomas, breast, prostate cancer, and hematological 

malignancies.  

In this study, we characterized HeLa and HEK293T miR-34a Knock-Out (KO) cell clones that were 

produced by using the CRISPR/Cas9 technology, in terms of proliferation rate, expression of already 

known and predicted targets, through quantitative PCR (qPCR), and Western blot analyzes.  

The characterization of the two cell lines started, first of all, with the evaluation of their proliferation 

rate. Following the evaluation of the proliferation rate, the expression of different validated (BCL2, 

IKβα, AXL, TWIST1, RAD51 and SIRT1) and predicted miR-34 targets (REL, MAP1B, COL6A2, 

NR3C1, ZBTB20, PCLO, ONECUT2 and KMT2D) was analyzed through qPCR and Western blot 

experiments.  Looking at the proliferation assay results, miR-34a KO HeLa and HEK293T clones 

(the 2G10 and 3.1D3 clones respectively) showed a similar proliferation rate as HeLa and HEK293T 

WT cells.  

As regards the evaluation of the expression of validated and predicted targets in the two miR-34a KO 

clones; qPCR experiments, performed in the HeLa line, showed a significant increase in the 

expression of BCL2 (p-value = 0.01196), REL (p-value = 0.02762) MAP1B (p-value = 0.013) and 

NR3C1 (valore p= 0,03) in HeLa KO clone (2G10) versus WT cells. Instead, a statistically significant 

downregulation of the predicted COL6A2 target was found in the KO clone (p-value = 0.00161). 



 

  

qPCR analyzes performed in HEK293T KO clone (3.1D3) showed significant overexpression of 

IKβα (p value = 0.02367), AXL (p value = 0.00848), TWIST1 (p value = 0 .028), ONECUT2 (p-

value = 0.01143), and KMT2D (p-value = 0.03464) versus WT cells. In contrast to HeLa, MAP1B 

was downregulated in the HEK293T KO clone compared to WT cells. 

Experimental duplicate Western blot experiments confirmed the upregulation of ONECUT2 in HeLa 

and HEK293T miR-34a-KO clones compared to WT cells. In conclusion, the results of the analysis 

of cell lines silenced with miR-34a indicate that: a) miR-34a is not indispensable for the control of 

cell proliferation; b) miR-34a may be involved in different signaling pathways and act differently 

according to cell type, suggesting a tissue-specific role of miR-34a; c) ONECUT2, a transcription 

factor that stimulates the expression of genes involved in the differentiation of melanocytes and 

hepatocytes, could be a novel target of miR-34a. Future functional studies on the pathways regulated 

by this transcription factor in miR-34a KO clones will help to clarify the role of miR-34a in cell 

differentiation and transformation. 
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RIASSUNTO 
 

Il sistema Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas (associato a 

CRISPR) è stato scoperto nel 1987 ed è utilizzato dai batteri come meccanismo di difesa. Grazie alla 

sua capacità di mirare a una specifica sequenza di DNA, questo sistema si è rivelato un promettente 

strumento di modifica del genoma. In questo lavoro il sistema CRISPR/Cas9 è stato utilizzato per 

produrre due linee cellulari knock-out per miR-34a al fine di studiare il ruolo di questo microRNA 

nell'espressione di geni che potrebbero essere coinvolti nella tumorigenesi. 

I micro-RNA (miRNA) sono piccoli RNA non codificanti e regolatori di circa 21 nucleotidi. Il primo 

miRNA identificato nel 1993, in Caenorhabditis Elegans, era lin-4. I miRNA agiscono come 

regolatori dell'espressione genica; generalmente, hanno un effetto inibitorio bloccando la traduzione 

proteica o promuovendo la degradazione dell'mRNA. Questi piccoli RNA hanno un ruolo importante 

sia in eventi fisiologici come la proliferazione cellulare, la differenziazione e lo sviluppo, sia in 

condizioni patologiche come il cancro e le malattie neurodegenerative. Uno dei miRNA più studiati 

nel cancro è il miR-34a che, inibendo l'espressione di diversi geni oncogeni, come CDK4/6, BCL2, 

SNAIL e CD44, si comporta come un oncosoppressore. In effetti, questo miRNA è spesso deregolato 

in diversi tipi di tumori come gliomi, neuroblastomi, cancro al seno, alla prostata e neoplasie 

ematologiche. In questo studio, abbiamo caratterizzato i cloni HeLa e HEK293T miR-34a Knock-

Out (KO) prodotti utilizzando la tecnologia CRISPR/Cas9, in termini di tasso di proliferazione, 

espressione di bersagli già noti e previsti, mediante PCR quantitativa (qPCR) e analisi di Western 

Blot. La caratterizzazione delle due linee cellulari è iniziata, con la valutazione della loro velocità di 

proliferazione. Successivamente attraverso PCR quantitativa e Western Blot è stata analizzata, 

l'espressione di diversi bersagli di miR-34a precedentemente validati (BCL2, IKβα, AXL, TWIST1, 

RAD51 e SIRT1) e bersagli predetti del miR-34a (REL, MAP1B, COL6A2, NR3C1, ZBTB20, 

PCLO, ONECUT2 e KMT2D. I risultati del test di proliferazione, mostrano che i cloni HeLa e 

HEK293T miR-34a-KO (rispettivamente i cloni 2G10 e 3.1D3) hanno un tasso di proliferazione 

simile alle cellule WT. 

La valutazione dell'espressione dei trascritti di bersagli validati e predetti di miR-34a nei due cloni 

miR-34a KO. I risultati di qPCR eseguita nella linea HeLa hanno mostrato un aumento significativo 

dell'espressione di BCL2 (valore p = 0,01196), REL (valore p = 0,02762), MAP1B (valore p = 0,013) 

e NR3C1 (valore p= 0,03) nel clone HeLa KO (2G10) rispetto alle cellule WT. Diversamente, nei 

cloni KO l’espressione del gene COL6A2, target putativo di miR-34a, è significativamente ridotta 

(valore p = 0,00161). Le analisi di PCR quantitativa eseguite sul clone HEK293T KO (3.1D3) hanno 



 

  

mostrato un significativo aumento dell’espressione di IKβα (p= 0,02367), AXL (p = 0,00848), 

TWIST1 (p = 0,028), ONECUT2 (p = 0,01143) e KMT2D (p = 0,03464) rispetto a WT. Al contrario 

delle HeLa, MAP1B risulta sotto regolato nel clone HEK293T KO rispetto alle cellule WT. Gli 

esperimenti di Western Blot in duplicato sperimentale hanno confermato la sovra-regolazione di 

ONECUT2 in entrambi i cloni, HeLa e HEK293T miR-34a-KO, rispetto alle cellule WT. 

In conclusione, i risultati dell'analisi delle linee cellulari silenziate per il miR-34a indicano che: a) il 

miR-34a non è indispensabile per il controllo della proliferazione cellulare; b) miR-34a può essere 

coinvolto in diverse vie di segnalazione e agire in modo diverso a seconda del tipo di cellula, 

suggerendo un ruolo tessuto-specifico di miR-34a; c) ONECUT2, un fattore di trascrizione che 

stimola l'espressione di geni coinvolti nella differenziazione di melanociti ed epatociti, potrebbe 

essere un nuovo bersaglio del miR-34a. Futuri studi funzionali sulle vie regolate da questo fattore di 

trascrizione nei cloni miR-34a KO aiuteranno a chiarire il ruolo del miR-34a nella differenziazione e 

trasformazione cellulare. 
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BCL6 = B-Cell Lymphoma 6 Protein 

Bp = base pair 

C/EBPβ = CCAAT/beta enhancer binding protein  

CCNE1 = cyclin E1  

CCR4-NOT = poly(A)-deadenylase complexes 

CD44 = CD44 Molecule (Indian Blood Group) 

CDK4/6 = Cyclin Dependent Kinase 4/6 

cKit = KIT Proto-Oncogene, Receptor Tyrosine Kinase 

c-Myc = MYC Proto-Oncogene, BHLH Transcription Factor 

COL6A2 = Collagen Type VI Alpha 2 Chain 

CRC = Colorectal cancer 

CRISPR = Clustered Regularly Interspaced Short Palindromic Repeats 

crRNA = mature CRISPR RNA 
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CSCs = cancer stem cells  

c-SRC = SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase  

CTGF = connective tissue growth factor 

DCP2 = Decapping protein 2 

DDX17 = DEAD-box helicases p72 

DDX5 = DEAD-box helicases p68  

DGCR8 = RNA-binding protein DiGeorge Syndrome Critical Region 8  

DICER = Ribonuclease III 

DLBCL = diffuse large B-cell lymphoma 

DLL1 = Delta-like1 

DMEM = Dulbecco's Modified Eagle Medium 

DSB = double-strand break  

dsRNA = double-stranded RNA 

E2F1/5 = E2F Transcription Factor 1/5 

Eag1 = Potassium Voltage-Gated Channel Subfamily H Member 1 

EBNA2 = Staphylococcal Nuclease Domain-Containing Protein, Coactivator P100 

eEF2K = Eukaryotic Elongation Factor 2 Kinase 

EGFR = Epidermal Growth Factor Receptor 

EHCC = cholangiocarcinoma extrahepatic  

ELK1 = ETS Transcription Factor ELK1 

EMT = epithelial-to-mesenchymal transition  

ERBB2 = Erb-B2 Receptor Tyrosine Kinase 2 

ERK = MAPK (Mitogen-Activated Protein Kinase) 

ESCC = squamous cell carcinoma of the esophagus  

FBS = Fetal bovine serum 

FLOT2 = Flotillin 2 

FMNL2 = Formin Like 2 

FNDC3B = Fibronectin Type III Domain Containing 3B 

FOXO = fork head transcription factors
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FUT8 = Fucosyltransferase 8 

FXR1 = Fragile-x-mental retardation related protein 1   

GALNT7 = Polypeptide N-Acetylgalactosaminyltransferase 7 

gRNA = guide RNA  

HCC = hepatocellular carcinoma  

HDL = high-density lipoprotein   

HDR = error-free homology directed repair  

HK1 = Hexokinase 1 

HNF4G = Hepatocyte Nuclear Factor 4 Gamma 

HNSC = head and neck squamous cell carcinoma  

I = inosine  

IKβα = NF-kB Inhibitor Alpha 

IL-6R = Interleukin 6 Receptor 

KMT2D = histone-lysine N-methyltransferase 2D 

KO = Knock-Out 

L1CAM = L1 Cell Adhesion Molecule 

LDHA = Lactate Dehydrogenase A 

LEF1 = Lymphoid Enhancer Binding Factor 1 

LMTK3 = Lemur Tyrosine Kinase 3 

m7G cap = 7-methylguanine capped 

MAP1B = microtubule associated protein 1B 

MAPK = Mitogen-Activated Protein Kinase 

MAZ = MYC Associated Zinc Finger Protein 

MET = Proto-Oncogene, Receptor Tyrosine Kinase 

MicroRNPs = miRNA-protein complex 

miPEP133 = peptide 133 encoded by pri-microRNA 

miR-34a = microRNA 34a 

MIR34AHG = precursor of miR-34a  

miRISC = miRNA-induced silencing complex
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miRNA = microRNA 

MMP2/9 = Matrix Metallopeptidase 2/9 

MREs = miRNA response elements 

MYC = oncogenic transcription factor c-Myc 

NF-kB = NF-Kappa-B Transcription Factor P65 inhibitor  

NHEJ = error-prone nonhomologous end joining  

Notch = Receptor family 

NPC = nasopharyngeal carcinoma  

NPM1 = nucleophosmin 1 

NSCLC = EGFR Epidermal Growth Factor Receptor 

nt = nucleotides 

ONECUT2 = One Cut Homeobox 2 

p19ARF = CDKN, Cyclin Dependent Kinase Inhibitor 

 p53 = TP53 Tumor Protein P53 

PAI-1 = SERPINE1, Serpin Family E Member 1 

PAM = Proto-spacer Adjacent Motif 

PAN2-PAN3 = poly(A)-deadenylase complexes  

PCLO = Piccolo Presynaptic Cytomatrix Protein 

PCR = polymerase chain reaction 

PDGFR = Platelet Derived Growth Factor Receptor 

PD-L1 = CD274 Programmed Cell Death 1 Ligand 1 

pGL3-3'-UTR-KMT2D = pGL3 Promoter Vector with 3’-UTR of KMT2D 

pGL3ᴓ = pGL3 empty Promoter Vector  

PI3K = Phosphatidylinositol-4,5-Bisphosphate 3-Kinase  

PPP1R11 = Protein Phosphatase 1 Regulatory Inhibitor Subunit 11 

pre-crRNA = precursor CRISPR RNA  

pre-miRNA = precursor miRNA 

pri-miRNA = primary transcript miRNA  

PTEN = homologues of phosphatase and tensin 
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qPCR = quantitative PCR 

RAD51 = RAD51 Recombinase 

RNP = Ribonucleoprotein complex  

Ser = Serine 

sgRNA = single guide RNA 

shRNA = small hairpin RNAs 

SIRT1 = Sirtuin 1 

SMAD4 = Mothers Against Decapentaplegic Homolog 4 

SNAIL = Snail Family Transcriptional Repressor 1 

STAT3 = Signal Transducer and Activator of Transcription 3 

STMN1 = Stathmin 1 

TALENs = Transcription Activator-Like Effector Nuclease 

TARBP2 = Trans-Activation-Responsive RNA-Binding Protein  

TCF4/7 = beta-catenin/T cell factor 4/7   

TF = Transcription Factor 

THBS1 = thrombospondin 1   

Thr = Threonine 

TWIST1 = Twist Family BHLH Transcription Factor 1 

U = uracil 

WB = Western blot 

Wnt = Wingless-Type MMTV Integration Site Family 

WT = wild type 

XPO5 = exportin 5  

XRN1 = exoribonuclease 1 

YY1 = Yin Yang 1 

ZBTB20 = Zinc Finger and BTB Domain Containing 20 

ZEB1/2 = E-box-binding homeobox (ZEB) zinc-finger transcription factors 

ZNF281 = Zinc Finger Protein 281 
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1. INTRODUCTION 

1.1 MiRNA 

The discovery of the first microRNA (miRNA), lin-4, in 1993 by the Ambros and Ruvkun groups 

in Caenorhabditis elegans7,8 has revolutionized the field of molecular biology. Since then, 

miRNAs have been detected in all animal model systems and some were shown to be highly 

conserved across species9,10. miRNAs are small non-coding RNAs, with an average 22 

nucleotides in length mainly active in the regulation of gene expression by binding to 

complementary sequences located often in the 3' untranslated region (3'-UTR) of target mRNA. 

miRNAs are transcribed from DNA sequences into primary miRNAs (pri-miRNAs) and 

processed into precursor miRNAs (pre-miRNAs) and mature miRNAs. In most cases, miRNAs 

interact with the 3′ UTR of target mRNAs to suppress expression11. However, interaction of 

miRNAs with other regions, including the 5′ UTR, coding sequence, and gene promoters, have 

also been reported12. miRNAs are critical for normal animal development and are involved in a 

variety of biological processes13. Aberrant expression of miRNAs is associated with many human 

diseases14,15. In addition, miRNAs are secreted into extracellular fluids. Extracellular miRNAs 

have been widely reported as potential biomarkers for a variety of diseases and they also serve as 

signaling molecules to mediate cell-cell communications16–18. miRNA biogenesis starts with the 

processing of RNA polymerase II/III transcripts post- or co-transcriptionally11. About half of all 

currently identified miRNAs are intragenic and processed mostly from introns and relatively few 

exons of protein coding genes, while the remaining are intergenic, transcribed independently of 

a host gene and regulated by their own promoters19,20. Sometimes miRNAs are transcribed as one 

long transcript called clusters, which may have similar seed regions, and in which case they are 

considered a family21. MiRNA biogenesis can occur through canonical and non-canonical 

pathways (Figure 1)22.
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1.1.1 The canonical biogenesis pathway 

The canonical pathway of biogenesis is the dominant pathway by which miRNAs are processed. 

In this pathway, pri-miRNAs are transcribed from their genes and then transformed into pre-

miRNAs by the microprocessor complex, consisting of an RNA-binding protein DiGeorge 

Syndrome Critical Region 8 (DGCR8) and a ribonuclease III enzyme, Drosha23. DGCR8 

recognizes an N6-methyladenylated GGAC and other motifs within pri-miRNA24, whereas 

Drosha cleaves the pri-miRNA duplex at the base of its characteristic hairpin structure. This 

results in the formation of a 2 nt overhang on the 3′ of the pre-miRNA25. Once generated, pre-

miRNAs are exported to the cytoplasm by an exportin 5 (XPO5)/RanGTP complex and then 

processed by RNase III endonuclease Dicer23,26 which removes the terminal loop, forming a 

Figure 1| Canonical and non- canonical microRNAs biogenesis and 

mechanism of action (Jacob O’Brien et al. 2018). 



Introduction 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

19 

 

mature duplex miRNA27. The directionality of the miRNA strand determines the name of the 

mature form of miRNA: the 5p strand arises from the 5′ end of the pre-miRNA hairpin while the 

3p strand originates from the 3′ end. Both strands derived from the mature miRNA duplex can be 

loaded by the Argonaute (AGO) protein family (AGO1-4 in humans) in an ATP-dependent 

manner28. Selection of the 5p or 3p strand is based in part on thermodynamic stability at the 5' 

ends of the miRNA duplex or on a 5' uracil (U) at nucleotide position 129. Generally, the strand 

with lower 5′ stability or 5′ uracil is preferentially loaded into the AGO and is considered the lead 

strand. The unloaded strand is called the passenger strand, which will be unwound from the guide 

strand through various mechanisms according to the degree of complementarity. Passenger 

strands of miRNAs that do not contain mismatches are cleaved by AGO2 and degraded by 

cellular machinery that can induce strong strand polarization. Otherwise, miRNA duplexes with 

central mismatches or miRNAs not loaded with AGO2 are uncoiled and passively degraded11. 

 

1.1.2 Non canonical miRNA Biogenesis Pathways  

To date, multiple non-canonical miRNA biogenesis pathways have been elucidated (Figure 1) 

that make use of different combinations of the proteins involved in the canonical pathway, 

mainly: Drosha, Dicer, exportin 5 and AGO2. In the non-canonical pathways, small hairpin 

RNAs (shRNA) are initially cleaved by the microprocessor complex and exported to the 

cytoplasm via Exportin5/RanGTP. They are further processed via AGO2-dependent, but Dicer-

independent, cleavage. An example of such pre-miRNAs are mirtrons, produced from mRNA 

introns during splicing30,31 and 7-methylguanine capped (m7G)-pre-miRNA that are dependent 

on Dicer to complete their cytoplasmic maturation, but they differ in their nucleocytoplasmic 

shuttling. Mirtrons are exported via Exportin5/RanGTP while m7G-pre-miRNA are exported via 

Exportin1. There is strong polarization of the 3p filament most likely due to the m7G cap 

preventing loading of the 5p filament into Argonaute32. On the other hand, Dicer-independent 

miRNAs are processed by Drosha starting from endogenous short hairpin RNA (shRNA) 

transcripts33. These pre-miRNAs require AGO2 to complete their maturation within the 

cytoplasm because they are of insufficient length to be Dicer substrates33. This in turn promotes 

the loading of the entire pre-miRNA into AGO2 and the AGO2-dependent slicing of the 3p 

strand. The 3′-5′ cleavage of the 5p strand completes their maturation34.
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1.1.3 Mechanisms of miRNA-mediated gene regulation 

Most studies to date have shown that miRNAs bind to a specific sequence at the 3' UTR of their 

target mRNAs to induce translational repression and mRNA deadenylation and decapping35,36. 

MiRNA binding sites have also been detected in other mRNA regions including the 5′ UTR and 

coding sequence, as well as within promoter regions37. Binding of miRNAs to the 5′ UTR and 

coding regions has silencing effects on gene expression38,39 whereas miRNA interaction with the 

promoter region has been reported to induce transcription40. The minimal miRNA-induced 

silencing complex (miRISC) consists of the guide strand and AGO41. The target specificity of 

miRISC is due to its interaction with complementary sequences on the target mRNA, called 

miRNA response elements (MREs). The degree of MRE complementarity determines whether 

there is AGO2-dependent affectation of target mRNA or miRISC-mediated translational 

inhibition and decay of target mRNA42. A fully complementary miRNA:MRE interaction induces 

AGO2 endonuclease activity and targets mRNA cleavage42. However, this interaction 

destabilizes the association between AGO and the 3′ end of the miRNA favoring its 

degradation43,44. In animal cells, most miRNA:MRE interactions are not completely 

complementary45 but, contain central discrepancies with their guide miRNA, preventing AGO2 

endonuclease activity. Consequently, AGO2 serves as a mediator of RNA interference, similar 

to non-endonucleolytic AGO family members (AGO1, 3 and 4 in humans). In many cases, a 

functional miRNA:MRE interaction occurs through the 5' seed region (nucleotides 2-8)37,46. 

However, the additional paring at the 3' end aids the stability and specificity of the miRNA-target 

interaction12. The formation of a silencing miRISC complex begins with the recruitment of the 

GW182 protein family by miRISC that provides the necessary scaffolding to recruit other effector 

proteins47, such as the poly(A)-deadenylase complexes PAN2-PAN3 and CCR4-NOT, following 

the miRNA:target mRNA interaction45,48. Decapping occurs facilitated by protein 2 (DCP2) and 

associated proteins47, followed by 5′−3′ degradation by exoribonuclease 1 (XRN1)49 (Figure 1). 

1.1.4 MicroRNA-Mediated Translational Activation  

Although miRNAs are primarily attributed a function of gene expression repression, some studies 

have also reported miRNA-mediated upregulation of gene expression. In serum starved cells, 

AGO2 and another protein related to the miRNA-protein complex (microRNPs), Fragile-x-

mental retardation related protein 1 (FXR1), were associated with AU-rich elements (AREs) at 

3′ UTR to activate translation50. Several miRNAs, including let7, were found to be associated 

with AGO2 and FXR1 to activate translation during cell cycle arrest, but they inhibit translation 

in proliferating cells. Upregulation of gene expression by miRNAs was also observed in quiescent 
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cells, such as oocytes51,52. The miRNA-mediated activation of translation involves AGO2 and 

FXR1 instead of GW18251. Other examples of gene activation by miRNAs include binding to the 

5′ UTR of mRNAs encoding ribosomal proteins during amino acid starvation53. These results 

suggest that miRNA-mediated upregulation of gene expression occurs under specific conditions. 

1.1.5 Dynamics of miRNA actions 

Factors contributing to determine which genes are regulated by miRNAs include functionalized 

compartmentalization, shuttling of miRISC within cells, availability and abundance of miRNAs 

and their target mRNAs. MiRNA suppression of mRNA targets is not ubiquitous across cell 

types. Alternative splicing and alternative polyadenylation affecting 3' UTRs and RNA-binding 

proteins are cell type specific and affect the secondary structures of the target mRNA, changing 

the available pool of MREs54–56. This renders mRNA subsets sensitive or insensitive to miRNA-

mediated gene regulation in a manner specific to each cell type/state. 

1.1.6 Circulation of miRNAs 

 Numerous studies have demonstrated that miRNAs can be released into extracellular fluids. 

Extracellular miRNAs can be used as biomarkers for a variety of diseases57–59 .They can be 

delivered to target cells and may act as autocrine, paracrine and/or endocrine regulators to 

modulate cellular activities60 acting similarly to hormones. Many studies have detected 

extracellular/circulating miRNAs in biological fluids, such as plasma and serum61,62, 

cerebrospinal fluid63, saliva64, breast milk65, urine, tears, colostrum, peritoneal fluid, bronchial 

lavage, seminal fluid66, and ovarian follicular fluid67. Contrary to cellular RNA species, 

extracellular miRNAs are highly stable; they resist degradation at room temperature for up to 4 

days and under deleterious conditions such as boiling, multiple freeze-thaw cycles, and high or 

low pH61,68. There are two populations of extracellular miRNAs in biological fluids: one can be 

found in vesicles such as exosomes, micro vesicles and apoptotic bodies60,64 while the other is 

associated with proteins, particularly AGO264,69. The existence of predominantly exosomal or 

vesicle-free miRNAs could depend on the miRNA itself, the cell type they originate from, and/or 

other factors that influence miRNA secretion in individuals. Other proteins that bind extracellular 

miRNAs include high-density lipoprotein (HDL)70,71 and nucleophosmin 1 (NPM1)62,72,73. The 

presence of miRNAs in vesicles or with companion proteins is generally believed to protect 

extracellular miRNAs and increase their stability in the extracellular environment64. 

1.2 miRNA in cancer 

The miRNA-mediated control of gene expression is critical for the cellular response to the 

environmental stresses, such as starvation, hypoxia, oxidative stress and DNA damage, thus being 

implicated in human diseases such as cancer. Indeed, numerous miRNAs can function as 
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oncogenes (referred to as "oncomiRs") or tumor suppressors ("tumor suppressor miRs"), and 

dysregulation of miRNA expression is closely associated with cancer initiation, progression, and 

metastasis74,75. MiRNA expression is deregulated in cancer with special attention paid to cancer-

associated transcriptional and post-transcriptional programs, including transcriptional control, 

epigenetic methylation of miRNA loci, and dysregulation of the mature miRNA biogenesis 

pathway. 

1.2.1 miRNA Deregulation in Cancer  

miRNAs have been shown to be extensively deregulated in human cancers, highlighting their 

important role in tumor initiation, growth, and metastasis. Lu et al. demonstrated that the 

expression of 217 miRNAs in mammalian samples is globally suppressed in tumor cells 

compared to normal cells76. In addition to the global downregulation of miRNA expression, 

Volinia et al. presented the differentially expressed miRNAs in 540 solid tumor samples. In this 

study it was demonstrated that during tumor progression, the miRNA regulatory pattern 

undergoes profound changes indicating that specific and individual alterations of expression exist 

in different tumors77. For example, the expression level of miR-21 is higher in the early stage of 

diffuse large B-cell lymphoma (DLBCL) than in the later stages78. Also, some miRNAs enclosed 

in exosomes for secretion have been shown to be functionally implicated and clinically relevant 

in cancer79. Indeed, they can circulate throughout the body and act differentially in a tissue-

dependent manner. These include miR-21, the miR-200 family, and the miR-17∼92 cluster. 

Cimino et al. further confirmed that miR-15 and miR-16 enclosed in exosomal vesicles induce 

apoptosis by acting on the B-cell lymphoma 2 (BCL2) gene in leukemia80, while let-7 is 

downregulated in breast, colon and lung81 and has been shown to be a tumor suppressor miR 

because it represses the expression of RAS and MYC preventing tumor development82,83. 

1.2.2 Dysregulation of miRNA transcription in cancer 

The deregulation of miRNA transcription in cancer resides in the aberrant expression of 

transcription factors (a) or DNA methylation that controls their production at the epigenetic level 

(b)84 (Table 1). 

(a) Modulation of miRNA expression by transcription factors in cancer 

Several studies have provided compelling evidence that alterations in transcriptional activators 

or repressors cause abnormal pri-miRNA transcription in cancer. For example, the expression of 

miR-34 family genes (miR-34a, miR-34b and miR-34c) is controlled by the transcription factor 

p5385. In case of DNA damage and oncogenic stress, p53 is activated and regulates the 

transcription of miR-34, which in turn affects cell cycle arrest, apoptosis and senescence86. miR-
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145 is also transcriptionally activated by p53 upregulated to induce apoptosis87–89 and by other 

transcription factors, including CCAAT/beta enhancer binding protein (C/EBPβ), beta-catenin/T 

cell factor 4 (TCF4) and fork head transcription factors FOXO1 and FOXO3 in human 

cancers90,91. The oncogenic transcription factor c-Myc (MYC) transactivates the expression of 

the miR-17~92 cluster (also known as oncomiR-1) promoting cancer progression and controlling 

the expression of E2F1, connective tissue growth factor (CTGF), thrombospondin 1 (THBS1) 

and homologues of phosphatase and tensin (PTEN) in various tumors92–97. E-box-binding 

homeobox (ZEB) zinc-finger transcription factors, ZEB1 and ZEB2, known as key activators to 

promote epithelial-mesenchymal transition (EMT), repress miR-200 family gene transcription98. 

Furthermore, miR-200c has been identified as a transcriptional target of MYC in nasopharyngeal 

carcinoma99. 

 

(b) Aberrant miRNA expression by DNA methylation modification in cancer 

The transcription of pri-miRNA is also influenced by epigenetic control, in particular by 

methylation of the promoter-associated CpG islands. In human bladder cancer, miR-127 is 

silenced through hypermethylation of its promoter, resulting in increased expression of its known 

target gene, BCL6100. Hypermethylation of the miR-124-1 promoter region has been noted in 

leukemia, lymphoma, breast, colon, and liver cancers. Epigenetic repression of miR-124-1 leads 

to the activation of its known target, CDK6101,102, whereas that of miR-220 is frequently found in 

bladder103, breast104 and non-small lung105. The miR-34, miR-34a and miR-34b/c family 

members are located separately on different chromosomes and are hypermethylated in solid 

tumors and hematologic malignancies106,107. Besides DNA methylation, histone modification also 

influences the control of miRNA expression by chromatin remodeling108.
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Table 1| Dysregulation of miRNA transcription in cancer (Zainab Ali Syeda et al. 2020). 

Regulation of miRNA Expression by DNA Binding Factor 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

 

Transcriptional 

activation by p53 

miR-

34a, 

miR-

34b 

miR-34c 

Cell cycle arrest, 

apoptosis & senescence 

Various types of 

cancers 

 

[85] 

miR-

145 

Apoptosis Various cancers 

like prostate 

cancer 

[87,88] 

Transcriptional 

repression by 

RREB1 

miR-

143/145 

cluster 

Transcriptional repression 

of miR-143/145 cluster 

Various cancers 

like Pancreatic, 

Colorectal 

Adenocarcinoma 

 

[109] 

Regulation by 

C/EBPβ, beta-

catenin/TCF4, 

FOXO1 & 

FOXO3 

 

miR-

145 

  

Various cancers 

like Renal cancer 

 

[90,91] 

 

Regulation by 

MN1 

miR-

20a, 

miR-

181b 

Inverse correlation 

between MN1 and 

miRNAs 

acute myeloid 

leukemia (AML) 

patients 

 

[110] 

 

 

 

Transcriptional 

activation by Myc 

 

miR-

17~92 

cluster 

 

Controls the expression of 

E2F1, THBS1, CTGF, & 

PTEN 

Various types of 

cancer, including 

B- Cell 

lymphoma & 

Breast cancer 

 

[92–96] 

miR-

200c, 

miR-26, 

miR-29, 

miR-30, 

let-7 

 

Suppresses the expression 

of their genes 

 

Nasopharyngeal 

carcinoma & 

Lymphoma 

 

 

[99,111–113] 

HIF1α miR-

210 

Repression of initiation of 

tumor growth 

Various cancers 

like Head & neck 

tumor 

[114] 

miR-

155 

[115] 

ZEB1 & ZEB2 miR-

200 

family 

 Various cancers [98] 

 

 

Repression by ER 

miR-

221/222 

Suppression of miR-

221/222 expression by 

NcoR/SMRT complex 

 

Breast cancer 

 

[116] 

miR-

515 

Increased levels of 

oncogenic SK1 

Breast cancer [117] 

 

 

 

 

 

Androgen/AR 

miR-

125b, 

miR-21, 

miR-

221/222, 

miR-

27a, 

miR-32 

 

 

Oncogenic role 

 

Prostate cancer & 

Hematological 

malignancies 

 

 

[118] 

[119,120] 

miR-

135a, 

miR-

141 

 

 

Tumor suppressive role 

 

 

Prostate cancer 

 

[121,122] 
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1.2.3 Dysregulation of Pri-miRNA Processing in Cancer 

Dysregulation of pri-miRNA processing in cancer can be caused by defects associated with 

microprocessor proteins (a) or by dysregulation of its editing (b)84 (Table 2).  

(a) Dysregulation of the Microprocessor-Associated Proteins in Cancer such as DROSHA- or 

DGCR8–associated proteins, pri-miRNA–associated RNA-binding proteins, and cellular 

signaling components, may affect pri-miRNA processing. Analysis of a DROSHA-containing 

large complex has revealed that several microprocessor-associated RNA-binding proteins, 

including DEAD-box helicases p68 (also known as DDX5)129 and p72 (also known as DDX17)130 

facilitate pri-miRNA processing. p68/p72 may serve as scaffold proteins to recruit multiple 

different protein factors to the DROSHA microprocessor. Interestingly, the p53 tumor suppressor 

protein interacts with the microprocessor complex via p68/p72 and thereby enhances the 

biogenesis of oncosuppressor miRs, such as miR-16-1, miR-143, and miR-14587. 

(b) Dysregulation of pri-miRNA Editing in Cancer  

RNA editing is the major post-transcriptional mechanism that modifies specific nucleotides at 

the RNA level. RNA-acting adenosine deaminases (ADARs) are the RNA modification enzymes 

that convert adenosine (A) to inosine (I) in double-stranded RNAs (dsRNA). ADAR can modify 

dsRNA in the pri-miRNA stem region and modify their secondary structure, inhibiting their 

processing by the DROSHA/DGCR8 microprocessor complex and leading to their degradation

 

Progesterone 

receptor /PR 

miR-

141, 

miR-23, 

miR-

320, let-

7 

  

Breast & ovarian 

cancer 

 

[123–126] 

 

Glucocorticoids/ 

GR 

miR-15, 

miR-16, 

miR-

223 

 

Incresead expression of 

miRNA 

 

Leukemia cell 

lines 

 

[127] 

     

Regulation of miRNA Expression by Epigenetic Alteration 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

Promoter 

hypermethylation 

miR-

127 

Increassed expression of 

BCL6 

Bladder Cancer [100] 

 

Promoter 

hypermethylation 

 

miR-

124-1 

 

Activation of, CDK6 

Breast, Colon, 

Liver, Leukemias 

& Lymphomas 

 

[101,102] 

 

Promoter 

hypermethylation 

 

 

miR-

129-2 

 

 

Upregulation of SOX4 

 

Endometrial 

Gastric cancer 

 

[128] 
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 by endonuclease V131. Recent studies have shown that miRNA editing is dysregulated in human 

cancers, and miRNA-related editing promotes or inhibits tumor development and progression132. 

1.2.4 Dysregulation of Pre-miRNA Processing in Cancer 

Dysregulation of pre-miRNA processing in cancer includes defects related to pre-miRNA export 

components (such as XPO5) and proteins directly involved in their processing (such as DICER 

and TARBP2). The pre-miRNA generated by the microprocessor in the nucleus is transported to 

the cytoplasm by a complex of XPO5 and RAN-GTP, a cofactor of XPO5. DICER1 recognizes 

2 nt 30 overhang of the pre-miRNA, 22 nt away from which the cleavage site is defined133. 

DICER1 is associated with the dsRNA-binding protein TARBP2 to increase the stability of the 

DICER1-RNA complex and improve the fidelity of miRNA processing. In cancer, defects in the 

export components of pre-miRNAs may affect their abundance in some districts to the detriment 

of others. Inactivated mutations of XPO5 cause the pre-miRNA export defect, leading to the 

accumulation of pre-miRNA in the nucleus. Genetic alterations of XPO5 are also associated with 

breast cancer risk134. Furthermore, the MAPK/ERK pathway can suppress pre-miRNA export 

through phosphorylation of XPO5 at Thr345, Ser416 and Ser497135. XPO5 phosphorylation 

correlates with global miRNA downregulation and poor prognosis in patients with hepatocellular 

carcinoma, providing functional and clinical evidence for cancer-associated dysregulation of 

XPO5 for aberrant miRNA processing and tumorigenesis. Instead, global inhibition of miRNA 

biogenesis by DICER1 depletion promotes cell growth and tumorigenesis in human cancer cell 

lines and mouse models of cancer136, suggesting the oncogenic role of DICER1 in tumorigenesis. 

Recurrent somatic and germline mutations of DICER1 that change its protein levels and/or impair 

its function, leading to defective pre-miRNA processing, are frequently found in many types of 

cancers, including pleuropulmonary blastoma, rhabdomyosarcoma, non- epithelial and liver 

cancer137–142. TARBP2 frameshift mutations are found in sporadic and heritable carcinomas with 

microsatellite instability and correlate with reduced levels of DICER1 and mature miRNAs143. 

TARBP2 is overexpressed in cutaneous melanoma, adrenocortical carcinoma, and metastatic 

breast and prostate cancers144. Finally, AGO2, a key regulator of miRNA function and 

maturation, was found to be overexpressed in various types of human cancers, including breast, 

gastric, and head and neck cancers145–148
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Table 2| Dysregulation of miRNA biogenesis (Zainab Ali Syeda et al. 2020). 

The Microprocessor in Cancer 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

 

Up/downregulation 

of DROSHA 

Global 

miRNA 

expression 

Cancer progression & 

poor patient survival 

Cervical carcinoma, 

Wilms tumor 

 

[149,150] 

 

Drosha E147K 

mutation 

Global 

miRNA 

expression 

Reduced function Wilms tumors  

[151–154] 

Upregulation of 

DGCR8 expression 

Global 

miRNA 

expression 

Dysregulation is 

associated with poor 

patient survival 

Esophageal, 

Bladder, 

Prostate & ovarian 

cancer 

 

[155] 

E518K mutation in 

the dsRBD1 

domain of DGCR8 

Decrease 

of crucial 

miRNAs 

  

Wilms tumors 

 

[152,154] 

Regulation of Microprocessor in Cancer 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

 

NF90/NF45 

pri-let-7, 

pri-miR-

7-1 

Inhibits the processing Hepatocellular 

carcinoma 

 

[156,157] 

 

Pre-miRNA Export in Cancer 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

 

Mutations of 

XPO5 

Global 

miRNA 

expression 

Accumulation of pre-

miRNA in the nucleus 

Sporadic colon 

cancer, Gastric & 

Endometrial cancer 

 

[158] 

 Global 

miRNA 

expression 

Correlates with global 

miRNA 

downregulation and 

with poor survival in 

patients 

Hepatocellular 

carcinoma 

 

 

[135] 

 

DICER1 and TARBP2 in Cancer 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

 

 

Mutations of 

DICER1 

 

Global 

miRNA 

expression 

 

Somatic and germline 

DICER1 mutations 

lead to defective pre-

miRNA processing 

Pleuropulmonary 

blastoma, 

Rhabdomyosarcoma, 

non-epithelial 

ovarian cancers, 

liver tumor 

 

 

[137–142] 

Mutations within 

the RNase IIIb 

domain of DICER1 

5p 

miRNAs 

Deregulation of pre 

miRNA expression 

Various cancer like 

ovarian cancer 

 

[155,159] 

 

TARBP2 Deletion 

Global 

miRNA 

expression 

 Adenoid cystic 

carcinoma 

 

[160] 

Upregulation of 

TARBP2 

expression 

  Melanoma, breast & 

prostate cancer 

 

[144] 

Frameshift 

mutations of 

TARBP2 

Global 

miRNA 

expression 

Reduced levels of 

DICER1 and mature 

miRNAs 

Sporadic & 

hereditary 

carcinomas 

 

[143] 

 

AGO2 in Cancer 

Factor miRNA Mechanism/Function/ 

Clinical Correlation 

Cancer Type References 

AGO2 expression 

dysregulation 

oncomiRs Repression of the 

targets of oncomiRs 

Breast, gastric, head 

& neck cancers 

 

[145–148] 
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1.3 MiR-34a 

The miR-34 family, along with the let-7 and miR-200 families, are three major tumor-suppressive 

miRNA families. The miR-34 family consists of three members: miR-34a (Figure 2), miR-34b, 

and miR-34c. miR-34a is encoded in the second exon of a gene located on chromosome 1p36.22 

(Figure 2B), whereas miR-34b and miR-34c are expressed from a polycistronic transcript 

encoded on chromosome 11q23.1. The mature miR34a sequence consists of 22 nucleotides and

 

Figure 2| Genomic structure and regulation of miR-34a. (A) Sequence alignment of the mature human and 

mouse miR-34a. The seed sequences are highlighted in red. (B) Structure of miR-34a genomic loci. Green 

boxes represent exons. Horizontal arrow marks transcription start site. (C) Regulation of miR-34a. At the 

transcriptional level, p53, p63, and p73 induces whereas DNA methylation, TME-TFs such as SNAIL and 

ZEB1, STAT3, and Myc repress miR-34a expression. At the posttranscriptional level, EZH2, lncRNAs, and 

competing endogenous RNAs (ceRNAs) may negatively regulate miR-34a expression (Wen (Jess) Li et al. 

2021). 
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 shares 86% (19/22 nt) and 82% (18/22 nt) homology with miR-34b and miR-34c, respectively161, 

suggesting that the miR-34 family members could share a similar set of targets and thus be 

functionally redundant. miR-34a is the prevailing family member in normal human tissues, 

whereas miR-34b/c are expressed at lower levels in most tissues except the lung, ovary, testes, 

and trachea162. miR-34a in both human and mouse have identical seed sequences, i.e., 5’ -

GGCAGUGU – 3’ (Figure 2A). 

1.3.1 miR-34a in cancer 

Loss of miR-34a expression occurs in a wide range of solid tumors and hematological 

malignancies161. Since miR-34 was identified as a p53 target in 2007 (Figure 1C), extensive 

research has demonstrated miR-34a as an essential mediator of p53 functions and a potent tumor 

suppressor. Indeed, miR-34a suppresses tumor growth and cancer progression by inhibiting 

multiple tumor-promoting processes including the cell cycle, epithelial-to-mesenchymal 

transition (EMT), metastasis, stemness, and tumor immunity and by inducing tumor-inhibitory 

events such as apoptosis and senescence. MiR-34a regulates these cellular processes by 

downregulating target mRNAs. Notably, miR-34a is a potent suppressor of cancer stem cells 

(CSCs) in various cancers (Figure 3)163.

Figure 3| MicroRNA-34a regulation of CSCs. Presented are direct targets of miR-34a and 

biological consequences on CSCs in the indicated cancer types (Wen Jess Li et al. 2021). 
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1.3.2 Functions of miR-34a in cancer 

Several common targets of miR-34a, miR34b and miR-34c, such as MET, FOXP1 and CDK6 

are involved in the regulation of signal transduction, macromolecule metabolism and protein 

modification. Some of them are associated with several key signaling pathways, including 

MAPK, Notch, Wnt, PI3K/AKT, p53 and Ras, as well as apoptosis, cell cycle and EMT related 

pathways (Figure 4). Furthermore, some highly significant signaling pathways were also 

identified, such as Rap1, autophagy, and cell differentiation-related pathways (Figure 4)164. 

Together, the antitumor effects of miR-34 are mediated by numerous downstream targets, which 

are involved in critical signaling pathways; the main signaling pathways involving miR-34a are 

reposted below (a) cell proliferation and tumor growth; (b) tumor invasion and metastasis; (c) 

apoptosis. 

(a) Cell proliferation and tumor growth 

MiR-34a has been extensively confirmed to attenuate cell proliferation and tumor growth in 

several cancer types. In breast cancer and in triple negative breast cancer (TNBC), miR-34a 

accomplishes this function by silencing or downregulating the expression of multiple downstream 

targets, such as LDHA, LMTK3, ERBB2, tRNAi Met, eEF2K, FOXM1, c-SRC, BCL2, SIRT1 

and WNT11–6. MiR-34a performs the function of reducing cell proliferation also by 

downregulating downstream targets such as PDGFR, MET and YY1 (Yin Yang 1) in gastric 

cancer and PDGFR-a/β, CCNE1 (cyclin E1) and EGFR in lung cancer, PD-L1 and Notch1 in 

glioma, delaying thus the growth of different tumors165–170. miR-34a negatively regulates the 

expression of LDHA (lactate dehydrogenase A), FUT8 and HK1 in hepatocellular carcinoma 

(HCC); c-Myc and STMN1 in prostate cancer; Eag1 and STMN1 in osteosarcoma, as well as 

MYCN and DLL1 in medulloblastoma, thereby attenuating tumor cell proliferation171,172,173–179. 

Recently, miR-34a has been confirmed to suppress tumor growth in several other cancers, 

through downregulation of HNF4G in bladder cancer, FLOT2 in melanoma, c-MET and AXL in 

peritoneal mesothelioma, HDAC1 in ovarian cancer, LDHA in cervical cancer, PDGFR-a in 

colon cancer, Notch1 in endometrial cancer and DLL1 (Delta-like1) in choriocarcinoma, 

respectively180–187. The anti-proliferative effect of miR-34a was also validated in non-solid tumor 

cells, by downregulating c-SRC in K-562 cells and by targeting FOXP1 in DLBCL cells188,189. 

(b) Tumor invasion and metastasis 

Ectopic miR-34a expression is fully validated to inhibit colorectal cancer cell migration, invasion 

and metastasis through downregulation of FMNL2, E2F5, IL6R, PAI-1, PPP1R11, ZNF281 

expression , cKit and GALNT7 both in vitro and in vivo and most of the targets are involved in 
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the EMT process168,190–195. In breast cancer, miR-34a has been shown to target CXCL10, ErbB2, 

cSRC, Notch1 and FOXM1/EeF2K signaling pathways, thereby limiting tumor invasion and 

metastasis196–199. 

 In lung cancer, miR-34a has also been reported to reduce or silence the expression of PAI-1, 

EGFR, ARHGAP1, and PDGF-α/-β, thereby inhibiting tumor cell invasion by affecting the EMT 

process or cell remodeling cytoskeleton169,196,200,201. With respect to prostate cancer, several 

pivotal or metastasis-related targets of EMT, including AR, Notch1, TCF7, LEF1, and STMN1, 

have been shown to be directly modulated by miR-34a, thereby reducing the aggressiveness of 

prostate cancer176,202–204. miR-34a has also been implicated in HNF4G and CD44 in bladder 

cancer; and MMP2, MMP9, FNDC3B and YY1 in squamous cell carcinoma of the esophagus 

(ESCC)205–209. Furthermore, tumor metastasis has been confirmed in various other cancers by 

targeting vital drivers of tumor invasion, such as c-Met in osteosarcoma, Snail in ovarian cancer, 

DLL1 in choriocarcinoma, L1CAM in endometrial cancer, SMAD4 in cholangiocarcinoma 

extrahepatic (EHCC) and nasopharyngeal carcinoma (NPC), FLOT2 in melanoma, IL-6R in oral 

carcinoma, CD44 in clear renal cell carcinoma, ARGE in head and neck squamous cell carcinoma 

(HNSC)182,187,210–217. 

(c) Apoptosis  

miR-34a-mediated tumor cell apoptosis has been confirmed in various cancers such as: lung 

cancer (EGFR, PDGFR-α/β, AXL and MDM4)169,196,218,219, gastric cancer (MET and 

SIRT1)220,221, glioma (BCL2 and SIRT1)222 and colon cancer (SIRT1)223. In addition, several 

other targets, including HDAC1 (hepatocellular carcinoma)224, E2F3 (neuroblastoma)225, BIRC5 

(laryngeal squamous cell carcinoma)226, MET (gastric cancer)220, NOTCH1 (pancreatic 

cancer)227 and tRNAi Met (breast cancer)228, have been found to be involved in miR-34a-

dependent tumor cell apoptosis.
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Figure 4| Crucial tumor-suppressive effects of miR-34a mediated by downstream targets. As a well-

defined tumor suppressor, miR-34a has been convincingly validated to directly repress various 

downstream targets and affect critical signaling pathways, hence exerting multifaceted antitumor roles to 

block tumor progression (Sijing Li et al.2021).
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1.3.3 Upstream regulators of miR-34a in cancer 

The upstream deregulation of miR-34a transcription may depend on the upstream transcription 

factors (a) that regulate its production or on an incorrect methylation status at the level of its 

regulatory CpG islands (b). 

(a) There are various upstream transcription factors (TFs) of miR-34a, which mediate miR-34a 

activation or suppression (Figure 5). TAp73 and TAp63 (isoforms of p73 and p63, the 

homologues of p53) have been reported to directly activate miR-34a transcription. TAp63 can 

also enhance the maturation process of miR-34a via Dicer activation, to attenuate tumorigenesis 

and tumor metastasis201,229–231. Furthermore, miR-34a plays a crucial role in gastric cancer and 

acute lymphoblastic leukemia development by upregulating Bmi1, p65 (NF-κB3) and 

C/EBPα232–234. Other TFs, such as ELK1, MAZ and p19ARF, are also reported as positive 

modulators of miR-34a234–236. MYC and STAT3 negatively regulate miR-34a transcription in 

tumors (MYC in breast cancer, gastric cancer, and DLBCL; STAT3 in CRC and NSCLC), further 

promoting tumor cell proliferation and invasion112,189,200,237,238. MiR-34a is involved also in the 

EMT process of CRC by inhibiting important TFs such as SNAIL and ZEB1193,239. Furthermore, 

it was recently found that MYCN-mediated miR-34a inhibition is associated with neuronal 

differentiation in neuroblastoma while EBNA2-mediated miR-34a inhibition is associated with 

immune resistance (B-cell lymphomas)229,240. 
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(b) Aberrant methylation of CpG islands at the promoter level is another cause leading to repression 

of miR-34a transcription in most solid tumors and malignancies. MiR-34a methylation has been 

detected in numerous solid tumors: colon, pancreas, kidney, breast, lung, bladder, melanoma and 

prostate, esophageal carcinoma, and Ph-negative myeloproliferative neoplasms241–243. MiR-34a 

methylation was shown to range from 4 to 18.8% in chronic lymphocytic leukemia, multiple 

myeloma, and Hodgkin's lymphoma, whereas this event was more frequent at the cellular level 

Figure 5| Predicted upstream transcription factors (TFs) of miR-34s. a Putative upstream TFs 

of miR-34s predicted by Animal TFDB 3.0 (http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/), 

JASPAR (http://jaspar.genereg.net/), GeneCards (https://www.genecards.org/), and PROMO 

(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3). 

http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/
http://jaspar.genereg.net/
https://www.genecards.org/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
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in lymphoma (75%) and in myeloma (37%) compared to normal cells244. In esophageal cancer, 

miR-34a methylation was shown to be positively correlated with tumor stages and lymph node 

metastases245. Furthermore, miR-34a inactivation by methylation can enhance the expression of 

c-Met and β-catenin which are crucial factors of ETM and which in combination with miR-34a 

methylation status represent a higher prognostic value for the formation of distant metastases of 

colon cancer246. 

 

1.3.4 miPEP133 as a novel tumor-suppressor microprotein encoded by miR-34a pri-miRNA. 

Very few proteins encoded by putative noncoding RNA transcripts have been identified, and their 

cellular functions remain largely unknown. In a recent study, Min Kang et al. 2020 evaluated the 

tumor suppressor function of a microprotein located in the mitochondria and encoded by the miR-

34a precursor, signaling it as a potential prognostic marker and therapeutic target for multiple 

types of cancer. The microprotein in question is made up of 133 amino acid residues, from which 

it takes its name as miPEP133 (peptide 133 encoded by pri-microRNA). Min Kang et al. 

overexpressed miPEP133 in nasopharyngeal carcinoma (NPC) cell lines, ovarian carcinoma, and 

cervical carcinoma cells to determine its impact on tumor growth in a xenograft model of NPC. 

miPEP133 is expressed in normal human colon, stomach, ovaries, uterus, and pharynx, but was 

downregulated in cancer cell lines and tumors. In this study, miPEP133 overexpression was 

shown to induce apoptosis in tumor cells and inhibit their migration and invasion, while 

miPEP133 low expression represents a poor prognostic marker associated with advanced 

metastatic NPC. Furthermore, wild-type, but not p53-mutant P53 cells were shown to induce 

miPEP133 expression which in turn enhanced p53 transcriptional activation and miR-34a 

expression. miPEP133 is located in the mitochondria and interacts with mitochondrial heat shock 

protein 70kD (HSPA9) to prevent the interaction of HSPA9 with its binding partners, leading to 

decreased mitochondrial membrane potential and mitochondrial bulk247.
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1.4 CRISPR/CAS 

1.4.1 General 

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas (CRISPR 

associated) system is a mechanism used by bacterial cells to defend themselves against phages 

infection and plasmids transfer and it is used today as genome editing tool. CRISPRs were 

identified, for the first time by Japanese researchers, studying the genome of E. coli, in 1987 and 

they were defined as a “series of short direct repeats interspaced with short sequences”. The 

protective function of this system is provided by CRISPR loci and CRISPR associated (Cas) 

genes. There are three different types of CRISPR/Cas systems that differ in crRNA production 

and in the Cas proteins used. The type II is the most used in genome editing field since it uses 

only one Cas protein, the Cas9, and two RNA components. In the CRISPR/Cas9 system, 

following the exposure to exogenous genetic material, a small fragment of this foreign genomic 

sequence, is integrated into the CRISPR repeat-spacer array inside the host genome, providing to 

bacteria or archea an immunological memory to protect themselves from repeated infections by 

the same exogenous agent. Then, CRISPR array is transcribed into a precursor CRISPR RNA 

(pre-crRNA) that is cleaved, by endonucleolytic cleavage, into a short mature CRISPR RNA 

(crRNA). The crRNA has at the 5’ end a short RNA sequence, called spacer, which is 

complementary to the so-called protospacer at the level of the foreign genetic element, while at 

the 3’ end there is a portion of the CRISPR repeat sequence. Following the crRNA generation, 

starting from a genomic locus that is upstream the CRISPR locus, the transcription of a second 

RNA, called transactivating RNA (tracrRNA), occurs. The tracrRNA binds the crRNA forming 

a crRNA:tracrRNA complex containing only one spacer sequence. This complex associates with 

the Cas9 protein resulting in an active Ribonucleoprotein complex (RNP). After the binding to 

the crRNA:tracrRNA 10 complex, Cas9 protein is active and able to cleave the invading DNA. 

In particular, Cas9 is guided to the target DNA, thanks to the base pairing between the spacer, at 

the level of the crRNA, and the protospacer in the invading genetic material. In addition, the 

presence of Proto-spacer Adjacent Motifs (PAMs), within the foreign DNA, is needed to allow 

the Cas9 cleavage. Indeed, the interaction between Cas9 and PAMs favors the DNA strand 

unwinding and its degradation if it is complementary to the crRNA spacer. The Cas9 uses two 

different nuclease domains to cleave the foreign DNA: the HNH domain that cleaves the crRNA 

complementary strand and the RuvC-like domain that, instead, cuts the strand that is not 

complementary to the crRNA. The synthetic sgRNA or crRNA–tracrRNA structure directs a 

Cas9 endonuclease to almost arbitrary DNA sequence in the genome through a user-defined 20-
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nt guide RNA sequence and further guides Cas9 to introduce a double-strand break (DSB) in 

targeted genomic DNA. The DSB generated by two distinct Cas9 nuclease domains is repaired 

by host-mediated DNA repair mechanisms (Figure 6)248. In the absence of a repair template, the 

prevalent error-prone nonhomologous end joining (NHEJ) pathway is activated and causes 

random insertions and deletions (indels) or even substitutions at the DSB site, frequently resulting 

in the disruption of gene function. In the presence of a donor template containing a sequence of 

interest flanked by homology arms, the error-free homology directed repair (HDR) pathway can 

be initiated to create desired mutations through homologous recombination, which provides the 

basis for performing precise gene modification, such as gene knock-in, deletion, correction, or 

mutagenesis249. 
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Figure 6| The mechanism of CRISPR–Cas9–mediated genome engineering. 
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1.4.2 CRISPR/Cas9 Application 

The first step to produce a desired genome modification, by using the CRISPR/Cas9 system, is 

the design of the guide RNA (gRNA) that, through complementarity, is able to guide the Cas9 

enzyme to the desired site in the host genome. Target recognition strictly requires the presence 

of a short protospacer adjacent motif (PAM) flanking the target site, and subsequent R-loop 

formation and strand scission are driven by complementary base pairing between the guide RNA 

and target DNA, Cas9–DNA interactions, and associated conformational changes (Figure 7). 

The use of CRISPR–Cas9 as an RNA-programmable DNA targeting and editing platform is 

simplified by a synthetic single-guide RNA (sgRNA) mimicking the natural dual trans-activating 

CRISPR RNA (tracrRNA)–CRISPR RNA (crRNA) structure250. The sgRNA, together with the 

Cas9 protein, is introduced into the host by means of microinjection, electroporation or 

transfection. It is, also, possible to provide the host with single or double strand DNA that can be 

used as template for HDR. The best selection method is the use for the double-strand breaks 

repair, a template containing a gene that makes only the mutated hosts, resistant to a certain 

drug249. 
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Figure 7| Schematic representations of the proposed mechanisms of CRISPR–Cas9-mediated target 

DNA recognition and cleavage. 
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1.4.3 miR-34a KO cell lines 

To investigate the role of miR-34a in physiological and pathological processes, miR-34a Knock-

Out (KO) has been performed both in vitro and in vivo. HCT116 cells (colon cancer cell line) has 

been KO for miR-34a by using TALENs (Transcription Activator-Like Effector Nuclease). These 

miR-34a KO cells displayed a faster proliferation consistent with the ability of the microRNA to 

block cell cycle progression and cell growth, inhibiting tumor development251. miR-34a KO has 

been, also, obtained in vivo, in mice, by using the CreLoxP method, to study the role of this 

microRNA in medulloblastoma development. These KO mice were viable, fertile and they did 

not display particular phenotypic alterations, however, the tumor suppressor function of miR-34a 

was further confirmed by the observation of accelerated medulloblastoma formation252. 

Finding new therapeutic strategies for cancer treatment by targeting or reverting miRNA 

expression profiles requires understanding the molecular and cellular regulatory mechanisms that 

control miRNA expression in cancer. Therefore, it becomes necessary to comprehensively study 

the regulatory networks of miRNA gene expression and their effects on target mRNAs with 

advanced technologies such as the CRISPR-Cas9 gene editing system and high-throughput 

sequencing. 
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2. AIM OF THE RESEARCH 

 

The aim of this study was to a) investigate the role of miR-34a in cell proliferation and regulation 

of the expression of specific target genes at mRNA and protein levels developing novel cell 

models knocked out for miR-34a. Two cell lines, HeLa and HEK293T miR-34a Knock-Out (KO) 

were produced by using the CRISPR/Cas9 technology, and characterized in terms of proliferation 

rate, expression of already known and predicted targets, through RT-qPCR and Western blot. 
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3. MATERIALS AND METHODS 

 

3.1 Cell cultures 

 HeLa (WT and miR-34a KO), HEK293T (WT and miR-34a KO) cell lines were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM), containing 10% of Fetal Bovine Serum (FBS) 

and 1% of sodium pyruvate, L – Glutamine, penicillin, and streptomycin, and maintained in 

incubator at 37 ° C with 5% of CO2.  

3.2 miR-34a knock-out cell lines. 

To produce HeLa and HEK293T miR-34 knock-out cell lines (miR-34a KO) three guide RNAs 

were designed using online tools described elsewhere253. The three gRNAs were selected for their 

high target specificity (low off-target sites recognition) and their location on the target sequence. 

Targeting Dicer and/or DROSHA sites using CRISPR/Cas9 system could interrupt the production 

of mature miRNA254. Following these parameters, we selected the following gRNAs (listed in 

Table 3); the first gRNA targets the coding sequence of mature miR-34a, while the other gRNAs 

target two DROSHA processing sites. The plasmid expressing pSpCas9 and each gRNA was 

prepared cloning each gRNA independently into BbsI restriction sites of the pSpCas9(BB)-2A-

Puro (PX459) V2.0 vector (#62988, Addgene) using the T4 DNA ligase (Promega). HeLa and 

HEK293T cells were transfected using the TransIT®-LT1 transfection reagent (MIR2300, Mirus 

Bio), following the manufacturer’s protocol. For three days after transfection cells were selected 

in 0,5 μg/ml puromycin. In order to isolate individual clones, cells were diluted and seeded at the 

density of one cell/well using discrete Poisson distribution probability formula. The absence of 

miR-34a was verified by qPCR.  

Table 3| Target site and gRNA sequences; gRNA1 targets the coding sequence of mature miR-34a; 

gRNA2 and 3 target the two DROSHA processing site (In red are highlighted the cloning sites.). 

gRNA Target Sequence gDNA sequence (5’ … 3’) 

 

gRNA1 

 

TTCTTTGGCAGTGTCTTAGCTGG 

Fw CACCGTTCTTTGGCAGTGTCTTAGC 

Rv AAACGCTAAGACACTGCCAAAGAAC 

 

gRNA2 

 

GCCAGCTGTGAGTGTTTCTTTGG 

Fw CACCGCCAGCTGTGAGTGTTTCTT 

Rv AAACAAGAAACACTCACAGCTGGC 

 

gRNA3 

 

TAGAAGTGCTGCACGTTGTGGGG 

Fw CACCGCACAACGTGCAGCACTTCTA 

Rv AAACTAGAAGTGCTGCACGTTGTGC 
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3.3 Genomic DNA extraction and PCR analysis on gDNA clones 

The genomic DNA (gDNA) of the clones was extracted via salting out procedure from a pellet 

of cells. The reagents and solutions are listed in the following table 4 and 5, while the reagents, 

primers, and cycles for the PCR analysis on clones are listed in tables 6 and 7. 

Table 4| Salting out reagents 

Reagents 

Nonidet-P40 (NP-40) 0.1%; 

Lysis Buffer; 

SDS 10%; 

Proteinase K, 20 mg/ml; 

NaCl saturated 

 

Table 5| Salting out solutions. 

 

 

Lysis buffer (1 litre) 

Reagent Volume 

NaCl 400 mM 100 ml from 4M stock 

Tris HCl 10 mM 10 ml from 1M stock 

EDTA 2mM 4ml from 0.5M stock 

Total volume 1 l 

Tris HCl 1M 

Reagent Volume/amount 

Tris  30.25 g 

 Adjust pH to 7.5 with HCl 

Total volume 250 ml 

NaCl 4M 

Reagent Volume/amount 

NaCl 146.1 g 

Total volume 250 ml 

Na2EDTA 0.5M 

Reagent Volume/amount 

Na2EDTA 46.5 g 

 Adjust pH to 7.5 with NaOH 

Total volume 250 ml 
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Saturated NaCl 

Reagent Amount 

NaCl 90 g  

Total volume 250 ml 

 

Table 6| Reagents and primers for the PCR analysis on clones. 

 

 

 

 

 

 

 

 

 

 

 

Table 7| Cycles for the PCR analysis on clones. 

Cycle step Temp. Time Cycles 

Initial Denaturation 95°C 1’  

Denaturation 94°C 30’’  

X 30 Annealing 58°C 30’’ 

Elongation 72°C 30’’ 

Final Elongation 72°C 5’  

 

3.4 miR-34a knock-out validation. 

The effective miR-34a knock-out performed through the CRISPR/Cas9 system, was assessed 

both in HeLa and HEK293T cell lines, through Reverse Transcription (RT) – qPCR experiments 

by using the TaqMan MicroRNA Assay kit (Applied Biosystems). The RT reaction mix was 

prepared combining dNTPs, MultiScribe Reverse Transcriptase, Reverse Transcription Buffer, 

RNase inhibitor, RNA sample, probes, and nuclease-free water (Table 8).

Reagent Volume/reaction 

H2ONf 7.5 µl 

My Taq Red Mix (2X) 12.5    µl 

DNA (100 ng) 4.0    µl 

Primers mix MIR-34A (10 µM for each 

forward or reverse primer) 

1 µl 

Total volume  25 µl 

Primers MIR-34A sequences 

 

GATGGAGTCTTGCTAGTTGCCTGG 

Fw MiR-34A 

(ncRNA)  

 

GCAGAAGAGCTTCCGAAGTCCTGG 

Rev MiR-34A 

(ncRNA)  
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Table 8| RT master mix protocol. 

 

 

 

 

 

 

 

The RT reaction was performed as in the following table (Table 9).  

Table 9| RT reaction protocol 

 

 

 

 

The qPCR master mix was prepared following the protocol described in table 10.  

Table 10| qPCR master mix protocol. 

 

 

 

 

 

 

 

Reagent Volume/reaction 

100 mM dNTPs 0.15 µl 

MultiScribe Reverse transcriptase 50 U/ml 1 µl 

10X Reverse Transcription Buffer 1.50 µl 

RNase inhibitor 20 U/ ml 0.1 µl 

Nuclease-free water 4.16 µl 

RNA sample 5 µl 

Probes   3 µl 

Total volume  15 µl 

Temperature Time 

16 °C 30 min 

42 °C 30 min 

85 °C 5 min 

Reagent Volume/reaction 

TaqMan MicroRNA assay 20X 1 µl 

Volume from previous RT reaction 1.33 µl 

TaqMan Universal PCR master mic 2X 10 µl 

Nuclease-free water 7.67 µl 

Total volume 20 µl 
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The qPCR reaction was run as in the following table (Table 11).  

Table 11| qPCR reaction protocol 

 

 

 

 

 

To evaluate the level of expression of miR-34a, the results were analyzed by using the ∆∆Ct 

method255 and normalized considering the expression of U6 that was used as internal reference 

gene.  

In addition, in HeLa cells further assessment of miR-34a knock-out was performed measuring 

the expression of two already identified miR-34 targets; BCL2 and IKβα. The BCL2 expression 

was evaluated through qPCR by using the SensiFAST SYBR No-ROX kit (Meridian Life 

Sciences). The detailed experiment and the primers used were indicated in tables 9, 10, 11 and 

12.  The level of IKβα protein was assessed through Western blot experiments, the primary and 

secondary antibodies used were listed in table 14.  

In the case of HEK293T cells miR-34a KO was confirmed, also, through Sanger sequencing that 

was performed by BMR-Genomics sequencing service.  

3.5 miR-34a KO validation in HeLa and HEK293T cell clones 

We proceeded evaluating the knockout of miR-34a gene in only 2G10 (HeLa KO) and 3.1D3 

(HEK293T KO) isolated clones performing a Reverse Transcription quantitative PCR (RT-

qPCR). RT-qPCR analysis was conducted on cDNA derived by miR-34a-KO clones compared 

to WT HeLa and HEK293T cells. The results represent the relative fold change of expression 

levels of the mature miR-34a transcript relative to the reference gene, small nuclear RNA U6 

(RNU6-1 Homo sapiens). As show in Figure 8 the relative expression of miR-34a was close to 

0 in the knockout clones compared to HeLa and HEK293T WT cells confirming the knockout of 

MIR-34A gene in 2G10 and 3.1D3, HeLa and HEK293T miR-34a-KO clones respectively. 

Temperature Time Cycles  

95 °C 1 min 1 

94 °C 30 sec 

30 58 °C 30 sec 

72 °C 30 sec 

72 °C 5 min  
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3.6 Cell proliferation assay 

WT and miR-34a KO HeLa and HEK293T cell lines were seeded at concentration of 0.25 x 105 

cells/well in a 96-wells plate. Following two hours, 10 µl of water-soluble tetrazolium salt reagent 

(Cell Counting Kit-8 - Dojindo Molecular Technologies) were added in each well. After two 

hours, cells proliferation at t=0 was measured as absorbance at 450 nm by using a 

spectrophotometer (Absorbance 96 plates reader – Enzo Life Sciences). The same procedure was 

performed following 24, 48 and 72 hours. The proliferation rate was measured on the basis of a 

calibration curve in which cells were seeded at concentration of 0.25,0.5,1,2,4 x 105 cells/well.

Figure 8| RT-qPCR on RNA from HeLa and HEK293T WT cells and miR-34a-KO clones (respectively only 

2G10 and 3.1D3 clones). Values were normalized to RNU6-1 and results were expressed as relative fold 

change of expression levels. 
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3.7 Plasmids Transfection  

To produce the miR-34a-KO cell lines, HeLa and HEK293T were seeded at a concentration of 

2.5 x 105 cells/well and 4 x 105 cells/well, respectively, in 6-well plates with a final volume of 2 

mL of DMEM. After about 20 hours (70-80% confluence), the culture medium was removed and 

replaced with a new one without antibiotics to prepare the cells for subsequent transfection with 

the plasmids pSpCas9(BB)-2A (PX459) V2.0 vector (Addgene – Plasmid #62988) containing the 

CRISPR/Cas9 system and the RNA guides (gRNAs) using 2 µl of TransIT-LT1 transfection 

reagent (Mirus Bio) for each µg of DNA. After the addition of TransIT-LT1 transfection agent, 

the cells were maintained in an incubator at 37°C with 5% CO2 and selected by the Ampicillin 

resistance conferred by the plasmids.  

 

3.8 RNA extraction 

Following 24 hours after the transfection, RNA was extracted both from transfected and not 

transfected miR-34a KO, WT HeLa and HEK293T cells. For RNA extraction, cells were lysed 

by using TRIzol reagent (Ambion) and then, to the cell lysates were added 200 µl of chloroform. 

The samples were incubated for 3 minutes at room temperature and then centrifuged at 12.000 g 

for 15 minutes at 4°C, allowing the formation of three different phases. The aqueous phase, 

containing the RNA, was collected and then incubated for 15 minutes, at room temperature, 

adding 500 µl of isopropanol. The samples were centrifuged at 12.000 g for 15 minutes at 4°C to 

have the RNA precipitation. Once removed the supernatant, 1 ml of 75% ethanol was added to 

each sample and then, the samples were centrifuged at 7.500 g for 5 minutes at 4°C.  Eventually, 

the precipitated RNA was resuspended in 30 µl of nuclease-free water and then quantified by 

using the spectrophotometer at 260 nm (NanoDrop – Thermo Fisher).
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3.9 Proteins extraction 

Proteins extraction was performed by using RIPA buffer that was prepared with 150 mM sodium 

chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and 50 

mM Tris-HCl at pH 7.5. Transfected and not-transfected WT and miR-34a KO HeLa and 

HEK293T cells were collected and washed in fresh PBS 1X, through two centrifugation steps at 

3.000 rpm for 10 minutes at 4°C. Then, the supernatant was removed and 80 µl of RIPA buffer, 

added with protease inhibitor cocktail to a final concentration 1X, were used to lyse the collected 

cells and extract their proteins. The samples were incubated in ice for 30 minutes and then stored 

at -80 °C overnight. The following day, the samples were thawed and centrifuged at 14.000 rpm 

for 30 minutes at 4°C, the supernatant, containing the extracted proteins, was collected to proceed 

with the proteins quantification that was performed by Bradford method.  

The protein samples to quantify were diluted in water at 1:5 and then, at each one, 750 µl of 

Bradford reagent (Coomassie Brilliant Blue G -250 - Bio-Rad) were added. The absorbance was 

measured, by using the spectrophotometer (BioPhotometer D30 – Eppendorf) at 595 nm and then, 

correlated to protein concentration considering a calibration curve made up of known BSA/water 

dilutions. Following quantification, protein lysates were stored at – 80°C.  

3.10 Reverse transcription  

The RNA extracted from WT and miR-34a KO HeLa and HEK293T cell lines was 

retrotranscribed into cDNA by using the QuantiTect Reverse Transcription kit (Qiagen). The 

reverse-transcription reaction was preceded with a phase of genomic DNA (gDNA) removal. The 

detailed Reverse-transcription reaction was described in table 12 and table 13.
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Table 12| Genomic DNA elimination reaction. 

 

 

 

 

 

Table 13| Reverse-transcription reaction. 

 

Following RNA reverse-transcription, the obtained cDNA was quantified through 

spectrophotometric analysis, measuring the absorbance at 260 nm. The cDNAs samples were 

stored at – 20°C.  

3.11 miR-34a predicted targets selection. 

miR-34a predicted targets analyzed in qPCR, were selected considering the data coming from the 

RNA sequencing, previously performed on miR-34a KO HeLa cells, and referring to the Target 

Scan database. Among the all predicted miR-34a targets identified, ten genes having an important 

role in tumor development or other pathological processes were selected and analyzed.

Reagent Volume/reaction Temperature Time 

gDNA wipeout buffer (7x) 2 µl 

42 °C 2 min 
Template DNA 1 µg 

RNase-free water Variable 

Total volume 14 µl 

Reagent Volume/reaction Temperature Time 

QuantiScript reverse transcriptase 1 µl 

42 °C 15 min 

Quantiscript RT buffer (5x) 4 µl 

RT Primer mix 1 µl 

Template RNA 

(obtained from the gDNA removal reaction) 
14 µl 

Total volume 20 µl 
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3.12 Reverse Transcription Real-Time/quantitative PCR (RT-qPCR) 

The cDNAs obtained from the reverse transcription reactions were used to evaluate the 

expression of different predicted miR-34a target genes, in WT and miR-34a KO HeLa and 

HEK293T cells. The predicted target genes whose expression was analyzed in qPCR were: 

PCLO, NR3C1, REL, MAP1B, ZBTB20, COL6A2, ONECUT2, KMT2D (Table 14). BCL2256, 

RAD51, IKβα257, AXL258, TWIST1259 and SIRT1260, since already demonstrated miR-34a 

targets, were used as controls (Table 15) while the Ribosomal Protein Lateral stalk subunit P0 

(RPLP0) gene was used as normalizer and  internal reference gene (Table 16). The qPCR was 

performed by using the SensiFAST SYBR No-ROX kit (Meridian Life Sciences) and the CFX96 

thermocycler (Bio-Rad). The qPCR reaction mix was prepared combining the SensiFAST SYBR 

No-ROX mix, 10 µM forward and reverse primers, template cDNA and Nuclease-free water 

(Table 17).  

 

Table 14| miR-34 predicted targets primer sequence. 

Target Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

PCLO 
AAGCTGTGGATAAGGCGAAAT 

(Song et al 2021) 
CTGGGAACGGAACTGGATC 

NR3C1 CGACCAATGTAAACACATGCT CCGTCCTTAGGAACTGAAGAG 

REL ATTTGACGCTGCTCTTCCTC TCCTCTGACACTTCCACAATTC 

MAP1B CTCCTTCCAGAACTTCATAGAGATT TTCAGGACAGAACAGGGTTAAG 

ZBTB20 
GCTTGGCTACAGCGACATC 

(Zhang et al 2021) 

GAACACATCGCCCACGTTC 

   

COL6A2 

 

AGCTCTACCGCAACGACTA 

 

CCGTAGGCTTCGTGTTTCAT 

 

ONECUT2 
GGAATCCAAAACCGTGGAGTAA 

(Jie Chen et al 2020) 
CTCTTTGCGTTTGCACGCTG 

KMT2D 
ACTCTGGTAGTTGCTGACATTG 

(Jie Chen et al 2020) 
TGTCTGTGTTGGAGAAGAGAAC 
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Table 15| Primers for miR-34 validated target genes. 

 

Table 16| Normalizer primer sequence. 

 

Table 17| Mix PCR reaction. 

 

 

 

 

 

 

10 µl of qPCR reaction mix was added to each well of a 96-weel plate. Following centrifugation, 

the plate was put in the thermocycler and the amplification reaction occurred as described in the 

following table (Table 18).

Control Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

IKβα 
TGCACTTGGCCATCATCCAT 

(Hart et al 2019) 
TCTCGGAGCTCAGGATCACA 

AXL AGCACACGCGTAAACAACAC GTTATGGGCTTCGCAGGAGA 

BCL2 CGGAGGCTGGCTTTGT CAAGCTCCCAGCCAAA 

TWIST1 
GGCTCAGCTACGCCTTCTC 

(Pan et al 2020) 
TCCATTTTCTCCTTCTCTGGAA 

 

SIRT1 CCCAGAACATAGACACGCTGGA ATCAGCTGGGCACCTAGGACA 

RAD51 
CAACCCATTTCACGGTTAGAGC 

(Pian Liu et al 2022) 
TTCTTTGGCGCATAGGCAACA 

Normalizer Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

RPLP0 ACATGTTGCTGGCCAATAAGGT 

 

CCTAAAGCCTGGAAAAAGGAGG 

 

Reagent Volume/reaction 

2x SensiFast SYBR No-ROX mix 10 µl 

10 mM Fw primer 0.8 µl 

10 mM Rw primer 0.8 µl 

Template cDNA up to 8.4 µl 

Nuclease-free water as required 

Total volume 20 µl 
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Table 18| PCR condition. 

Reaction phase Temperature Time Cycles 

Polymerase activation 95°C 2 min 1 

Denaturation 
 

95°C 

 

5 sec 

40 
Primer annealing 

Extension 

 

60°C 

 

20 sec 

 

The qPCR results were analyzed by using the ∆∆Ct method255 and normalized on the basis of the 

expression of RPLP0 that was used as internal reference gene.  

3.13 Western Blot 

Proteins extracted from WT and miR-34a KO HeLa and HEK293T cell lines were analyzed 

through western blot in order to evaluate the concentration of different predicted miR-34 target 

proteins. The predicted miR-34 target proteins analyzed were: ONECUT2, KMT2D and MAP1B. 

IKβα and SIRT1 were used as controls while β-tubulin as internal reference protein. The primary 

and secondary antibodies used, and the Molecular Weights (MW) of the respective target proteins 

were indicated in the following table (Table 19). 

Table 19| Western blot antibodies and molecular weight (MW) of the target proteins. 

 

Secondary antibodies 

Goat Anti-mouse IgG (H+L) peroxidase conjugated (Thermo Scientific – No.31430) 

Goat Anti-rabbit IgG (H+L) peroxidase conjugated (Thermo Scientific – No. 31460) 

Predicted target protein Primary antibody MW 

ONECUT2 
Rabbit anti-ONECUT2 (Thermo 

Fisher – PA5 114396) 
50-60 kDa 

KMT2D 
Rabbit anti-KMT2D (Proteintech – 

27266-1-AP) 
600 kDa 

MAP1B 
Rabbit anti-MAP1B (Proteintech – 

21633-1-AP) 
300 kDa 

Controls and normalizer   

IKβα 
Rabbit anti- IKbα (Cell Signaling - 

No. #9242) 
36 kDa 

SIRT1 
Rabbit anti-SIRT1 (Invitrogen – 

PA5-23063) 
97 kDa 

β-tubulin 

 

Mouse anti-b-tubulin (BIOSS 

Antibodies – No. bsm – 33034M) 
50 kDa 
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3.13.1 Running and Stacking gel preparation.  

Three different running gels were prepared at different acrylamide concentrations; the first one 

at 10% allowing the run of high MW proteins (SIRT1), the second one at 12% to run small MW 

proteins (IKβα and ONECUT2), eventually, the last one was prepared at 4-12% gradient to permit 

the run of proteins of high MW (MAP1B and KMT2D) (Table 20). The stacking gel was prepared 

at 5% according to the protocol described in the following table (Table 21).  

Table 20| Running gel reagents. 

 

Reagent 

 

10% running gel 

 

12% running gel 

30% Acrylamide 3.3 ml 3.96 ml 

1.5 M Tris (pH 

8.8) 

2.5 ml 2.5 ml 

10% SDS 100 µl 100 µl 

10% APS 100 µl 100 µl 

TEMED 12 µl 12 µl 

H2O 3.99 ml 3.3 ml 

 

Table 21| Stacking gel reagents. 

 

 

 

 

 

 

 

 

 

3.13.2 Running buffer preparation. 

The running buffer was prepared adding tris base, glycine, 10% SDS and water (Table 22). 

 

Reagent 

 

5% stacking 

gel 

30% Acrylamide 1 ml 

1 M Tris (pH 

6.8) 

750 µl 

10% SDS 60 µl 

100% APS 60 µl 

TEMED 7 µl 

H2O 4.12 µl 
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Table 22| Running buffer 10X reagents. 

 

 

 

 

 

3.13.3 Transfer buffer preparation 

The transfer solution was produced combining tris base, glycine, 10% SDS and 20% methanol 

and stored at 4°C (Table 23). 

 

Table 23| Transfer buffer overnight 1X reagents. 

 

 

 

 

 

3.13.4 Western Blotting 

50 µg of proteins were loaded in the gel. The electrophoresis was performed at 80 mA at the 

beginning and then, when the MW marker started to divide, at 130 mA. In the case of 4-12% 

running gel, the samples were run at 80 mA over-day at 4°C. Further the proteins were transferred 

to PVDF membrane. The PVDF membrane was incubated with the primary antibody, previously 

diluted in 5% milk, for overnight incubation. The PVDF membrane was hybridized with the 

secondary antibody, always diluted in 5% milk, for 1 hour. The hybridization of the antibody on 

the membrane was evaluated by using the ECL Advance Western Blotting Detection kit (GE 

Healthcare) and the released chemiluminescence was detected by the imaging system (Azure 300 

– Azure Biosystems). Western blot results were analyzed through densitometric analysis by using 

the ImageJ program. Densitometry data, obtained from the analysis of the internal reference gene 

β-tubulin, were used to measure the specific concentration of each target protein.  

Reagent Volume 

Tris base 30.3 g 

Glycine 144.1 g 

10% SDS 100 ml (10 g) 

H2O 900 ml 

Reagent Volume 

Tris base 4.5 g 

Glycine 21.6 g 

10% SDS 150 µl 

20% 

methanol 225 ml 

H2O 1260 ml 
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3.14 Cloning of the 3'-UTR of KMT2D into the pGL3-promoter vector  

428 bp of the 3'-UTR of KMT2D transcript (NCBI Reference Sequence: >NM_003482.4:17834-

20635 Homo sapiens lysine methyltransferase 2D (KMT2D), mRNA) were amplified from 

genomic DNA with designed primers (Table 24) with the restriction sites for XbaI. In addition, 

a High-Fidelity DNA polymerase (Thermo Fisher Scientific Cat. #F530S and #F530L) was used. 

The amplified sequence has a length of 428 bp. 

 

Table 24| Forward (green) and Reverse (red) primers used for 3’-UTR-KMT2D 428 bp fragment 

amplification. The portions highlighted in green are 8-nucleotide tails added to improve cloning 

efficiency; XbaI restriction sites are highlighted in yellow. 

Primer Sequences for 3’-UTR-KMT2D fragment amplification 

Fw:     5’…GGTTCTAGAGTCTCTCTATGGGTTGTGTTTCC...3’ 

Rev: 5’…AGGTCTAGAGGAGATATCCTGGTCCTAGGTTTA…3’ 

 

 

The amplified fragment and pGL3 Promoter Vector (Promega) were digested, and the plasmid then 

linearized, by single digestion with XbaI and CutSmart Buffer (NEB). Subsequently, 500 ng of 

linearized pGL3 was dephosphorylated using FastAP Thermosensitive Dephosphatase (Thermo 

Fisher Scientific #EF0654) and gel purified before proceeding with the ligation of the protruding 

ends, generated by the restriction, using a DNA ligase. E. c. JM109 Competent Cells (Promega 

#L2005) were transformed following the manufacturer's protocol, then plated and selected by 

Ampicillin resistance. A control PCR colony was performed and subsequently the extraction of the 

plasmids was obtained using the "MINI kit" (Qiagen). The extracted plasmids were digested with one 

or both Hind III and Pvu II restriction enzymes. The plasmid of colony 3 was selected for Sanger 

sequencing because it showed the expected bands of 3678bp and 1766bp from double digestion. The 

results of the Sanger sequencing and the alignments with the Clustal Omega online tool allowed to 

confirm the successful directed cloning.



Materials and Methods 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

58 

 

 

3.15 Colony PCR 

In order to determine the presence or absence of the DNA insert in the plasmid constructs, a 

colony PCR was performed, using My Taq Red Mix (Bioline #BIO-25043) and primers of the 

insert. The conditions applied for the colony PCR are reported in table 25. 

Table 25| Colony PCR applied conditions. 

Cycle step Temp. Time Cycles 

Initial Denaturation 94°C 5’  

Denaturation 94°C 30’’  

X 36 Annealing 60.2°C 30’’ 

Elongation 72°C 30’’ 

Final Elongation 72°C 5’  

 

3.16 Purification of plasmid DNA 

The resulting colonies containing the DNA insert by colony PCR, were then subjected to plasmid 

extraction and purification by “MINI kit” (Qiagen), following the manufacturer’s protocol. The 

DNA concentration was quantified by NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific), and the absorbance ratio at 260/280 and 260/230 was measured to determine the DNA 

purity. 

3.17 Plasmid digestion with restriction enzyme 

pGL3ᴓ (pGL3-Promoter Vector - Promega #E1761) and the amplified fragment of 3’-UTR of 

KMT2D transcript were digested with the restriction enzyme XbaI and CutSmart Buffer (NEB) 

while, plasmid pGL3-3’-UTR-KMT2D cloned and extracted was submitted to restriction analysis 

by HindIII or PvuII or both with B buffer (Promega). 

3.18 Statistical analysis  

All results collected in this work were analyzed fixing the statistical significance at p ≤ 0.05 or p 

≤ 0.01 that was measured by using the T-student test for independent data with GraphPad. 
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4. RESULTS 

4.1 Generation of HeLa and HEK293T miR-34a-5p KO cell lines 

The aim of this thesis is to investigate the role of miR-34a in the cell proliferation and identify 

new gene targets involved in tumorigenesis, generating new cell models in which miR-34a is 

silenced. By gene expression analysis of miR-34a KO clones and WT cells, some known target 

genes were validated, and additional genes predicted for miR-34a were found. Both cell lines, 

Hela and HEK293T, do not represent a good cellular model to study the involvement of miR-34a 

in tumorigenesis, but their comparison allowed to identify new potential miR-34a targets (such 

as ONECUT2 and KMT2D) which are up -adjusted results in both KO clones versus WT cells. 

However, to study the mechanisms through which miR-34a is involved in tumorigenesis it is 

necessary to verify the up-regulation of these potential targets in a more suitable cell line, such 

as the A375 melanoma cell line. For this purpose, it could be useful to silence miR-34a by siRNA 

or to generate a third miR-34a knock-out A375 clone by applying the CRISPR/Cas9 system. In 

order to produce knock out cell lines for the expression of miR-34a, CRISPR /Cas9 genome 

editing was applied. After the transfection of HeLa and HEK293T cells with each PX459 plasmid 

expressing gRNAs and Cas9 endonuclease for the induction of gene editing, the isolation and 

expansion of single-cell clones were exerted and the miR-34a gene knockout was verified. In 

order to verified the miR-34a knockout , the genomic DNA of HeLa cells and miR-34a-KO clones 

was isolated and analysed by PCR targeting the region where MIR-34A gene is located. Figure 

9, panel A reports the electrophoretic analysis of the PCR fragments of genomic DNA extracted. 

The fragment of amplification in the WT cells was represented by a band at 325 bp. Clones that 

were genome edited by ins/del showed fragments of different sizes (2G10, 1G9, 2E2).  

In order to identify differences in the sequences of miR-34a-KO clones compared to HeLa cells, 

a multiple sequence alignment analysis was performed on the genomic sequences resulted from 

Sanger sequencing. As show in Figure 9, panel A, 1D3 clone shared the same sequence with 

HeLa cells, for this reason it was discarded from further analyses. Compared to HeLa cells, 2G10 

clone presented a deletion of 112 bp and 1G9 clone a deletion of 98 bp.  
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Figure 9| Survay of validation strategies for CRISPR/Cas9 editing. (A) PCR of genomic DNA extracted 

from selected clones. HeLa cells are the control (Ctrl). The bp length of the bands of HeLa KO clone was 

approximatively identified using GeneRuler 100 bp DNA Ladder (Thermo Fisher): Ctrl = 325 bp, 2G10 

= 272 bp, 1D3 = 325 bp, 2E2 = 416 bp + 258 bp, 1G9 = 258 bp. (B) Multiple sequence alignment via 

Multiple sequence alignment tool (Clustal omega): gRNA1(green), gRNA2 (purple),  gRNA3 (light blue), 

sequences non homologous to the Ctrl sequence (yellow) and PAM sequences (purple). 

 

 

 

We performed the same analysis in HEK293T KO clones suggest the occurrence of a deletion in 

3.1D3, 2.1C11, 2.1B9 and 3.2E10 (Figure 10, panel A) that was confirmed by Sanger sequencing.  

The results show a deletion of  50 bp and the lack of miR-34a transcript in the 3.1D3 and 2.1C11 

miR-34a-KO clones and a deletion of  62 bp in 2.1B9 and 3.2E10 clones. Only the KEK293T miR-

34a-KO clone was selected for subsequent analyses. 
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Figure 10| Survay of validation strategies for CRISPR/Cas9 editing in HEK293T cells. PCR of genomic 

DNA extracted from selected clones. HEK293T cells are the control (Ctrl). The bp length of the bands of 

HEK293T KO clone was approximatively identified using GeneRuler 100 bp DNA Ladder (Thermo 

Fisher). (B) Multiple sequence alignment via Multiple sequence alignment tool (Clustal omega). 

 

4.2 miR-34a KO cell lines validation  

Preliminary analyses to assess the effective knock-out, performed by using the CRISPR/Cas9 

technology, of the miR-34a were done, before proceeding with the characterization of the miR-

34a KO HeLa and HEK293T cell cones.  

 

4.2.2 Evaluation of the expression of miR-34a target genes in HeLa and HEK293T edited cells. 

Identification of gene targets of miRNAs is an important step for functional characterization of 

miRNAs and provides new insight into biological processes connected to miRNAs. Identification 

and validation of miRNA targets in laboratory can be expensive and time-consuming, while 

sophisticated computational approaches for miRNA target prediction allow narrowing down 

potential targets for experimental validation261. 

Prediction of natural targets of miR-34a was performed using miRwalk2.0 online tool 

(http://mirwalk.umm.uni-heidelberg.de/), IKβα and BCL2 were chosen for further functional 

B 
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analysis. Previous studies had already verified that the apoptosis regulator BCL2 and the NF-kB 

inhibitor IKβα are targets of miR-34a256,257. RT-qPCR analysis was performed in order to 

quantify BCL2 expression in 2G10 and 3.1D3 miR-34a-KO clones compared to HeLa and 

HEK293T WT cells. As reported in Figure 11, panel A, BCL2 mRNA expression showed a 

significant increase in 2G10 clone compared to HeLa WT, while 3.1D3 clone showed a non-

significant increase compared to HEK293T WT, so after we tested other control genes. Since 

miRNAs can inhibit gene expression at the mRNA or protein level262, to assess the expression 

levels of IKβα in miR-34a-KO clones compared with HeLa and HEK293T cells, detection of 

protein expression levels was performed by western blot analysis. To functionally validate our 

KO clone models, we evaluated whether the expression levels of IKβα, a previously validated 

target of miR-34a, underwent an increase in miR-34a-KO clones compared to HeLa and 

HEK293T cells. As shown in Figure 11, panel B and C, western blot analysis and densitometric 

analysis reported an increase of IKβα expression levels in 2G10 and 3.1D3 miR-34a-KO clones. 

Taken together the results confirmed that BCL2 and IKβα are target genes of miR-34a, reporting 

increased levels of expression for both targets in the absence of miR-34a.
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Figure 11| Evaluation of the expression of miR-34a target genes (BCL2 and IKβα) in 

edited cells. (A) RT-qPCR analysis on HeLa and HEK293T WT cells (blue bar) and 

miR-34a-KO clones (red bar); BCL2 gene was chosen for the analysis (*p=0,012). 

Normalization was performed relative to RPLP0 gene expression and standard 

deviation analysis was calculated between triplicates. The statistical significance was 

set at *p ≤ 0.05 that was measured by using the T-student test for independent data with 

GraphPad. (B) Differential expression of endogenous IKβα in HeLa KO clone (2G10). 

(C) Differential expression of endogenous IKβα in HEK293T KO clone (3.1D3). miR-

34a-KO clones protein levels detected were normalized on β-tubulin.  

IKβα IKβα 
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4.3 miR-34a KO HeLa cell line characterization 

4.3.1 Proliferation assay  

Altered expression of miR-34a has been associated to different proliferation rates in tumor 

tissues. In order to verify if miR-34a is necessary to maintain the proliferation rate of HeLa cells, 

the proliferation of HeLa KO clone was compared to HeLa cells.  The results showed that WT 

cells and KO clone had a similar proliferation rate (Figure 12). 

 

 

Figure 12| Proliferation rate of HeLa WT cells vs HeLa KO clone. 
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4.3.2 Scratch test 

To evaluate HeLa KO clone motility, a Scrath Assay was performed. Cell motility was calculated 

as the average speed of coverage of the scratch area/time using 1 hour interval for images capture 

by CytoSmart Omni system. Results show no significant differences in the migration compared 

to WT (Figure 13).  

 

 

4.3.3 HeLa cell line transcriptome analysis 

To identify a set of genes deregulated in absence of miR-34a, we performed an RNA sequencing 

(Figure 14) on the RNA extracted from HeLa WT and HeLa miR-34a KO (2G10 clone). The 

first 50 genes differentially expressed between HeLa cells and the HeLa KO clone are listed in 

the following Heat Map. The first 23 genes are downregulated in the KO clone compared to HeLa 

cells while, the remaining 27 genes of the list are upregulated in the KO clone compared to WT 

cells. To verify the results obtained from the transcriptome analysis, we evaluated the expression 

of some genes by RT-qPCR, such as COL6A2 (improbable direct target gene of miR-34a because 

it is downregulated in the HeLa KO clone), ZBTB20, PCL0, REL, MAP1B, NR3C1, ONECUT2 

and KMT2D (probable target genes of miR-34a). It is interesting to note that in the KO clone 

there is an increase, corresponding to an accumulation, of precursor of miR-34a (MIR34AHG). 

The qPCR data demonstrate the total absence of mature miR-34a within our KO clones (Figure 

8) so, in all likelihood, the miR-34a marker is retained, but not processed in a mature and 

functional miR-34a transcript.

Figure 13| Scratch Assay: HeLa WT cells and miR-34a KO clone were cultured for 1 day until confluence 

before scratch. Results of the analysis were obtained in triplicates. 
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Figure 14| Heat map on the enriched RNAs representing the top 50 most variable genes. The green bar 

identifies the HeLa KO clone while, the purple bar identifies the HeLa WT cells. The difference in the 

expression is signalled by the colour and its intensity: the less expressed genes are in blue, those more 

expressed in one line than the other are in red, while the genes in which there is no significant variation 

in the expression are represented in yellow. 

 

 

4.3.4 Expression of validated and predicted miR-34 targets  

Based on transcriptome data and the alignment analyses between the consensus sequence of miR-

34a and the 3'-UTR of predicted target genes with Target Scan tool (Figure 15), we chose seven 

genes that were found to be deregulated in the absence of miR-34a from the transcriptome 

analysis (ZBTB20, PCLO, REL, MAP1B, NR3C1, ONECUT2 and KMT2D). We analyzed their 

expression in the KO clone, using IK and BCL2 as validated target genes. ZBTB20 and PCLO 

are not represented because they were poorly expressed in the HeLa cell model.
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Figure 15| Sequence alignment achieved by TargetScan tool between the consensus sequence of miR-34a 

and the 3'-UTR of       the known and putative target genes. 

 

 

The expression of the known miR-34a targets, BCL2 and IKβα, and of the predicted targets, 

ZBTB20, PCLO, REL, MAP1B, NR3C1, ONECUT2 and KMT2D was measured through 

reverse transcription and quantitative PCR (RT-qPCR) experiments. Furthermore, COL6A2 

expression was verified to be consistent with the results obtained from transcriptome analysis. 

The results showed a significant overexpression of BCL2, REL, MAP1B and NR3C1 and a 

significant decreased expression of COL6A2 in HeLa KO clone compared to WT cells (Figure 

16, panel A) according to RNA sequencing results. Other two predicted targets also identified 

through bioinformatic analyses, ONECUT2 and KMT2D, resulted to be slightly upregulated in 

HeLa KO clone, at mRNA level (Figure 16, panel B), although not significantly. 

  

 

 

 



Results 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

69 

 

 

 

 

 

 

* * ** * * 
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Figure 16| | RT-qPCR analysis on RNA extracted from HeLa cells (WT) vs KO 

clone. BCL2 (*p=0,012), MAP1B (*p=0,013), COL6A2 (**p=0,0016), 

NR3C1(*p=0,03), REL (*p=0,03), IKβα, ONECUT2 and KMT2D mRNA level of 

expression in HeLa WT cells (blue bar) vs HeLa KO clone (red bar). BCL2 and 

IKβα, known gene targets of miR-34a, were chosen as controls. Normalization was 

performed relative to RPLP0 gene expression. All data reported are representative 

of at least 3 independent experiments and error bars represent standard deviation 

(SD). The statistical significance was set at *p ≤ 0.05 or **p ≤ 0.01 that was 

measured by using the T-student test for independent data with GraphPad. 
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4.4 miR-34a KO HEK293T cell line characterization  

4.4.1 Proliferation assay  

As well as for HeLa miR-34a KO, the results of the proliferation assay performed on HEK293T 

cell line showed a similar proliferation rate between HEK293T KO and WT cells. (Figure 17) 

confirming that miR-34a is not essential to drive the proliferation rate of HeLa and HEK293T 

cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2 Expression of validated and predicted miR-34a targets  

qPCR and Western blot experiments were done to evaluate the expression of 13 selected, 

validated and predicted miR-34a targets. Through quantitative PCR, IKβα, AXL, TWIST1, 

BCL2, RAD51 and SIRT1 (known miR-34a targets) mRNA expression was evaluated. 

Statistically significant upregulation of IKβα, AXL, TWIST1 was detected in miR-34a KO cells 

(Figure 18A), but not of BCL2, RAD51 and SIRT1 (Figure 18A). Moreover, qPCR analyses 

were also used to measure the expression of predicted and selected miR-34 targets: REL, NR3C1, 

MAP1B, ZBTB20, PCLO (Figure 18A), ONECUT2 and KMT2D (Figure 18B).  In comparison 

to HEK293T WT cells, MAP1B, the microtubule associated protein 1B, showed a statistically 

significant decreased expression in miR-34a KO clones (Figure 18A). Other two predicted 

targets, ONECUT2 and KMT2D, are a transcription factor and a lysine methyltransferase 

respectively showed to be significantly overexpressed in KO clones, with p values ≤0,05* or 

≤0,01** (Figure 18B).  

Figure 17| Proliferation rate of HEK293T WT cells vs HEK293T KO clone. 
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Figure 18| RT-qPCR analysis on RNA extracted from HEK293T cells (WT) vs KO clones. IKβα (*p=0,024), 

AXL (**p=0,0085), TWIST1 (*p=0,028), MAP1B(*p=0,024), ONECUT2 (*p=0,011) and KMT2D 

(*p=0,035) mRNA level of expression in HeLa WT cells (blue bar) vs HEK293T KO clone (red bar). IKβα, 

AXL, TWIST1, BCL2, SIRT1, RAD51 known gene targets of miR-34a, were chosen as controls. Normalization 

was performed relative to RPLP0 gene expression. All data reported are representative of at least 3 

independent experiments and error bars represent standard deviation (SD). The statistical significance was 

set at *p ≤ 0.05 or **p ≤ 0.01 that was measured by using the T-student test for independent data with 

GraphPad. 

IKβα 
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The expression of some of the above-mentioned known and predicted targets was, also, tested at 

protein level, through Western blot analysis. The protein expression of SIRT1 and IKβα, two 

miR-34a regulated genes, was analyzed. SIRT1 showed a significant (p value = 0,03548) reduced 

expression, in miR-34 KO HEK293T cells, compared to WT cells (Figure 19) while, it was 

observed an upregulation of IKβα, although not significant, in KO cells respect to WT cells 

(Figure 20). In the replicates, the expression showed a high variability. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 19| SIRT1 protein expression in HEK293T WT vs miR-34a KO cell lines; Western 

blot (A). All data reported are representative of at least 3 independent experiments and 

error bars represent standard deviation (SD). Densitometric analysis with ImageJ (*p = 

0,035) (B).  
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IKβα 

Figure 20| IKβα protein expression in HEK293T cells (WT) vs HEK293T KO clone; Western blot (A). All 

data reported are representative of at least 3 independent experiments and error bars represent standard 

deviation (SD). Densitometric analysis with ImageI (B). 
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Concerning the evaluation of the expression, at protein level, of the two putative targets MAP1B 

and KMT2D, only preliminary Western blot experiments were performed. Due to lower 

specificity of the antibodies commercially available, it was not possible to complete the analyses. 

4.5 ONECUT2 is upregulated at protein level in both HeLa and HEK293T miR-34a-KO 

cells compared to WT cell lines. 

Western blot analyses of the transcription factor, ONECUT2, showed an increase in the protein 

level detected in HeLa (Figure 21, panel A and C) and HEK293T (Figure 21, panel B and C) 

miR-34a-KO clones compared to the WT cell lines.  
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C 

Figure 21| Western Blot analyses of ONECUT2 in HeLa (A) and HEK293T (B) miR-34a-KO 

clones compared to WT cell lines. Data reported are representative of at least 2 independent 

experiments and error bars represent standard deviation (SD). (C) Densitometric analysis 

with ImageJ. 
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4.6 Cloning KMT2D 3'-UTR in the pGL3 Luciferase promoter vector. 

Bioinformatics analyses identified a putative miR-34a target sequence in the 3’-UTR region of 

the histone-lysine N-methyltransferase 2D (KMT2D) transcripts (Figure 15). In order to 

functionally analyze the contribution of the 3’ –UTR cis-sequence, the consensus (called “seed”) 

sequence of miR-34a was amplified with specific primers containing the restriction sites for XbaI 

starting from the genomic DNA and subsequently cloned into the pGL3 promoter vector upstream 

to the gene coding for the Luciferase. The bacteria clones containing the KMT2D 3'-UTR inserted 

in the pGL3 Luciferase promoter vector were selected by colony PCR.  Recombinant colonies 

showed the expected band of about 500 bp. Sanger sequencing was performed to verify that the 

KMT2D 3'-UTR 428 bp fragment was present and correctly oriented within the pGL3 vector 

(Figure 22). 

This plasmid will be applied in Luciferase assays to evaluate the role of miR-34a in regulating 

the KMT2D transcript. 

Figure 22| Sanger Sequencing: the plasmid extracted from colony 3 

contains the 512 bp fragment cloned and well oriented within the pGL3 

vector. 
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5. DISCUSSION 

 

Micro-RNAs are small non-coding RNAs that are approximately 21 nucleotides in length263. 

They are important post-transcriptional regulators involved both in physiological events, such as 

proliferation, differentiation and development, and in pathological processes such as tumors and 

neurodegenerative diseases264. miRNAs perform an inhibitory effect on gene expression and 

exert this function either through inhibition of translation or, also, by promoting mRNA 

degradation265. 

One of the most studied miRNAs is miR-34; dysregulations involving this micro-RNA are 

frequently observed in neuroblastomas, gliomas, breast, non-small cell lung, prostate, and 

hematological malignancies265. The miR-34 family has a crucial role in tumor formation, thanks 

to its antitumor function which is exerted by inhibiting the expression of several proto-oncogenes 

and, furthermore, promoting the activity of the most important tumor suppressor gene: p53266. 

Over the years, to further investigate the role of the miR-34 family in pathological conditions, 

several researchers have attempted to knock out miR-34a both in vitro and in vivo, using 

TALENS (Transcription Activator-like Effector Nuclease)251 or the Cre-LoxP method252. 

 

The aim of this work was to characterize HeLa and HEK293T miR-34a KO cell lines produced 

using CRISPR/Cas9 technology. These KO cell lines were characterized in terms of proliferation 

rate and expression of known and putative miR-34 targets, by quantitative PCR and Western blot 

analysis.  

 

In both cell lines, by means of quantitative PCR experiments, the absence of miR-34a expression 

was demonstrated. Quantitative PCR demonstrated increased expression of BCL2, a known 

target, in HeLa cells and HeLa KO clones, 2G10. While an overexpression of another validated 

target, IKβα was detected in both clones by Western blot analysis. Later Sanger sequencing 

confirmed a deletion in the miR-34a genomic sequence. 

The first step in the characterization of the miR-34a KO clones was to analyze their growth with 

respect to the HeLa and HEK293T WT cell lines through a proliferation assay. The results 

showed that both miR-34a KO HeLa and HEK293T clones had similar proliferation rates 

compared to HeLa and HEK293T WT cell lines, indicating that miR-34a is not essential in
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 controlling proliferation rate in cell culture models. Then, to further characterize these cell lines, 

the expression of selected known and putative miR-34a targets was evaluated by qPCR and 

Western blot. In particular, the expression of previously validated targets, BCL2, IKβα, AXL, 

TWIST1, RAD51 and SIRT1, was analyzed at the mRNA level. All these genes have important 

roles in tumor development and can be inhibited by miR-34a in different cell models. BCL2 is 

an anti-apoptotic protein and its inhibition by miR-34a has been shown to promote apoptosis, 

reducing cell survival256. IKβα is involved in the inhibition of the NF-kB pathway which, in turn, 

has an important role in the activation of the immune system257. AXL is a tyrosine kinase receptor 

that promotes invasion and metastasis258. TWIST1 stimulates epithelial-mesenchymal transition 

(EMT)259. RAD51 is a recombinase involved in tumor formation, as it promotes cell proliferation 

and aerobic glycolysis267, while SIRT1, an NAD-dependent deacetylase, may be involved in 

deacetylation and thus inhibition of the tumor suppressor gene p53268. 

 

Among the genes differentially expressed by transcriptome analysis and those selected for the 

presence of a binding sequence with miR-34a by Target Scan database, we selected 9 genes (REL, 

NR3C1, MAP1B, COL6A2, ZBTB20, PCLO, ONECUT2 and KMT2D) based on their role in 

tumor development. REL is a transcription factor and, by promoting B cell survival and 

proliferation, has been implicated in oncogenic processes269. NR3C1 encodes a glucocorticoid 

receptor that has a role in promoting tumor formation, in fact it is often overexpressed in adrenal 

malignancies270. MAP1B, which controls microtubule dynamics, has been shown to promote 

aggressiveness of tumors271. COL6A2 encodes the α-chain of collagen VI, and its increased 

expression has been detected in renal tumors. It is involved in tumorigenesis due to its role in 

several tumor-related pathways such as glioma272. ZBTB20 is a transcriptional repressor that, 

through different mechanisms, is implicated in the development of liver tumors273. PCLO 

encodes a protein that belongs to the presynaptic cytoskeletal matrix and is involved in the release 

of neurotransmitters. It is frequently upregulated in diffuse large B-cell lymphomas; however, its 

specific pro-tumorigenic role is still not well understood274. 

 

The last two alleged targets tested, ONECUT2 and KMT2D are a transcription factor and a lysine 

methyltransferase, respectively. ONECUT2 promotes cell proliferation, adhesion, migration and 

metabolism and its expression appears to be upregulated in prostate, colorectal, hepatocellular 

and lung cancers275. KMT2D, on the other hand, is involved in the modifications of histones and 

favors the survival of cancer cells as it is able to increase the expression of antioxidant genes276.
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Therefore, the expressions of BCL2, MAP1B, COL6A2, REL, ONECUT2 and KMT2D genes 

were measured in the HeLa cell line. Real-time PCR experiments showed that the known target 

BCL2 was significantly overexpressed in the HeLa miR-34a KO cell line, reproducing results 

previously reported in the literature. Furthermore, the predicted targets REL and MAP1B showed 

a significant increase in expression in KO cells, suggesting their regulation by miR-34a. 

COL6A2, was shown to be significantly downregulated in KO cells, indicating that miR-34a may 

not directly regulate its mRNA level. Concerning the HEK293T cell line, the known targets, 

IKβα, TWIST1 and AXL, were significantly overexpressed, in quantitative PCR, in miR-34a KO 

cells, as described by previous studies. Instead, SIRT1, another validated miR-34a target, showed 

decreased expression, both by qPCR and Western blot, in KO cells. These results may 

demonstrate that the inhibitory effect of miR-34a can be compensated by other mechanisms in 

miR-34a KO cells. A similar interpretation can be applied to MAP1B whose expression was 

found to be differentially regulated in miR-34a KO HeLa and HEK293T cells. 

Among the genes previously selected for analysis, COL6A2 was excluded from the list of 

putative direct miR-34a targets because it was found to be downregulated in the HeLa miR-34a-

KO cell line compared to WT in quantitative PCR analyses, also confirming the data obtained 

from transcriptome analysis; REL, NR3C1 and MAP1B were then excluded because they were 

shown to be differentially regulated between the two miR-34a-KO cell lines; while ZBTB20 and 

PCLO were poorly expressed in our two model cell lines, for which the choice fell on ONECUT2 

and KMT2D. 

In HEK293T cells, two predicted targets, ONECUT2 and KMT2D, behaved as true miR-34a 

targets. Indeed, both genes showed a significant overexpression, at the mRNA level, in KO cells. 

Preliminary Western blot analyzes were performed to further study the regulation of ONECUT2 

and KMT2D by miR-34a, also at the protein level. ONECUT2 was overexpressed in miR-34a-

KO clones compared to HeLa and HEK293T WT cells. As far as the KMT2D protein is 

concerned however, due to the high molecular weight (600KDa) and the non-specificity of the 

antibody, it was not possible to obtain significant results. Thus, in order to have more conclusive 

information regarding the regulation of these two predicted targets by miR-34a, we proceeded 

with the analysis of the 3'-UTR of ONECUT2 and KMT2D transcripts by Target Scan online 

tool. From bioinformatic analyses, the 3'-UTR of ONECUT2 was shown to have as many as 4 

potential binding sequences to the miR-34a seed region, three of which were poorly conserved. 

Instead, the 3'-UTR of KMT2D showed only one predicted site for the hypothetical binding of 
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miR-34a. For simplicity and speed of analysis, we preferred to clone 428 bp of the KMT2D 3'-

UTR fragment containing the seed sequence for miR-34a into the pGL3 Promoter. 

 

Furthermore, observing the results on the expression of known and putative targets in the two 

KO cell lines, it is possible to deduce that miR-34a has a different behavior depending on the 

cells and tissues in which it acts. Indeed, from Western blot analyzes on our HeLa and HEK293T 

miR-34a-KO model cell lines, IKβα, a known miR-34a target, showed only a non-statistically 

significant upregulation trend compared to WT cell lines; moreover, SIRT1, also a known target 

of miR-34a, showed a significant and unexpected downregulation in HEK293T miR-34a-KO 

compared to WT cell line. 

Numerous factors contribute to determining which genes are regulated by miRNAs such as: 

functionalized compartmentalization, movement of miRISCs within cells, availability and 

abundance of miRNAs and their target mRNAs. Furthermore, miRNA suppression of mRNA 

targets is not ubiquitous across cell types. Alternative splicing and alternative polyadenylation 

affecting the 3' UTRs and RNA binding proteins are cell type specific and affect the secondary 

structures of the target mRNA, modifying the available pool of MREs54–56. This renders the 

mRNA subsets sensitive or insensitive to miRNA-mediated gene regulation in a manner specific 

to each cell type/state. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

In conclusion, all these results indicate that miR-34a gene expression may participate in different 

gene expression regulation mechanisms according to cell type. Furthermore, they suggest that 

the inhibitory effect of miR-34a could be counterbalanced by feedback loop processes which 

could explain the absence of effect of the expression of selected miR-34a target genes in KO 

cells. They suggest that ONECUT2, a transcription factor that stimulates the expression of genes 

involved in the differentiation of melanocytes and hepatocytes, and KMT2D, a histone lysine 

methyl transferase, may be novel targets of miR-34a. To confirm KMT2D and ONECUT2 as 

targets of miR-34a, it would be necessary to conclude Western blot analyzes and luciferase 

assays also by mutating the binding sequences of miR-34a to their 3'-UTRs. A preliminary 

analysis with the Agilent online tool (https://www.agilent.com/store/primerDesignProgram.jsp) 

made it possible to generate and verify the hypothetical mutation to be induced in the 3'-UTR-

KMT2D fragment cloned in the pGL3 promoter vector at the level of the predicted miR-34a-

binding sequence (CACTGCC). A mutation in which the CAC triplet is mutated to the GAG 

triplet, in addition to destroying the miR-34a binding site, generates a single restriction site 

recognized by the Ale I enzyme which would allow the mutated fragment to be discriminated 

from the non-mutated one. Regarding ONECUT2, the study is more complex because its 3'-UTR 

has as many as 4 potential miR-34a binding sites, one of which is conserved and the other three 

poorly conserved. Furthermore, HeLa and HEK293T KO clones are a valuable tool to study the 

general role of miR-34a in cell proliferation and gene expression regulation. However, they do 

not represent a good cellular model to study its involvement in tumorigenesis. To study the 

mechanisms by which miR-34a is involved in tumorigenesis, the melanoma A375 cell line 

represents a more suitable cell line, and it will be chosen to confirm the preliminary data obtained 

in the KO clones. 

These further analyzes will confirm these preliminary results and help identify a new target 

protein for cancer therapy.
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Abstract: Sarcopenia refers to a condition of progressive loss of skeletal muscle mass and function
associated with a higher risk of falls and fractures in older adults. Musculoskeletal aging leads to
reduced muscle mass and strength, affecting the quality of life in elderly people. In recent years,
several studies contributed to improve the knowledge of the pathophysiological alterations that
lead to skeletal muscle dysfunction; however, the molecular mechanisms underlying sarcopenia
are still not fully understood. Muscle development and homeostasis require a fine gene expression
modulation by mechanisms in which microRNAs (miRNAs) play a crucial role. miRNAs modulate
key steps of skeletal myogenesis including satellite cells renewal, skeletal muscle plasticity, and
regeneration. Here, we provide an overview of the general aspects of muscle regeneration and
miRNAs role in skeletal mass homeostasis and plasticity with a special interest in their expression in
sarcopenia and skeletal muscle adaptation to exercise in the elderly.

Keywords: microRNA; aging; sarcopenia; myogenesis; exercise; satellite cells

1. Introduction

Sarcopenia is a pathophysiological process characterized by progressive loss of skeletal muscle
mass and function that contributes to a higher risk of falls and fractures among older adults [1]. It often
leads to frailty that impacts considerably on the quality of life in elderly people. After the age of 50, the
rate of muscle loss is estimated to be 1–2% per year, being faster in men than women [2]. The advances
in transcriptomics technologies and high throughput analyses allow for detection of a broad repertoire
of cellular factors that participate to gene expression regulation during skeletal muscle aging changes
and adaptations such as growth factors, transcription factors, cell signaling pathways activators, and
non-coding RNA, including microRNAs (miRNAs) [3].

miRNAs are a class of non-coding transcripts specifically involved in negatively modulated gene
expression at the post-transcriptional levels by specifically targeting the 3′-untranslated regions (3′-UTR)
of their target mRNAs. Several miRNAs have been demonstrated to participate in the molecular
mechanisms that control skeletal muscle plasticity during aging. miRNAs that are preferentially
expressed in striated muscle are termed as myomiRs, and they act as regulators of muscle development,
homeostasis, and functionality [4,5]. Expression of skeletal myomiRs may be altered in old skeletal
muscle, in age- and activity-related muscle changes (e.g., hypertrophy, atrophy), as well as in
myopathies, such as muscular dystrophy [6–9]. Recent studies have demonstrated that muscle-specific
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miRNAs play a pivotal role in the control of sarcopenia, modulating key steps of skeletal myogenesis,
including satellite cells senescence, cell proliferation, and differentiation [10,11].

The reduction in force of skeletal muscle in older people is primarily due to the loss and weakening
of muscle fibers. For instance, during aging, the locomotor skeletal muscles face a marked switch to
slow type I myofibers, a process of atrophy of fast (type IIa and IIx) fibers, with a reduction in the
myofiber count [12–14]. Similar changes have been associated with sedentary lifestyles, and reported in
some neuromuscular disorders [6,15–18]. Thus, exercise is considered an effective intervention to delay
the onset and progression of sarcopenia. Regular exercise training has been associated with an increase
in skeletal muscle cross-sectional area, force, and resistance to fatigue [19], as well as improvements
in cardiovascular fitness and quality of life [20]. Exercise training promotes positive adaptations in
skeletal muscle, acting as an important stimulator of extra/intracellular signals, leading to changes in
gene expression. Several studies have revealed that miRNA expression in skeletal muscle is modulated
in response to physical exercise, see the exhaustive reviews [21–23], highlighting the relevance of the
miRNAs role in the process of adaptation to exercise. More recently, circulating miRNAs have been
investigated as possible biomarkers of exercise training [24].

This review will synthesize the most relevant advancements in the knowledge of the miRNAs
role in muscle regeneration and their involvement in sarcopenia. We will further review the current
knowledge on circulating miRNAs and their potential as non-invasive biomarkers of muscle function
and adaptation to exercise in healthy adults and sarcopenic elderlies.

2. miRNA Biogenesis and Functional Role

miRNAs are small non-coding RNAs of 20 nucleotides in length, transcribed by about 2000 human
genes, that regulate gene expression at the post-transcriptional level [25,26]. miRNAs play crucial
roles in various biological processes such as cell proliferation, apoptosis, differentiation as well as
epigenetic changes and metabolic homeostasis. miRNA genes are often found in clusters and may
derive from intragenic or intergenic regions, both intronic and exonic [27]. miRNAs biogenesis begins
with the synthesis of primary miRNAs (pri-miRNAs) by RNA polymerase II that are processed in
the nucleus into precursor miRNAs of approximately 70 nt (pre-miRNAs) by a complex consisting of
the RNA binding protein, DGCR8 microprocessor subunit, and the endoribonuclease, Drosha [28].
Pre-miRNAs are then exported to the cytoplasm via the nuclear transport protein Exportin 5, where
the endoribonuclease Dicer cuts the stem loop region producing miRNAs duplexes. miRNAs duplexes
harbor the mature miRNA strand that, once associated with the RNA induced silencing (RISC) complex,
works as a gene modulator at the transcriptional level.

miRNAs regulate transcripts expression generally by annealing to the 3′ untranslated region
(3′UTR), leading to inhibition of mRNA translation and/or degradation of mRNA transcripts. miRNA
may target mRNA not only at their 3′-UTR, but also at the 5′UTR, promoters and exon sequences,
generally leading to downregulation of the expressed genes [29]. Each miRNA can target several mRNAs
involved in different cell functions and in a crosstalk between cell signaling pathways. Deregulation
of miRNA expression has been associated with several pathological processes, including cancer,
neurodegenerative diseases, cardiovascular diseases, and host response to viral infections [30–33].

3. Skeletal Myogenesis and Sarcopenia

Skeletal myogenesis refers to the process of muscle development, whereby myogenic precursor
cells can differentiate and fuse to form myofibers. During development, most of the precursor cells
undergo proliferation and differentiation, while a subset remains capable of regeneration, repairing
tissue injuries in adulthood. Myogenesis involves an intricate regulatory network of gene expression
that coordinates (i) activation and proliferation of stem cells that differentiate into myoblasts, (ii) early
differentiation that consists in the fusion of myoblasts to form myocytes and (iii) terminal differentiation
into myofibers (Figure 1). The skeletal myogenic process is finely regulated by transcription factors
known as myogenic regulatory factors (MRFs), such as MyoD (myogenic differentiation), myogenin,
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Myf5 (myogenic factor 5), and MRF4 (myogenic regulatory factor 4) [34]. In adults, muscle stem cells,
termed satellite cells, are characterized by the expression of the paired box transcription factor Pax7
and to a small extent of Pax3, whereas MyoD is not expressed. This pattern of expression allows
the maintenance of satellite cells in a quiescent status. Activation of satellite cells from the quiescent
status is first determined by a co-expression of Pax7, MyoD, and Myf5 [3]. At this step, Pax factors
promote the expression of genes accountable for inducing a transient cell proliferation suppressing
genes that induce differentiation. During myogenic differentiation, the expression of Pax proteins is
suppressed, allowing the expression of MRFs. At this step, myogenin plays a key role in the terminal
differentiation of myogenic progenitor cells, whereas MyoD undergoes to downregulation. In the
aging muscle, the expression of the myogenic genes, MyoD, and myogenin, have been reported to be
upregulated, suggesting a modification of the committed status of the muscle satellite cells [35].
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Figure 1. MicroRNAs (miRNAs) and target genes implicated in skeletal muscle myogenesis.

The altered ability of satellite cells to maintain quiescent status and their loss of self-renewal
and regenerative capacity are major causes of age-related muscle changes [36]. In skeletal muscle,
aging is manifested as sarcopenia, the progressive loss of skeletal muscle mass and strength with
accumulation of functional deficits [17,18,37]. This age-related muscle atrophy strictly correlates with
physical disability, poor quality of life and increased risk of negative outcomes for elderly people.
From a cellular point of view, satellite cell depletion, senescence, inflammation, and mitochondrial
dysfunction have been proposed to be associated with sarcopenia development [38–41].

A decrease in the number of stem cells and in their capability to proliferate during aging has
been proposed to impact myogenesis [42]. Study in mice have demonstrated that reduction of satellite
cells affects muscle regenerative capacity without affecting sarcopenia, and does not contribute to the
maintenance of muscle size during aging, however in sedentary adult mice, in the absence of injury,
satellite cells may contribute to myfibers at different extent between muscle and with age [43,44]. More
recently, it has been also demonstrated that satellite cells depletion in adult mice contributes to preserve
physical function and to increase in muscle fiber size when physical activity is lifelong sustained [45].
In humans, the role of satellite cells in contributing to hypertrophy and to regeneration in the elderly
is not clearly defined, also due to the difficulty of studying muscle regeneration in human subjects.
Satellite cells may be responsible for reduced regenerative muscle potential in older individuals due to
the switching of reversible quiescence into senescence [40]. Interestingly, a recent study has contributed
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to better understanding the role of satellite cells in elderly individuals compared to young ones, in a
regeneration model obtained inducing muscle injury by electrically stimulated eccentric contraction
of the vastus lateralis, followed by 13 weeks of resistance training. Surprisingly, the results clearly
demonstrate that satellite cells increase in young and elderly to a similar extent, confirming a complete
muscle regeneration, whereas the increased number of satellite cells does not enhance hypertrophy in
response to resistance training [46].

Recently, attention has been directed to the role of inflammation in the development of sarcopenia.
Increased inflammation in the elderly, the so-called inflammaging, is driven by the expression of
proinflammatory cytokines activated by transcription factor nuclear factor-kappa B (NF-κB) and
response to oxidative stress and has been considered a crucial mediator of muscle wasting in
sarcopenia [47–49]. Increasing evidence shows that mitochondrial dysfunction is a cause of sarcopenia,
contributing to inflammation via reactive oxygen species (ROS) production and NF-κB activation,
accelerating the aging process of skeletal muscle [50]. The decline of mitochondrial function is a typical
feature of the senescence-associated secretory phenotype of senescent cells, which leads to muscle
wasting [51]. It is not clear if during aging muscle cells undergo an increase of cell senescence that
may contribute to sarcopenia. However, a recent study had attempted to quantify senescent cells in
human skeletal muscle using the phosphorylated form of the histone H2A variant gamma-H2AH
(γH2AX) as a marker of DNA damage. In muscle cell biopsy of young subjects compared to elderly
ones, the latter did not show a significant increase of senescent cells [52]. Interestingly, the same study
demonstrated a higher cells senescence and senescence-associated secretory phenotype in muscle from
obese individuals and in in vitro obesogenic environments, suggesting that DNA damage, which may
reduce the function of the muscle, is more directly linked to obesity than aging.

4. The Role of miRNAs during Skeletal Myogenesis in Adults

MRFs expression can be regulated by miRNAs highlighting their involvement in modulating
myogenesis. A set of miRNAs, referred to as myomiRs, such as miR-1, miR-133a, miR-133b, miR-206,
miR-208, miR-208b, miR-486, and miR-499, are highly enriched in muscle fibers [4]. MyomiRs may
modulate size and type transition of muscle fibers in structural adaptation to aging and exercise.
Specifically, miR-499, miR-208 and miR-208b, encoded by intron sequences of myosin heavy chain
genes, have been demonstrated in mice models to participate in a network of miRNAs that regulate not
only myosin expression, but also fiber type genes expression and muscle performance [53]. Skeletal
muscle-specific Dicer knockout in mice results in low expression of specific miRNAs, reduced skeletal
muscle mass, and abnormal myofibers morphology, confirming that a correct maturation of miRNAs
is necessary for muscle development and function [54]. In adult mice, depletion of Dicer has been
demonstrated to reduce the expression of miR-1, miR-133a and miR-206 expression; however, this
reduction had no effect on skeletal muscle mass and phenotype, even after a long-life reduction [55].
In contrast, the reduction of myomiRs after Dicer knockout affects skeletal muscle regeneration [56].
Unexpected results derived by Dicer depletion studies in adult mice skeletal muscle showed that, even
if Dicer expression might be reduced of almost 80%, myomiRs expression was not as much significantly
reduced. This finding opens interest for further studies that may investigate the effectiveness of
Dicer function and myomiRs stability and function in adult muscle. Several reviews have extensively
described the role of miRNAs during embryonal skeletal myogenesis [8,9,57]. Here we report and
discuss the most recent evidence concerning miRNA regulatory network in adults. A selected list of
myomiRs and miRNAs implicated in the different phases of skeletal myogenesis from quiescence to
the proliferation of satellite cells and myofibers differentiation are represented in Figure 1.

4.1. miRNAs Role in the Control of Satellite Cells Quiescence Status

During the first steps of myogenesis or muscle regeneration, miRNAs can affect the expression
of MRFs, Pax3/7 transcription factors and other transcripts that control the cell cycle, playing a key
role in the maintenance of cell quiescence status or in the activation of satellite cells [4,58]. In satellite
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cells of adult mice, the ablation of Dicer results in the interruption of quiescence status and impaired
ability of injured muscle regeneration [59]. The essential role of miRNAs in maintaining stem cells
proliferation is confirmed by the observation that Dicer deletion in adult mice muscle cells causes
apoptosis of proliferating satellite cells [59,60].

Several miRNAs have been found to play a crucial role in the maintenance of satellite cells
in a quiescence status. One of the miRNAs most intensively studied is miR-31, which has been
demonstrated to directly participate in the regulation of myogenic transcription factors. miR-31 has
been reported to downregulate the expression of Myf5 in quiescent satellite cells by sequestering Myf5
in messenger ribonucleoprotein particles (mRNPs) [61]. Activation of satellite cells allows mRNPs
dissociation and the release of Myf5 transcripts that are rapidly translated, promoting the myogenesis
process. Another mechanism by which miRNAs control satellite cells quiescence is by targeting the cell
cycle regulators. Sato and co-workers demonstrated a close link between quiescence and inhibition of
myogenesis in adult satellite cells. miR-195/497 convert the proliferating juvenile muscle satellite cells
into quiescent ones directly targeting cell division cycle 25C (Cdc25) and cyclin D (Ccnd) factors [62].
Conversely, inhibition of miR-195/497 results in the activation of Cdc25 and Ccnd and reduction of
Pax7 expression. Although in silico analyses show no evidence for direct targeting of Pax7 or MyoD
transcripts by miR-195/497, their action on Cdc25/Ccnd transcripts elicit the upregulation of Pax7
and downregulation of MyoD expression, which are characteristics of quiescent adult skeletal muscle
cells [62].

Proliferative expansion of myogenic progenitors is regulated by another miRNA, miR-489, which
has been demonstrated to inhibit the expression of the oncogene Dek that regulates cell proliferation
and mRNA splicing. miR-489 is highly expressed in quiescent satellite cells and is downregulated
during their activation. Induced expression of Dek during asymmetric division of satellite cells
promotes the transient proliferative expansion and differentiation of myogenic progenitors, whereas
Dek is absent in self-renewing cells [60].

A new regulatory axis that controls the satellite quiescent cells transition to their activated state
involving Notch, miR-708 and Tensin 3 (Tns3) has been recently proposed [63]. Notch signaling
is known to stimulate the proliferation and to inhibit the differentiation of muscle satellite cells.
Notch-mediated induction of miR-708 transcription allows the inhibition of Tns3 transcript, a regulator
of cell migration. Low levels of Tns3 mediated by miR-708 allow the anchored quiescent status of
satellite cells. Upon activation of satellite cells, Notch and therefore miR-708 are downregulated,
resulting in high levels of Tns3 and the migration of activated cells, suggesting that suppression of the
migratory ability is essential for maintaining the quiescent status of stem cell within its niche, where
miR-708 acts as a gate-keeper of quiescence [63].

4.2. miRNAs Role in Myogenesis

Once satellite cells are activated, they first undergo a rapid and short step of cell proliferation
followed by a phase of cell differentiation. In skeletal muscle, the processes of proliferation and
differentiation are mutually exclusive. Indeed, various miRNAs here described as promoters of cell
differentiation, are also inhibitors of cell proliferation and vice versa. Several miRNAs participate
to satellite cells myogenic differentiation mainly targeting transcripts encoding transcription factors,
cell cycle regulators and cell signaling pathways factors. miR-1/206 family, miR-27b, miR-486 and
miR-133b have been demonstrated to downregulate the expression of the transcription factors Pax3/7
allowing satellite cell activation [64–69]. The reduction of Pax7 protein levels is mediated by miR-1 and
miR-206 in activated satellite cells. Overexpression of miR-1 and miR-206 has been demonstrated to
restrict the proliferative potential of satellite cells and to accelerate their myogenic differentiation [65].
miR-1 and miR-206 have also been reported to target Pax3, which leads to the timely expression
of myogenin expression in committed myoblasts [68]. A model of miR-1/206 function that requires
an initial step of Pax3-mediated MRFs activation to induce the expression of miR-1/206, which in
turn repress Pax3 in a negative feedback loop, has been proposed [68]. A recent study identified the
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glucose-6-phosphate dehydrogenase (G6PD) gene as a new target of miR-206 [70]. Suppression of G6PD
by miR-206 results in the inhibition of muscle cell proliferation and cell cycle arrest in G0/G1 phase.
In addition to miR-1/206, miR-27b, and miR-486 have been also demonstrated to promote satellite
cells differentiation downregulating Pax proteins expression. Overexpression of miR-27b results in a
specific downregulation of Pax3, not effecting Pax7 expression. In vivo analyses revealed that injection
of miR-27b antagomirs at a site of muscle injury alters levels of Pax3 and affects the regeneration
of injured muscle [64], suggesting the possibility to modulate the Pax gene expression by miRNA
injection as a new challenge in the development of therapeutic strategies against muscle damage.

In an additional study, Dey and colleagues propose an intricate regulatory network between
Pax7, miR-486 and miR-206 [67]. Pax7 expression in the satellite cells differentiation step mediates
the activation of the inhibitor of DNA Binding 2 (Id2) factor, which suppresses MyoD-mediated
transcriptional activation of miR-486 an miR-206. Conversely, in a MyoD-dominated state, the
upregulation of miR-486 and miR-206 allows repression of Pax7 and Id2, allowing a shift of the
equilibrium toward the MyoD-active myotube state.

Both miR-1 and miR-133 have been associated with skeletal myogenic processes. miR-1 and
miR-133 are clustered on the same chromosomal loci (miR-1-1 and miR-133a-2 on chromosome
20, miR-1-2 and miR-133a-1 on chromosome 18) and transcribed together as a single transcript,
becoming then two mature miRNAs that suppress different target genes. An early study revealed that
increased levels of miR-1 promote myogenesis by suppressing the expression of histone deacetylase 4
(HDAC4) [71]. HDAC4 has been shown to inhibit muscle differentiation, mainly reducing myocyte
enhancer factor 2 (MEF2), suggesting that miR-1 mediated suppression of HDAC4 may promote cell
differentiation. If the miR-1 activity in promoting cell differentiation is commonly accepted, the effect
of miR-133 activity in the skeletal myogenic process is more debated. At first, it has been demonstrated
that miR-133a suppresses the expression of serum response factor (SRF), a central regulator of muscle
cells proliferation and differentiation, enhancing myoblast proliferation. Further studies suggest that
miR-133 may reduce myoblast proliferation, inducing myoblasts cell differentiation directly targeting
the transcription factor Sp1 [72]. In addition, miR-133 may suppress extracellular signal-regulated
kinases ERK1/2 expression, through targeting FGFR1 and PP2AC, which are part of a pro-proliferation
signaling cascade [73]. Recently, it has been demonstrated that Wnt3, a member of the Wnt signaling,
well-known to promote myoblast differentiation, increases the expression of miR-133b and miR-206,
but does not influence the expression of miR-1 and miR-133a [69]. miR-133b targets Pax7, suppressing
its expression more efficiently than miR-206 by targeting a site adjacent to the miR-206 binding site in
the Pax7 3′UTR [69].

Other miRNAs have been implicated in the promotion of myogenic differentiation targeting
specific cell signaling pathways and cell cycle regulators. Early studies revealed that the upregulation
of two specific miRNAs, miR-26a and miR-214 during myogenesis correlates with a decline in the
expression of enhancer of zeste homolog 2 (Ezh2), a chromatin-modifying enzyme that negatively
regulates myogenesis [74,75]. miR-26a has also been found to be upregulated in both mice and
human skeletal muscles and it has been demonstrated to inhibit transforming growth factor-beta
(TGFβ) signaling by targeting Smad1 and Smad4 [76]. Alteration of TGFβ signaling pathway, whose
members are potent inhibitors of myoblasts differentiation mainly affecting the expression of MyoD
and myogenin, is a strategy adopted by various miRNAs to regulate myogenesis. Furthermore,
miR-675 has been shown to target Smad1, Smad5, and cell division cycle 6 (Cdc6) promoting cell
differentiation [77].

Specific miRNAs have also been demonstrated to promote myogenesis by suppressing the
expression of various targets belonging to the inflammatory NF-κB signaling pathway. It has
been demonstrated that miR-29 targets YY1 (yin yang 1), a transcription factor downstream of the
NF-κB signaling and YY1 binding protein (Rybp), participating to a feedback loop mechanism that
ensure myogenic differentiation. YY1 and Rybp act together to impair myogenesis by suppressing
the expression of myogenic genes. They form a repressive complex Rybp/YY1/Ezh2/HDAC4 that
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epigenetically inhibits miR-29. Upon myogenesis, MyoD/SRF displace this repressive complex
promoting miR-29 expression and myogenic differentiation [78,79].

miR-322/424 and -503 have been demonstrated to repress the expression of cell division cycle 25A
(Cdc25A) protein phosphatase during myoblast C2C12 differentiation [80].

More recently, miR-17 and miR-19 have been demonstrated to act in concert to promote cell
differentiation and muscle regeneration after injury in vivo [81]. miR-17 mediates repression of
regulators of cell proliferation, such as the cyclin Ccnd2 and the tyrosine kinase protein Jak1, and
regulators of cell fusion and repressors of cell motility, such as the small G protein Rhoc. Furthermore,
the miR-17 expression has been shown to correlate to the upregulation of the transcription factors
Myh3 and MyoD1 [81].

An additional regulatory feedback loop involving miRNAs in promoting satellite cells
differentiation has been demonstrated to reduce MyoD family inhibitor (MDFI) expression. miR-27b
has been shown to inhibit the proliferation of pig satellite cells and to promote their differentiation
in vitro, through the suppression of MDFI [82]. MDFI hides the nuclear localization signal of MyoD
family protein, leading to the accumulation of transcription factors in the cytoplasm. In mouse models,
the suppression of MDFI expression promotes muscle regeneration after injury. MDFI has been also
demonstrated to take part of a regulatory circuit in which the proto-oncogene FOS inhibits the expression
of MDFI, which, in turn, promotes MyoD-induced differentiation. MyoD upregulates the miR-501-3p
muscle-specific miRNA, which dampens FOS expression promoting myoblast differentiation in a
negative regulatory feedback loop mechanism [83].

As expected, miRNAs not only participate in the promotion of myogenic differentiation, but they
also inhibit this process suppressing MRFs expression. The overexpression of miR-124 is associated
with low levels of myogenic transcription factors such as Myf5, MyoD, and myogenin [84]. A
miR-221/222-MyoD-myomiRs regulatory pathway has been demonstrated to regulate the expression of
miR-1, miR-133 miR-206, myomiRs in C2C12 cell models. [85]. In addition to MRFs, miRNAs may also
inhibit factors belonging to the Mef2 family, which is composed of transcription factors that regulate
the myogenic process in concert with MRFs. In vitro experiments demonstrated that miR-155 directly
represses the expression of MEF2A isoform, contrasting cell differentiation [86].

Furthermore, selected miRNAs have been demonstrated to inhibit the myogenic differentiation
acting on TGFβ and Wnt/β-catenin signaling. The myomiR miR-499 may inhibit TGFβ-receptor 1,
promoting the proliferation of C2C12 cells [87], whereas miR-216a targets Smad7, a member of the
inhibitory Smads family that can specifically inhibit TGFβ pathway and bovine primary muscle cells
differentiation [88]. Inhibition of cell self-renewal progression of muscle precursors in the myogenic
lineage has been attributed to miR-143-3p and miR-664-5p that downregulate Wnt5a, LRP5, Axin2,
β-catenin and Wnt1 expression [89,90].

An additional mechanism by which satellite cells may contribute to muscle fiber adaptation
influencing extracellular matrix related gene expression is the release of extracellular vesicles, such
as exosomes [91,92]. Exosomes are small cell-secreted endocytic membrane-derived vesicles that
contribute to cell-to-cell communication, transporting proteins, DNA, mRNA, miRNAs. During
skeletal muscle modeling, miR-206 has been demonstrated to be secreted via exosomes by skeletal
muscle myogenic progenitor cells and to target the ribosomal binding protein Rrbp1, which regulates
the collagen expression in the extracellular matrix [60]. The relevant role of miRNAs delivered by
extracellular vesicles in muscle fiber hypertrophy has been further demonstrated in mice in response
to mechanical load. Not only mir-206 is enriched in vesicles derived by primary myogenic progenitor
cells, but also several additional miRNAs, including mi-24, miR-149, mir-486, let-7e, miR-133 a/b and
miR-320. All these miRNAs are known to regulate the process of extracellular matrix remodeling,
reducing the expression of extracellular matrix-related genes such as matrix metalloproteinase 9
Mmp9 [93].
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5. Role of miRNAs in Skeletal Muscle Aging and Sarcopenia

Several studies have demonstrated that miRNAs are implicated in the alteration of skeletal muscle
homeostasis and function during aging. Comparative studies in young and old muscle tissues of
rodents, monkeys and humans showed differential expression of several miRNAs involved in the
control of the myogenic processes [94–96]. The differentially expressed miRNA during aging, target
factors that regulate cell cycle progression, the insulin-like growth factors (IGFs), factors involved in
the process of cell senescence such as SIRT1 and telomerase reverse transcriptase (TERT), and factors
of the transforming growth factor-β (TGF-β) cell signaling pathways (Figure 2).
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miRNA expression profile analyses of skeletal muscle biopsy samples of healthy adults
demonstrated that precursor of myomiRs miR-1, miR-133a, and miR-206 are upregulated in older
subjects compared with younger ones [94]. This difference is not detected when analyzing the
expression of mature miRNAs, suggesting that the maintenance of mature myomiRs might be useful
to counteract muscle loss associated with aging. Higher expression of two miRNAs of the let-7 family,
Let-7b and Let-7e, has been demonstrated in the elderly compared to young adults [97]. It has been
proposed that the Let-7 miRNA family expression can reduce satellite cells proliferation in aged skeletal
muscle by targeting regulators of cell cycle progression, such as CDK6, CDC25A and CDC34 [97].

Genome-wide miRNAs profile analyses in aging animal models confirm that miRNAs may be
differentially expressed in old compared to young muscle [95,96]. In old muscle, a specific role has
been attributed to miR-181a lower expression. During muscle differentiation, the miR-181 higher
levels reduce the expression of the homeobox protein Hox-A11, a suppressor of MyoD, resulting in
the upregulation of myogenin and other muscle marker proteins [98]. It has been proposed that the
downregulation of miR-181a in old muscle tissue may lead to restriction of satellite cells proliferation,
allowing a higher expression of activin receptor type IIA (ActRIIA), a member of the TGFβ receptor
family, which suppresses cell proliferation via Smad2/3 phosphorylation [21]. As miR-181a controls the
expression of well-known proinflammatory cytokines such as TNF-α, IL-6, IL-1β, and IL-8 [99], it is
expected that miR-181a downregulation participates to inflammatory processes in the elderly. A more
recent study showed that miR-181a and Sirtuin 1 (SIRT1) protein expression are inversely correlated in
aged mice muscle [100]. Sirtuins have a crucial role in suppressing cellular senescence and extend
longevity by interacting with several age-related signaling pathways such as insulin/insulin-like growth
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factor-1 (IGF-1), AMP-activated protein kinase, and forkhead box O [101]. It is reasonable to speculate
that the downregulation of miR-181a may overcome SIRT1 repression and delay cellular senescence
participating in the autophagic cell mechanisms. SIRT1 is an important regulator of autophagy and
autophagy processes participate in maintaining muscle mass, neuromuscular communication, stem
cell self-renewal and differentiation [102–105].

An additional miRNA, miR-195, has been recently demonstrated to decrease SIRT1 and TERT
expression in old skeletal myoblasts [106]. Inhibition of miR-195 reversed the senescent into the juvenile
phenotype, thus miR-195 may be a potential target for senescent cell fate reversion. Besides, miR-29
and miR-143-3p have been shown to be involved in the regulation of cellular senescence. miR-29
targets IGF-1 and the p85α regulatory subunit of PI3K and miR-29 overexpression is associated with
high levels of the marker of cellular senescence, SA-βgal [107]. miR-143-3p expression is absent in the
satellite cells and primary myoblasts of older mice and humans, whereas its target gene, insulin growth
factor-binding protein 5 (Igfbp5), is present at high levels [108]. Age-related decrease of miR-143
expression may be a compensatory mechanism required to improve the myogenic process impaired by
the concomitant increased levels of Igfbp5 that in turn induces cell senescence [109].

In mice, the ectopic expression of miR-431, which binds to a conserved site on SMAD4 3′ UTR,
has been demonstrated to enhance old myoblasts differentiation and to restore the regeneration of the
tissue, suggesting that miR-431 may play a key role in the maintenance of the myogenic capability of
myoblasts with age [110].

miR-155, which is known to be involved in inflammatory processes, is upregulated in aged
muscle satellite cells [109]. Notch1 normally binds to the promoter region of miR-155, participating
in its suppression. In aged muscle, Notch1 expression is reduced, resulting in higher expression of
miR-155. Both events, Notch 1 downregulation and miR155 overexpression therefore might contribute
to inflammation status and muscle stem cell differentiation process [109].

Increased oxidative stress during aging can lead to muscle loss and function due to the activation
of various catabolic pathways, including apoptosis. Recently, it has been observed that miR-434-3p
is downregulated in the skeletal muscle of aged mice, and its expression negatively correlated with
the levels of eukaryotic translation initiation factor 5A1 (eIF5A1), a factor demonstrated to induce
apoptosis via the mitochondrial apoptotic pathway [111]. Low levels of miR-434-3p has also been
detected in the serum of aged mice, indicating miR-434-3p as a potential biomarker of muscle atrophy
related to age [10].

In sarcopenic people, several studies confirmed an accentuated increase in the expression level
of miR-34a-5p, miR-449b-5p and miR-424-5p [11,112,113]. miR-34a targets cell senescence factors
such as SIRT1 and the Endothelial Growth Factor A (VEGFA) and it should be considered a muscle
aging key factor, whose expression is modulated in the cellular process leading to age-related skeletal
muscle decline [114]. Moreover, in vitro and in vivo experiments show that miR-424-5p regulates the
expression of transcripts that are involved in the synthesis of rRNA and its overexpression reduces the
protein synthesis, a phenomenon that contributes to the loss of muscle mass in sarcopenia and aging,
i.e., “anabolic resistance” [114]. Anabolic resistance may derive from a reduced muscle sensitivity
to anabolic signaling as demonstrated for insulin, IGF-1 signaling, and inhibition of Akt/mToR by
inflammatory signals. miR-424-5p was proposed to contribute to this component of anabolic resistance
based on the evidence that IGF-1 is one of its most enriched targets [112]. Elevated expression of
miR-424 detected in patients with muscle wasting correlates with a reduction of protein synthesis and
loss of muscle mass [112]. The possibility to modulate miRNAs expression could provide potential
therapeutic prospectives to enhance protein synthesis and reduce muscle loss in the elderly.

6. miRNAs Are Regulated by Exercise in Sarcopenia

Skeletal muscle exhibits an extraordinary plasticity dictated by a fine balance between anabolic
and catabolic processes [2]. Muscle composition is influenced by internal and external stimuli (e.g., the
intrinsic cellular aging process or environmental factors) that can accelerate or temporize the functional



Int. J. Mol. Sci. 2020, 21, 6732 10 of 24

muscle impairment associated with aging and the sedentary behavior [15,16,115]. Indeed, aging is
associated with a decrease in muscle protein synthesis [116], mitochondrial dysfunction, as well as a
loss of fast glycolytic fibers and reduced blood perfusion [117–119]. Therefore, older people show a
characteristic weakening, deterioration, and muscle loss, accompanied by microvascular impaired
perfusion and an underlying state of inflammation [47,120]. This turnover is detrimental for healthy
aging but is partially reversible with physical activity [121,122]. To date, lifestyle interventions and
exercise training represent the primary, most effective, and non-pharmacological approach to prevent
and treat sarcopenia-related decline.

Exercise is prescribed with different approaches, including customized type, frequency, intensity,
and duration, to endorse positive outcomes. The most common and studied models of exercise can be
distinguished in endurance and resistance: the latter is characterized by low intensity, long-duration
aerobic activity, the former by higher intensities, short bouts with primary involvement of the anaerobic
pathways. Endurance training is mainly known for its positive effects on the cardiovascular fitness
(i.e., maximal oxygen consumption), but it also induces mitochondrial biogenesis, increases oxidative
enzyme activity with a reduction in ROS generation, promotes muscle vascularization and regulates
vascular tone [123,124]. The changes in muscle metabolism enhance the all-body aerobic fitness capacity
(peak VO2 uptake) and attenuate the age-associated decline in the peripheral and central vasculature
and cardiac functions [125,126]. Considering that the main feature of aging and sarcopenia is muscle
atrophy, resistance exercise training is the most indicated, as it elicits the biosynthesis of contractile and
structural proteins, resulting in muscle hypertrophy [127]. Specifically, resistance training significantly
increases the number and cross-sectional area of type II fibers [123,124]. This improvement in muscle
fibers results in a general improvement in functional capacity, muscular endurance, and quality of
life [20].

miRNA expression may be adapted in response to exercise and altered miRNA profile may
contribute to affect the plasticity of aged muscle [128,129]. Understanding the signaling pathways
regulated by these miRNAs allows to shed light on the molecular mechanisms associated to improved
muscle anatomy and function and may help establish specific protocols of training.

6.1. Exercise Modulates Muscle miRNAs Expression

Several studies have investigated the miRNAs changes to exercise. A comprehensive review of
studies analyzing the miRNAs expression in human serum, plasma, whole blood, saliva, or muscle
biopsy has been recently published [23]. To integrate more information and understand better the
role of exercise on miRNAs expression, in this review, the pure long-duration moderate-intensity
endurance exercise will be differentiated from the high-intensity endurance training. In these terms, a
long-duration moderate-intensity intervention (>30 min @ ~70% VO2max) elicits mainly the aerobic
processes and, if performed for 6 weeks, significantly increases mitochondrial capacity [130]. A
wide gene expression analysis study indicates that 6 weeks of endurance training (4 days/week,
45min @ 70% VO2max) may reduce the expression of miR-1 and miR-133, together with miR-101 and
miR-455 in young healthy adults [131]. On the other hand, medium-duration high-intensity endurance
training utilizes intensities usually above the lactate threshold (~85% to 90% VO2max). The energy
transformation is a combination of aerobic and anaerobic pathways, and the expression of myomiRs
appears different. miR-1, miR-133a, miR-133b and miR-206 were downregulated at rest following 12
weeks of mixed-endurance training (2 days of continuous 60–150 min @ ~60% peak power output
(POpeak), 2 days of interval 70–80 min @ 75–90% POpeak and one day of maximal incremental test)
and return to a high level of expression 14 days after cessation of regular training [132]. Additionally,
increasing even more the exercise intensity, mixed endurance training (45–90 min @ 75% VO2peak) with
high-intensity interval training (HIIT; 6 sets of 5 min @ 90–100% VO2peak) provided evidence that miR-1,
miR-133a, miR-133b and miR-181a levels are increased, whereas miR-9, miR-23a, miR-23b and miR-31
are decreased [133]. Using reporter assays, miR-31 was reported to directly interact with HDAC4,
which belongs to the MAPK pathway, and with Nuclear Respiratory Factor 1 (NRF1), which is involved
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in mitochondrial biogenesis and metabolism. To investigate if different types of exercise, even if all
considered aerobic, have different outcomes on the myomiR expression, different endurance exercise
modalities were explored on a group of young adults [134]. A single bout (90 min) of traditional
non-weight-bearing endurance exercise on a cycle ergometer was compared to a walking trial with
a loaded vest equivalent to the 30% of the individual body mass. MyomiR expression was different
between the two modalities, even if the intensity was matched. The load carriage exercise diminished
miR-1-3p, miR-206, miR-208a-5p, and miR-499 expression, while traditional endurance exercise on
the cycle ergometer increased myomiR expression. In other words, the endurance exercise with a
predominant anabolic part, resulted in diminished myomiR expression [134]. All the aforementioned
studies investigated young adults, and further studies should explore if similar results occur in
elderly people.

As mentioned before, resistance training is the more indicated and effective type of training for
the older population. A limited number of studies have investigated the potential correlation between
the decline of protein synthesis and anabolism of skeletal muscle during aging and the modulation in
miRNA expression [94,135,136]. Representative examples of miRNAs specifically expressed in skeletal
muscle modulate after exercise in young and elderly people are listed in Table 1.

In particular, Drummond et al. studied the impact of an acute resistance training session (8 sets
of 10 repetitions @ 70% 1 maximal repetition (RM)), and for the first time determined that miR-1
skeletal muscle expression is downregulated in young men but not in older men, after stimulation of
muscle protein synthesis [94]. As mentioned above, miR-1 targets many transcripts responsible for
muscle growth and satellite cell function, such as the IGF-1 factor. Reduction of miR-1 expression may
allow the activation of the mTORC1 pathway through IGF-1 signaling that, in turn, increases mRNA
translational efficiency and muscle protein synthesis. The maintenance of miR-1 expression levels in
the elderly results in reduced mTORC1-related intracellular events, which may explain the lack of
anabolic response to the bout of resistance exercise in the elderly [137]. Evidence has been provided that
the levels of thirteen miRNA species, including members of the miR-378, miR-30 and miR-128 families,
were increased following 30 min of acute resistance exercise in adult healthy sedentary people [138].
Of particular interest is the role of miR-378a, which is located within intron 1 of the PPARGC1B gene,
a coactivator of nuclear receptors and other transcription factors that regulate metabolic processes,
including mitochondrial biogenesis and respiration, hepatic gluconeogenesis, and muscle fiber-type
switching [139]. miR-378 isoforms have been implicated in the control of mitochondrial function and
energy balance in mice, suggesting that miR-378 may participate in the adaptation of mitochondrial
function and metabolic balance in the exercise [140]. Mouse models lacking miR-378-3p and -5p, but
leaving the PPARGC1B gene intact, are resistant to diet-induced obesity, thus, the changes seen in
miR-378 in muscle following exercise could also have effects on mitochondrial function and energy
homeostasis [140].

HIIT, but not moderate–intensity continuous training has been shown to modulate the post-exercise
expression of miR-133a, miR-378 and miR-486, all involved in skeletal muscle adaptation to resistance
exercise. HIIT exercises are particularly effective in inducing anabolic responses increasing mTOR
signaling and intermediates phosphorylation [141].
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Table 1. Expression of skeletal muscle miRNAs after exercise reviewed in the text.

Subjects Type of Exercise Duration a MyomiRs Other miRNAs References

Older man(70 yr) Resistance acute exercise bout 3/6 hrs ↓miR-1 [94]

30–35 yr old healthy, trained men Endurance acute exercise bout 1 hr ↑miR-1, miR-133a/b, miR-206 [132]
Endurance training 12 wks ↓miR-1, miR-133a/b, miR-206

18–30 yr old men (low responders) Resistance exercise training 12 wks ↑miR-451,
↓miR-26a, miR-29a, miR-378 [143]

24 yr old young sedentary healthy
men Endurance training 6 wks ↓miR-1, miR-133a ↓miR-101, miR-455 [131]

Males 23 yr old Endurance acute exercise bout 3 hrs ↑miR-1, miR-133a/b, miR-206 ↑miR-181a,
↓miR-9, miR-23a/b, miR-31 [133]

Healthy young (18–30 yr old) and
older (60–75 yr) men Resistance acute exercise bout 2 hrs

Young

[136]
↑miR-486-3p, ↓miR-149-3p, miR-520g-3p,

miR-99b-5p, miR-100-5p

Old

↑miR-499a-5p
↑miR-99a-5p,

↓miR-186-5p, miR-196b, miR-335-5p,
miR-628-5p, miR-489-5p

Young, healthy (22 yr) and old (74 yr)
men

Resistance acute exercise bout 6 hrs
Young [135]

↓miR-133a, miR-133b

↓miR-23b-3p, miR-24-3p, miR-26a-5p,
miR-26b-5p, miR-27a-3p, miR-27b-3p,
miR-29c-3p, miR-30a-5p, miR-30d-5p,
miR-95-3p, miR-126-3p, miR-140-3p,

miR-181a-5p

Older men and women (65–80 yr) Resistance exercise training 5 mos ↓miR-133b [142]

Sedentary Healthy men and women
(31–35 yr old) Resistance acute exercise bout 30 min

↑miR-10a-5p, miR-30a-5p, miR-30d-5p,
miR-22-3p, miR-128, miR-378a-3p,
miR-378f, miR-378a-5p, miR-378g,
miR-378i, miR-422a, miR-532-5p

[138]

Healthy males (23–31 yr old) HIIT or MICT b + RE 1/3 hrs ↓miR-486, miR-133a ↓miR-378 [141]

25 adults (18–27 yr old)
Endurance single 90 min

exercise bout (Load carriage
or cycle ergometry)

Immediately/3 hrs ↓miR-1-3p, miR-206,
miR-208a-5, miR-499 [134]

a hrs, hours; mos, months; min, minutes; yr, year; wks, weeks. b High-intensity interval training (HIIT) or moderate-intensity continuous training (MICT); Resistance Exercise (RE).
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In agreement, Rivas et al. identified several miRNAs that are differentially expressed in young
men, after an acute session of resistance exercise (6 sets of 10 reps @ 80% 1RM), whereas they did not
show differences in older adults [135]. In vitro analysis demonstrated miR-126-3p, belonging to the
differentially expressed miRNA, regulates the expression of Akt/forkhead box protein O1 (Foxo1),
MyoD, MyF5 and factors of the IGF-1 signaling, suggesting its role in the control of muscle protein
synthesis pathways related to aging. miRNA that regulates several members of the Akt-mTOR
signaling, such as miR-99a-5p, miR-99b-5p, miR-100-5p, miR-149-3p, miR-196b-5p, and miR-199a have
also been demonstrated to be differentially expressed in older men compared to the young, in response
to acute resistance exercise (3 sets of 14 reps @ 60% 1RM); this confirmed the relevance of the Akt-mTOR
signaling in aging-related muscle plasticity [136]. Since weakened Akt-mTOR signaling activation is
associated with the progression of muscle wasting during aging, altered miRNA expression profile
following acute anabolic stimulus may contribute to the progressive weakening of skeletal muscle in
the elderly, contributing to the onset of sarcopenia. In a study that analyzed the effects of 5 months of
resistance training (3 days/week, 3 sets of 10 reps @ 70% 1RM) on older adults, the expression levels of
the myomiR miR-133b was decreased in muscle tissue [142].

From a study analyzing the hypertrophic response of young individuals that performed 12 weeks
of intense resistance exercise training (RT), recruited subjects have been recognized and classified as
“low responders” or “high responders” to the training [143]. Following the resistance exercise training,
miR-451 levels resulted increased, whereas miR-26a, miR-29a and miR-378 expression were decreased
only in the “low responders”. The reduced expression of miR-26a, miR-29a and miR-378 correlate to
IGF-1 mRNA and increased only in the “high responders” group. The IGF-1 mRNA levels remained
unchanged in the low-responder group post-training, suggesting that changing in the miRNA profile
may be a compensatory mechanism for the lack of key target genes providing mRNA substrate to
protein synthesis machinery. Thus, it has to be taken into account that exercise training always has
an influence, but the level of intensity dictates the response and, consequently, the expression of
the miRNAs.

6.2. Exercise Modulates Circulating miRNAs Expression

Although miRNAs are mainly detected in the intracellular environment, a great number
of miRNAs, known as circulating miRNAs, have also been found in various biological fluids,
such as blood, urine, and saliva, and are transported as signaling molecules to mediate cell-cell
communications [144]. Determining the circulating miRNAs levels may be useful for the estimation
of muscle function, recognizing them as non-invasive candidate biomarkers of sarcopenia or other
skeletal muscles-associated disorders.

Differential expression of circulating miRNAs may represent a marker of response to gene
expression regulation derived by environmental adaptation, including exercise. In plasma or serum,
miRNAs are detectable in a remarkably stable form, encapsulated into the extracellular vesicles such
as microvesicles, exosomes, apoptotic bodies or bound to RNA-binding proteins or high-density
lipoproteins, making them resistant to RNase digestion. Circulating miRNA have been suggested
to be mediators of gene expression, allowing cell-to-cell communication. Moreover, they have been
suggested as potential non-invasive biomarkers to reveal muscle function and adaptation to exercise
in the elderly [145–147]. In the frailty geriatric syndrome in addition to sarcopenia, mitochondrial
dysfunction, oxidative stress, aging-related loss of anabolic hormones, decreased peripheral perfusion
and chronic inflammation (inflammaging) are reported that could be associated with altered presence
of circulating miRNAs [148–151].

A recent study observed that miR-21 levels were increased in frailty condition, whereas miR-146a
were downregulated [152]. A decrease of miR-146a expression in frailty has been shown to induce
NF-κB-dependent inflammation. Moreover, an increase in miR-483 level, which regulates the synthesis
of the anti-aging hormone, melatonin, has been reported in frail patients [152].
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The altered miRNA profile has also been demonstrated by comparing the expression of
exosome-derived miRNA isolated from the plasma of young adults, robust, and frail elderly people [153].
The expression of a group of eight miRNAs (miR-10a-3p, miR-92a-3p, miR-185–3p, miR-194–5p,
miR-326, miR-532–5p, miR-576–5p, and miR-760) was found altered with higher expression in frail
older individuals. These miRNAs are predicted to be implicated in aging pathways such as the insulin
signaling pathway, the AMPK signaling pathway, and the FoxO signaling pathway.

Altered expression of circulating miRNAs have been demonstrated in response to acute and
chronic exercise, and have been extensively described in a recent review [154].

The lack of anabolic response to resistance exercise in the elderly can be found in the altered
expression of circulating miRNA profile [140]. Nine circulating miRNAs (miR-19b-3p, miR-195-5p,
miR-19a-3p, miR-106-5p, miR-20a-5p, miR-17-5p, miR-143-3p, miR-26b-5p, miR-93-5p) show a greater
expression in younger compared to older subjects after exercise. Bioinformatics analyses of the
potential targets of these miRNAs, showed the absence of factors involved in anabolic signaling,
IGF-1, and mTOR signaling in older subjects, suggesting that a downregulation of these circulating
miRNAs is indicative of “anabolic resistance” in elderly [155]. In addition to exercise, energy restriction
influences the expression of circulating miRNAs that are inversely associated with whole-body protein
synthesis [156]. Circulating miRNAs modulated by the exercise in the elderly are listed in Table 2.

A recent study has demonstrated that comparing two groups, one of older adults with at least 5
consecutive years of endurance-trained and one of sedentary males (≤1 day/weeks exercise), regular
exercise significantly increased the expression of three miRs present in the exosomes, named exomiRS
(miR-486-5p, miR-215-5p, miR-941) and decreased the expression of one exomiR (miR-151b) [160].
Acute exercise altered circulating exomiR expression in both trained groups. Pathway analysis
prediction and validation experiments reported that the majority of exercises regulated exomiRs target
transcripts of genes that are related to IGF-1 signaling [160].

Modified expression of circulating miRNAs has also been shown to correlate with exercise and
diet weight loss intervention. Circulating miRNA-221 and -223 were found to be modulated following
exercise and diet [159]. Studies on male marathon runners have demonstrated that prolonged aerobic
exercises may change the expression of circulating miRNAs, such as miR-126 and miR-133, which may
be potentially used as biomarkers of acute responses to physiological stress [157,158].

Further studies that will analyze the expression of circulating miRNAs in aging and in the
adaptation to a healthy lifestyle, such as dietary choices and exercise may provide knowledge on the
molecular mechanisms that sustain skeletal muscle structure and functionality.
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Table 2. Circulating miRNAs differentially expressed in elderly compared to healthy young after exercise.

Subjects Type of Exercise Duration a c-miRNAs b Reference

Male marathon runners
(51.6–62 yr old)

Endurance acute exercise
bout 30 min/4 hrs Immediately post-exercise:

↑miR-126, miR-133 [157]

Male marathon runners
(50.4–53.2 yr old)

Endurance acute exercise
bout

Immediately post/up to 24
hrs

Immediately post exercise:
↑miR-1, miR-126, miR-133a, miR-134, miR-146a, miR-208a,

miR-499-5p
[158]

Healthy, inactive, young
(21–23 yr) and old (72–76 yr)

Resistance acute exercise
bout 6 hrs

Young
↑miR-19b-3p, miR-195-5p, miR-19a-3p, miR-106-5p,

miR-20a-5p, miR-17-5p, miR-143-3p, miR-26b-5p, miR-93-5p
[155]

Low (40.6–52 yr) and high
(42–54.4 yr) responding men
and women to a weight loss

intervention

Resistance exercise
training and diet

intervention
16 wks

Both groups:
↑221-3p, 223-3p

Only Low responder:
↑miR-140

[159]

Older trained and older
sedentary men (>65 yr old)

Endurance acute exercise
bout

40 min

Trained group

[160]Immediately post exercise
↑miR-383-5p, miR-339-5p,

miR-874-3p
↓miR-206, miR-486-5p,
miR-148a-3p, let-7b-5p

3 hrs post
exercise↑miR-34b-3p,

miR-129-2-3p, miR-138-1-3p,
miR-671-3p, miR-885-5p
↓miR-486-5p, miR-629-5p,

miR-16-2-3p

Sedentary group

Immediately post exercise
↑miR-505-3p, miR-29b-3p,

miR-203a-3p, miR-384,
miR-451a, miR-223-3p,

miR-218-5p, miR-495-3p

3 hrs post exercise
↓miR-4433b-3p, miR-378c,

miR-151b, miR-151a-5p, hsa-
miR-151b

a hrs, hours; mos, months; min, minutes; yr, year; wks, weeks. b c-miRNAs, irculating miRNA.
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7. Conclusions

Sarcopenia-related muscle dysfunction significantly affects life quality of elderly people. Skeletal
muscle development, homeostasis, and metabolism during aging undergo changes in terms of gene
expression regulation in which miRNAs have been demonstrated to play a crucial role. With aging,
the altered expression profile of miRNAs that regulate the central processes of muscle cell biology
contributes to the loss of muscle mass. Further studies on the molecular mechanisms of regulation of
miRNAs during the multiple steps of skeletal myogenesis, as well as in sarcopenic/atrophy conditions
will shed light to our knowledge on the functionality of skeletal muscle and on the identification of
potential targets for therapies. Detection of circulating miRNAs in serum and plasma that can mirror
skeletal muscle status is a potential opportunity to identify non-invasive biomarkers to improve clinical
diagnosis and prognosis of sarcopenia.
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Brzeziańska-Lasota, E. MicroRNA Profile and Adaptive Response to Exercise Training: A Review. Int. J.
Sports Med. 2019, 40, 227–235. [CrossRef] [PubMed]

23. Da Silva, F.C.; da Rosa Iop, R.; Andrade, A.; Costa, V.P.; Filho, P.J.B.G.; da Silva, R. Effects of Physical Exercise
on the Expression of MicroRNAs: A Systematic Review. J. Strength. Cond. Res. 2020, 34, 270–280. [CrossRef]
[PubMed]

24. Zhou, Q.; Shi, C.; Lv, Y.; Zhao, C.; Jiao, Z.; Wang, T. Circulating MicroRNAs in Response to Exercise Training
in Healthy Adults. Front. Genet. 2020, 11, 256. [CrossRef] [PubMed]

25. Alles, J.; Fehlmann, T.; Fischer, U.; Backes, C.; Galata, V.; Minet, M.; Hart, M.; Abu-Halima, M.; Grässer, F.A.;
Lenhof, H.P.; et al. An estimate of the total number of true human miRNAs. Nucleic. Acids Res. 2019, 47,
3353–3364. [CrossRef]

26. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and
Circulation. Front. Endocrinol. (Lausanne) 2018, 9, 402. [CrossRef]

27. Rodriguez, A.; Griffiths-Jones, S.; Ashurst, J.L.; Bradley, A. Identification of mammalian microRNA host
genes and transcription units. Genome Res. 2004, 14, 1902–1910. [CrossRef]

28. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef]
29. Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the Seed Supports

MicroRNA Targeting Specificity. Cell 2016, 64, 320–333. [CrossRef]
30. Slack, F.J.; Chinnaiyan, A.M. The Role of Non-coding RNAs in Oncology. Cell 2019, 179, 1033–1055. [CrossRef]
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Abstract 

Background: NorthCape4000 (NC4000) is the most participated ultra-endurance cycling race. Eight healthy male 
Caucasian amateur cyclists were evaluated: (a) before starting the preparation period; (b) in the week preceding 
NC4000 (after the training period); (c) after NC4000 race, with the aim to identify the effects of ultra-cycling on body 
composition, aerobic capacity and biochemical parameters as well as on the differentiation of progenitor cells.

Methods: Bioelectrical impedance analysis (BIA) and dual energy x-ray absorptiometry (DEXA) assessed body com-
position; cardiopulmonary exercise test (CPET) evaluated aerobic capacity. Differentiation of circulating progenitor 
cells was evaluated by analyzing the modulation in the expression of relevant transcription factors. In addition, in vitro 
experiments were performed to investigate the effects of sera of NC4000 participants on adipogenesis and myo-
genesis. The effects of NC4000 sera on Sestrins and Sirtuin modulation and the promotion of brown adipogenesis in 
progenitor cells was investigated as well. Two-tailed Student’s paired-test was used to perform statistical analyses.

Results: We observed fat mass decrease after training as well as after NC4000 performance; we also recorded that 
vitamin D and lipid profiles were affected by ultra-cycling. In addition, our findings demonstrated that post-NC4000 
participant’s pooled sera exerted a positive effect in stimulating myogenesis and in inducing brown adipogenesis in 
progenitor cells.

Conclusions: The training program and Ultra-cycling lead to beneficial effects on body composition and biochemi-
cal lipid parameters, as well as changes in differentiation of progenitor cells, with significant increases in brown adipo-
genesis and in MYOD levels.

Keywords: Ultra-cycling, Training, Progenitor cells, Transcription factors, Body composition, Fat mass, Aerobic 
capacity, Biochemical parameters
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Background
In recent years, a trend towards greater participation and 
better performance times in ultra-endurance cycling has 
been recorded, despite the increasing average age of par-
ticipants [1, 2].
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Ultra-cycling performances lead to important energy 
deficit, especially in master athletes, due to the physi-
ological impossibility of maintaining a positive balance 
with caloric replenishment [3]. In fact, a prolonged 
energy deficit is the main mechanism involved in fat 
mass (FM) loss [4].

Discrepancies regarding weight loss and possible lean 
mass alterations in ultra-endurance emerge in the litera-
ture. FM and fat-free mass (FFM) were analyzed before 
the Swiss-cycling Marathon with the aim to character-
ize competitive ultra-cyclers [5]. Variations in these 
parameters were evaluated in races like XX Alps 2004, 
with decrease in both FM and FFM using skin-folds 
method [6]. The same results were observed using Dual-
Energy X-ray Absorptiometry (DEXA) after an 8,835 km 
mountain bike race [7]. However, others highlighted an 
increase in lean mass after an 883 km 6-days cycling stage 
race [8]. Bioelectrical Impedance analysis (BIA) showed a 
reduction in FM and an increase in body mass and FFM 
after 1000  km laboratory-based nonstop cycling, prob-
ably due to liquid retention [9]. Total body water also 
increased after a 600  km ultra-cycling race, which lead 
to a reduction in FM but no decrease in skeletal muscle 
mass (MM) measured with skin-folds method [9].

Little is known whether FM and lean mass modifi-
cations persist after a short period of recovery and if 
these modifications are related to aerobic capacity (e.g. 
VO2max): in fact, some authors reported a VO2max 
decrease [7] while others reported no significant changes 
[10].

Ultra-endurance might also lead to blood biochemi-
cal parameters alterations, including liver enzymes, cre-
atinine, and lipid profile; anyhow in general, only case 
reports on ultra-cycling [7] and data on a small number 
of elite athletes [11] are available. On the other hand, few 
studies have reported that low vitamin D levels may be 
associated with musculoskeletal injuries, and that sup-
plementation could improve performance [12], but to 
the best of our knowledge, nobody has evaluated pos-
sible vitamin D alterations in ultra-endurance cycling 
performance.

Despite the growing interest in amateur sports, few 
studies have been conducted in this field aiming at the 
evaluation of ultra-endurance exercise effects on health. 
In particular, changes in FM and LM and their possible 
association with markers of muscle and adipose cells 
metabolism following ultra-endurance races are not 
deeply understood. A comprehensive analysis on train-
ing parameters and aerobic capacity may help to clarify 
these modifications. Therefore, the aim of this study was 
to evaluate the effects of both preparation and competi-
tion of a 4400 km ultra-cycling adventure on body com-
position, aerobic capacity and biochemical parameters, 

and their possible association with circulating progeni-
tors commitment in order to evaluate the impact of 
such physical exercise in the prevention of degenerative 
diseases.

Awareness of the impact of such physical efforts may 
set amateur sportsmen towards a more mindful and per-
sonalized training.

Methods
The race
NorthCape4000 (NC4000) is the most participated ultra-
endurance unsupported cycling adventure.

The 4th edition began July, 24th, 2021. It covered 
4,400 km and an elevation gain of 40,000 m and consisted 
of an unsupported, non-drifting race, where participants 
arrived to North-Kapp (NRW), starting from Rovereto 
(ITA), passing through 4 mandatory checkpoints (Lake 
Balaton, Krakow, Riga, Rovaniemi). Organizers set a 
completion time limit of 22 days.

Monitored temperature fluctuations were between 32° 
and 7 °C.

Participants
Eight healthy male amateur Caucasian cyclists 
(47.5 ± 13.5 years) who attended the NC4000 4th edition 
were contacted via social media and underwent clini-
cal evaluation, bioelectrical impedance analysis (BIA), 
cardiopulmonary exercise testing (CPET) and veni-
puncture for blood samples collection, before the prep-
aration period (BPP), from 21st Dec 2020 to 2nd Mar 
2021), the week before NC4000 (BN) and up to 10 days 
after NC4000 (AN). Dual energy x-ray absorptiometry 
(DEXA) was taken BN and AN. All data reported during 
NC4000 were assessed at the visit AN.

The study was approved by the ethical committee of 
Azienda Ospedaliera Universitaria Integrata of Verona, 
Italy (number 1538; Dec. 3, 2012; local ethical commit-
tee of Azienda Ospedaliera Integrata di Verona). The 
study design and methods comply with the Declaration 
of Helsinki.

Cyclists gave their voluntary written consent before the 
procedures.

Clinical evaluation and questionnaires
All subjects underwent clinical evaluation to exclude any 
condition that might have altered performance or labora-
tory tests results.

BPP and BN training was reported as the mean of num-
ber of sessions per week, total kilometers per week and 
hours per week in the previous 3 months.

Sleeping hours per night, coffee and alcohol intake 
(measured as standard drinks) were also reported.
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Body composition measures
Total body dual-energy X-ray absorptiometry (DEXA) 
was taken BN and AN to measure total (FM) and seg-
mental fat (truncal FM), visceral adipose tissue (VAT) 
and lean mass (LM) (QDR Discovery Acclaim; Hologic, 
Waltham, MA, USA). DEXA’s body composition analy-
sis were the same as previously described [13].

Tetra-polar dual frequency BIA (InBody 120; Cerritos, 
USA) was used BPP, BN and AN to measure weight and 
to estimate FM, FFM, and MM. Impedance measure-
ments were performed after voiding, in the morning after 
at least 24 h of rest, with the athlete barefoot, standing in 
an upright position, in light cycling wear. Two measures 
were taken each time for each subject and the mean value 
was reported. Body height was measured to the nearest 
0.5 cm while subjects stood barefoot.

Blood samples collection
Blood samples were collected in the morning BPP, 
BN, AN. Biochemical parameters considered in this 
study were: ALT, AST, creatinine, 25-hydroxy vitamin 
D  (Liaison® Assay, DiaSorin, Italy), total cholesterol, 
HDL, LDL, triglycerides concentrations.

Circulating progenitor cells (CPCs)
We isolated CPCs from heparinized blood, as previ-
ously reported [14]. After the collection of peripheral 
blood mononuclear cells (PBMCs) by a gradient cen-
trifugation (800 × g for 30  min at 20  °C), we removed 
the unwanted hematopoietic cells by using a RosetteSep 
antibody cocktail (Stemcell Technologies Inc., Vancou-
ver, Canada), according to manufacturer’s instructions. 
Collected cells were washed in phosphate-buffered 
saline (PBS) and phenotype analyses were performed as 
previously described [14].

In Vitro Myogenic Differentiation.
Human Skeletal muscle cells (SKMC) were obtained from 
PromoCells (C-12580; PromoCell, GMBH Heidelberg, 
Germany). SKMCs were cultured with Skeletal Muscle 
Cell Growth medium (Low serum) (C-23060PromoCell, 
GMBH Heidelberg, Germany) and differentiated by using 
Skeletal Muscle Differentiation Medium Supplements 
(C-23061; PromoCell, GMBH Heidelberg, Germany), as 
we previously reported [15]. Differentiating SKMCs were 
cultured with or without pooled sera of participants at 
5% final concentration. The medium was changed every 
3 days after initial plating.

RNAs extraction and reverse transcription
146b and 34a miRNAs were extracted from PBMCs 
by using miRNeasy kit (Qiagen, Hilden, Germany), 

accordingly to manufacturer’s instruction. Total RNA 
from CPCs or differentiating cells was extracted with 
the “RNeasy® protect mini kit” (Qiagen, Hilden, Ger-
many), following the manufacturer’s protocol and 
quantified by a Qubit™ 3 fluorometer using a “Qubit™ 
RNA HS assay kit (Invitrogen, Carlsbad, USA). Two 
micrograms of the extracted RNAs were reverse tran-
scribed by using the TaqMan microRNA Reverse Tran-
scription kit (Thermofisher Corporation, Waltham, 
MA, USA) or the First Strand cDNA Synthesis kit (GE 
Healthcare, Little Chalfont, UK), as previously reported 
[15]. RNA and cDNA samples were stored at − 80 °C.

Real time RT–PCR
For miRNA or RNAs expression analysis we used Real-
time PCR using TaqMan Universal PCR Master Mix 
(Thermofisher Corporation, Waltham, MA, USA) and 
TaqMan pre-designed probes for each gene (RUNX2, 
hs00231692_m1; sestrin1, hs00902782_m1; miR-146b-5, 
PN4440886; miR-34a, PN4427975; U6 snRNA, 001,973; 
MYOD, Hs00159528_m1; PPARG2, hs01115513_m1; 
ACTB, Hs99999903_m1). Ct values for each reaction 
were calculated by using TaqMan SDS analysis software 
(Applied Biosystems; Foster City, California, USA) and 
the relative gene expression levels between different sam-
ples, was analyzed by using the  2 − ΔΔCT method, as previ-
ously reported [14].

Western blotting
Ripa buffer (Thermo Fisher Scientific, Waltham, 
MA,USA) was used to extract the protein and concen-
trations were calculated with BCA assay (Thermo Sci-
entific, Waltham, MA, USA) as previously reported [14]. 
Protein samples were diluted in Laemmli’s sample buffer 
(Biorad, CA, US) and heated for 5 min at 95 °C, and then 
separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS PAGE). Proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) membranes 
(Thermo Fisher Scientific, Waltham, MA, USA). PVDF 
membranes were probed with the primary (antiMyoD 
(MA1-41,017; Thermo Scientific, Waltham, MA, USA); 
β ACTIN (BA3R; Thermo Scientific, Waltham, MA, 
USA); sirtuin (PA5-23,063; Invitrogen, Waltham, MA, 
USA); SESN1 (PA5-98,142; Invitrogen, Waltham, MA, 
USA); SESN2 (ab-178518; Abcam, Cambridge, MA); p53 
(2524; Cell Signaling Technology, Danvers, Massachu-
setts, USA); p21 (M7202; Dako, Denmark A/S); UCP1 
(ab-10983; Abcam, Cambridge, MA)) and secondary 
antibodies Anti-mouse (7076; Cell Signaling Technol-
ogy) and Anti-rabbit (7074, Cell Signaling Technology). 
Signals were detected with a chemiluminescence rea-
gent (ECL, Millipore, Burlington, MA, USA) and images 
were recorded using a LAS4000 Digital Image Scanning 
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System (GE Healthcare, Little Chalfont, UK). Densito-
metric analysis was performed as we previously reported 
[16].

Cardiopulmonary exercise test (CPET)
CPET was carried out on a cycle ergometer with clip-on 
pedals  (Monark®, LC6 Novo; Vansbro, Sweden), using 
a gas analyzer  (COSMED® Quark PFT; Milan, Italy). 
Ventilation per minute (VE), oxygen uptake (VO2), car-
bon dioxide production (VCO2), first (VT1) and sec-
ond (VT2) ventilatory thresholds and maximal oxygen 
uptake (VO2max) were assessed. VT1 was determined 
by V-slope method and VT2 by ventilatory equivalent 
method. Subjects performed a ramp test protocol with 
increments of 15, 20 or 25 W per minute until volitional 
exhaustion. The protocol was chosen based on age and 
training, as to reach at least 8 min of incremental phase 
[17] and a 6–20 modified Borg scale was used [18]. 
Cadence ranged between 70 and 100 rpm, as chosen by 
each subject. Each subject performed the same CPET 
protocol BPP, BN, AN. Heart rate (HR) and electrocar-
diogram (ECG) were constantly monitored. CPET was 
considered maximal when the following criteria were 
achieved: (a) a plateau > 20 s in the oxygen consumption 
(VO2) versus exercise intensity relationship (b) respira-
tory exchange ratio (RER > 1.10), (c) HR [≥ 85% of (220-
age)], (d) a rating of perceived exhaustion (RPE) of 19–20 
on the Borg modified scale. After the test, all respira-
tory data were averaged at 10-s intervals to determine 
VO2max, taken as the highest average value.

The above-mentioned measurements were made in 
the following order during the same day, in the morn-
ing: blood samples, body composition measures (BIA and 
DEXA), CPET.

Subjects avoided heavy physical effort at least 24  h 
before the tests, slept at least 6–8 h the night before and 
had a light meal at least 2  h before the tests. Sera were 
stored at − 80 °C until use.

Statistical analysis
Results were expressed as mean ± SD. Statistical analy-
sis was assessed by two-tailed Student’s paired-test. Dif-
ferences were considered significant with p < 0.05. For 
in  vitro data, analyses were applied to experiments car-
ried out at least three times. We used SPSS for Windows, 
version 22.0 (SPSS Inc., Chicago, IL, USA) to analyze the 
data.

Results
Anthropometric characteristics of cyclists are reported 
in Table  1. 6 out of 8 participants completed NC4000 
within 22  days: finishing time was 21.24 ± 8.41  days, 
which consisted of 229.85 ± 68.76 km per day. Bike plus 

bags weight at start was 20.44 ± 4.30  kg. None of the 
cyclists had experienced a multi-day ultra-cycling race 
before. None of them followed a professional training 
or a specific diet, there were no significant differences 
in dietary habits of participants. None of them were 
vegetarian or had food allergies or intolerances.

Reported individual training program did not change 
significantly between BPP and BN.

Effects of the training program before ultracycling 
performance
Weight and  FMBIA were significantly reduced after 
the training for NC4000 (Table  2). Coffee intake and 
sleeping hours were the same BPP and BN. A total of 
6 cyclists used supplements between BPP and BN 
evaluation, and in particular saline solutions (5 out of 
8), branched-chain amino acids (BCAAs, 3 out of 8), 
maltodextrins (2 out of 8), Vitamin B complex (1 out of 
8), Vitamin C (1 out of 8) and Omega3 (1 out of 8).

Total cholesterol and LDL decreased significantly 
between BPP and BN, while HDL and triglycerides, 
liver enzymes and creatinine did not change after train-
ing. Vitamin D levels rose significantly between BPP 
and BN (Table 3).

Table 1 - Characteristics of the cyclists and training for NC4000

BMI body mass index; BPP before preparation period; BN before NC4000 
performance (post training period); AN after NC4000 performance

*p < 0.05

BPP BN p

Age (years) 47.5 ± 13.5 –

Height (cm) 178.8 ± 5.1 –

Weight (kg) 79.25 ± 8.98 77.68 ± 8.16 0.042*

BMI (kg/m2) 24.79 ± 2.50 24.31 ± 2.34 0.040*

Training sessions 3.13 ± 0.84 3.50 ± 1.20 0.80

Time per week (hours) 11.25 ± 3.54 11.25 ± 2.44 0.999

Distance per week (km) 241.25 ± 148.75 259.38 ± 113.34 0.448

Sleeping hours 7.13 ± 1.00 6.81 ± 1.13 0.279

Table 2 Pre- and post-training body composition variables (BIA)

BIA Bioelectrical impedance analysis; BPP before preparation period; BN before 
North-Cape4000; FM fat mass; FFM fat free mass; MM muscular mass

*p < 0.05

BPP BN p

FMBIA (kg) 13.81 ± 6.41 11.18 ± 5.05 0.014*

FFMBIA (kg) 65.44 ± 4.37 66.50 ± 4.99 0.055

FFMBIA (%) 83.05 ± 6.07 85.94 ± 85.94 0.007*

MMBIA(kg) 37.06 ± 2.39 37.73 ± 2.80 0.060
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Absolute and relative VO2max, as well as ventilatory 
thresholds didn’t increase after training for NC4000 
(Table 4).

Effects of NC4000 on body composition, ventilator 
parameters and biochemical markers
Subjects were evaluated AN 5.8 ± 2.2 days of recovery.

Reported water intake during NC4000 was 6.13 ± 2.37 
L per day. Sleeping hours decreased significantly dur-
ing NC4000 (6.81 ± 1.13 vs 5.25 ± 1.60; p = 0.027), while 
coffee intake did not change (2.75 ± 1.49 vs 3.50 ± 1.39; 
p = 0.307), as well as alcoholic intake (0.69 ± 0.59 vs 
0.63 ± 0.79; p = 0.844).

All the subjects took supplements while ultra-
cycling: the most used were saline solutions (7 of 8) 
and branched-chain amino acids (BCAAs, 6 of 8), fol-
lowed by Vitamin B complex (5 of 8), Vitamin C (4 of 
8), maltodextrins (2 of 8) and carnitine and Omega3 (1 
of 8). Six cyclists used nonsteroidal anti-inflammatory 
drugs (NSAIDs) due to musculoskeletal injuries, none of 
them related to direct trauma. Illness or other significant 
health complaints were not reported.

Weight (77.68 ± 8.16 kg) and BMI (24.31 ± 2.34 kg/m2) 
did not decrease after NC4000, compared to BN. How-
ever, FM decreased, measured both with DEXA and BIA. 
DEXA also revealed a significant decrease in segmental 

fat, and an increase in relative LM. BIA highlighted 
an increase in FFM% but not in MM or absolute FFM 
(Table 5).

Serum 25-hydroxy Vitamin D decreased significantly 
after the race. Lipid profile showed an increase in triglyc-
erides and a reduction in LDL concentration, whereas 
there was no variation in total cholesterol and HDL lev-
els. Creatinine decreased significantly after NC4000. 
Liver enzymes concentrations did not change after ultra-
cycling (Table 6).

After NC4000, there was a slight tendency in reduc-
tion of maximal oxygen uptake as well as oxygen uptake 
at first and second ventilatory threshold, but it was not 
statistically significant (Table 7).

Effects of training and NC4000 on mesenchymal stem cells 
commitment
In order to identify the effects of training and NC4000 
on Mesenchymal Stem Cells (MSCs) commitment, we 

Table 3 - Pre- and post-training biochemical parameters

ALT alanine amino transferase; AST aspartate amino transferase; HDL high 
density lipoproteins; LDL low density lipoproteins

*p < 0.05

BPP BN p

Vitamin D (ng/mL) 20.35 ± 7.19 32.38 ± 8.18  < 0.001*

Creatinine (mg/dL) 0.94 ± 0.11 0.91 ± 0.07 0.500

AST (IU/L) 25.13 ± 8.08 23.75 ± 4.30 0.500

ALT (IU/L) 23.38 ± 6.57 21.25 ± 5.75 0.190

Total cholesterol (mg/dL) 224.13 ± 34.48 204.88 ± 25.73 0.013*

LDL (mg/dL) 134.88 ± 28.62 117.75 ± 23.96 0.010*

HDL (mg/dL) 66.5 ± 14.60 63.63 ± 11.46 0.280

Triglycerides (mg/dL) 107.38 ± 48.25 117.50 ± 40.14 0.450

Table 4 VO2max and ventilatory thresholds pre- and post-
training

VO2max maximal oxygen uptake; VT1 first ventilatory threshold; VT2 second 
ventilatory threshold

BPP BN p

VO2max (L/min) 3871.50 ± 649.36 3792.25 ± 365.42 0.492

VO2max (mL/min*kg−1) 49.61 ± 10.51 49.43 ± 7.64 0.884

VT1 (mL/min*kg−1) 35.85 ± 7.73 35.06 ± 6.23 0.738

VT2 (mL/min*kg−1) 45.94 ± 10.57 45.49 ± 6.43 0.803

Table 5 - Body composition Before NC4000—After NC4000

AN after NC4000; BIA bioelectrical impedance analysis; BN before NC4000; DEXA 
dual energy x-ray absorptiometry; FM fat mass; LAM lean appendicular mass; TF 
truncal fat; VAT visceral adipose tissue

*p < 0.05

BN AN p

FMDEXA 18.24 ± 5.58 15.97 ± 4.54 0.002*

VAT (g) 474 ± 267 378 ± 184 0.019*

TF (kg) 8.63 ± 3.87 7.09 ± 3.06 0.003*

LM (kg) 55.65 ± 3.05 56.44 ± 3.17 0.122

LM (%) 72.94 ± 4.71 75.31 ± 4.18  < 0.001*

LAM (kg) 8.25 ± 0.34 8.34 ± 0.48 0.283

FMBIA (kg) 11.18 ± 5.05 9.21 ± 3.75 0.019*

FFMBIA (kg) 66.50 ± 4.99 66.95 ± 5.24 0.450

MMBIA (kg) 37.73 ± 2.80 37.88 ± 2.97 0.676

FFMBIA (%) 85.94 ± 5.06 88.05 ± 4.23 0.013*

Table 6 Pre- and post-race biochemical parameters

ALT alanine amino transferase; AST aspartate amino transferase; HDL high 
density lipoproteins; LDL low density lipoproteins

*p < 0.05

BN AN p

Vitamin D (ng/mL) 32.38 ± 8.18 29.00 ± 5.81 0.042*

Creatinine (mg/dL) 0.91 ± 0.07 0.85 ± 0.10 0.021*

AST (IU/L) 23.75 ± 4.30 49.00 ± 46.23 0.162

ALT (IU/L) 21.25 ± 5.75 57.00 ± 65.48 0.153

Total cholesterol (mg/dL) 204.88 ± 25.73 201.63 ± 21.33 0.652

LDL (mg/dL) 117.75 ± 23.96 99.75 ± 17.12 0.047*

HDL (mg/dL) 63.63 ± 11.46 66.00 ± 9.89 0.462

Triglycerides (mg/dL) 117.50 ± 40.14 175.25 ± 64.16 0.004*
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analyzed circulating MSCs for the expression of the 
transcription factors RUNX2 and PPARG2, involved in 
osteogenesis and adipogenesis, respectively. As shown in 
Fig.  1, the osteogenic and adipogenic transcription fac-
tors, RUNX2 and PPARG2 were upregulated BN and AN. 
The training as well as ultra-cycling, upregulated Sestrin 
1 (SESN1) expression in circulating MSCs.

Training increases sestrins and sirtuin levels in SK muscle 
cells
Since Sestrins regulate muscle stem cell homeostasis [19], 
we analyzed the SESN1 and SESN2 levels in SK muscle 
cells cultured in the presence of sera collected BPP, BN 
and AN. As shown in Fig. 2, both sestrins increased after 

the training while ultra-cycling restored their protein 
levels. Accordingly, MyoD levels were increased after 
the training and NC4000 (Fig.  2). Considering that sir-
tuin 1 (SIRT1), in the presence of MyoD, is involved in 
the regulation of cellular metabolism, we analyzed the 
protein levels of SIRT1 in SK muscle cells cultured in the 
presence of sera collected before, after the training and 
following ultra-cycling. As shown in Fig. 2B, SIRT1 lev-
els increased in cells cultured in the presence of sera col-
lected BN and AN.

Training and ultra‑cycling counteract adipogenesis aging 
and increases brown adipogenesis
In order to evaluate the effects of training and ultra-
cycling on adipogenesis, we cultured MSCs during adi-
pogenesis in the presence of sera collected BPP, BN and 
AN. We observed increased levels of sirtuin in adipo-
genic differentiating cells after training and NC4000 
(Fig. 3). In addition, we observed increased levels of p53 
and reduced levels of p21, a target gene of p53 associated 
to senescence (Fig.  3). The observed reduction of p21 
suggests a reduced transcriptional function of p53. Inter-
estingly, it has been reported that p21 deficiency caused a 
suppression of adipocyte differentiation [20]. To explain 
the increased levels of sirtuin, we investigated the expres-
sion of its targeting microRNA, miR146b as shown in 
Fig. 3B, miR 146b was downregulated in MSCs in pres-
ence of sera collected in subjects after the training and 
NC4000 performance. As it has been reported that sir-
tuin plays an important role in the induction of brown 
adipose tissue (BAT) associated genes [21], we evaluated 
the levels of the uncoupling protein (UCP1) in differen-
tiating cells. As shown in Fig.  4, UCP1 levels increased 
after the training as well as after ultra-cycling.

Discussion
Ultra-Endurance cycling is a very challenging perfor-
mance, typically defined as a race that is over 100 miles. 
This experience can take place on almost any surface and 
with any sort of bike, but its duration is the main char-
acteristic. Ultra-cycling is associated with a multitude of 
physiological consequences. Although in recent years an 
increased interest in ultra-endurance sports has arisen, 
few studies have evaluated the impact of this physical 
effort in the modulation of biochemical parameters and 
in the commitment of progenitor cells. This is a relevant 
aspect as progenitor cell homeostasis is a pivotal fac-
tor in the pathogenesis of degenerative diseases and all 
factors influencing and maintaining this homeostasis 
are potential target in disease prevention. In addition, 
another original aspect is that the present study has been 
performed on amateur competitive cyclists subjected to 
lower training volumes than professional cyclists [22]. 

Table 7 VO2max and ventilatory thresholds pre- and 
post-NC4000

VO2max maximal oxygen uptake; VT1 first ventilatory threshold; VT2 second 
ventilatory threshold

BN AN p

VO2max (L/min) 3792.25 ± 365.42 3690.25 ± 331.89 0.178

VO2max (mL/min*kg−1) 49.43 ± 7.64 48.74 ± 5.58 0.587

VT1 (mL/min*kg−1) 35.06 ± 6.23 34.20 ± 5.15 0.564

VT2 (mL/min*kg−1) 45.49 ± 6.43 45.23 ± 4.28 0.816

Fig. 1 RUNX2 and PPARG2 were upregulated in BN (b) and AN (c) 
compared to BPP (a). BN (b) and AN (c) performance upregulated 
SESN1 expression in circulating MSCs: a (BPP, before the preparation 
period); b (BN, the week before NC4000); AN (c, 10 days after NC4000). 
*p < 0.05; **p < 0.005; ***p < 0.001
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Therefore, in our study, we highlighted the possible con-
nection between changes in body composition, adipo-
genesis and myogenesis.

Fat mass decrease could be explained by the well-
known high-energy deficit caused by ultra-endur-
ance events, especially in amateur cyclists [3, 23]. In 
this study, for the first time we evaluated the possible 
driver genes and transcriptional factors involved in this 
mechanism. In fact, physical training promotes the dif-
ferentiation of Mesenchymal Stem Cells [24]. As previ-
ously reported [14], we observed increased expression 
of RUNX2 in cMSCs after the training, suggesting 
their osteogenic commitment. The increased RUNX2 
expression in cMSCs was maintained AN. We also 
observed increased levels of PPARG2 after the train-
ing as well after NC4000. These findings could suggest 
an increase of adipogenic commitment too. However, 
the increased PPARG2 expression is in agreement with 

its role in regulating insulin sensitivity and the utiliza-
tion of glucose to maintain energy homeostasis [25]. 
Accordingly, we also observed in cMSCs the expres-
sion of SESN1gene, coding for a small stress-inducible 
protein which has been demonstrated to be able to 
improve insulin sensitivity [26]. Interestingly, for the 
first time, we investigated the expression of Sestrin in 
circulating progenitor cells. The increased expression 
of SESN1 in progenitors highlights the effective role of 
physical exercise in degenerative diseases considering 
the protective role of sestrin [27]. Therefore, given the 
role of sestrins in the modulation of muscle metabo-
lism following exercise, we investigated SESN1 and 
SESN2 protein levels in skeletal muscle cells treated 
with serum collected before and after training as well 
after NC4000. Interestingly, we observed increased lev-
els of SESN1 and SESN2 in SK muscle cells treated with 
sera collected after the training while both SESN1 and 

Fig. 2 Sestrins increased after the training (b, BN) while NC4000 performance (c, AN) restored their protein levels. MyoD levels increased after 
the training (b, BN) and NC4000 performance (c, AN). SIRT1 levels increased in cells cultured in the presence of sera collected in subjects after 
the training (b, BN) and NC4000 performance (c, AN). a (BPP, before the preparation period); b (BN, the week before NC4000); AN (c, 10 days after 
NC4000). *p < 0.05; **p < 0.005
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SESN2 levels returned to baseline in cells treated with 
serum after NC4000 performance. Considering that 
sestrins have protective activity against diseases affect-
ing the musculoskeletal system [27], it can be consid-
ered that training is useful to counteract sarcopenia, 
muscle atrophy, osteopenia and arthritic pathologies.

Despite some studies reported a decrease in free fat 
mass (FFM) and fat mass (FM) after ultra-cycling [6, 7], 
we observed a decrease in FM and maintenance of mus-
cular and lean mass: this was consistent also with train-
ing to ultra-cycling. Previous different results may be 
explained by the hydration status of the subjects studied 

Fig. 3 Increased levels of Sirtuins and p53 and reduced levels of p21 as well of miR-146b expression were observed in MSCs in presence of sera 
collected in subjects after the training (b, BN) and NC4000 performance (c, AN). a (BPP, before the preparation period); b (BN, the week before 
NC4000); AN (c, 10 days after NC4000). *p < 0.05; **p < 0.005

Fig. 4 The levels of UCP1, associated to the brown adipose tissue (BAT) differentiation increased after the training as well as after ultra-cycling. a 
(BPP, before the preparation period); b (BN, the week before NC4000); AN (c, 10 days after NC4000). *p < 0.05; **p < 0.005
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and the scheduled evaluation in the immediate post-
competition time, which causes localized edema in the 
main muscle groups analyzed, an effect that can alter 
DEXA results [28].

Furthermore, we did not observe alterations in ALT 
and AST concentrations, which are implicated in mus-
cular and subsequent liver damage following strenuous 
exercise. We can speculate that these parameters were 
higher immediately after NC4000 [29] and reparation 
of muscle fibers was ongoing. These findings were not 
altered by modifications in coffee and alcohol intake 
during NC4000. Super-compensation in storage of skel-
etal muscle glycogen and fluids could have affected the 
lean mass measurements AN, considering that cyclists 
were evaluated about one week after recovery from the 
NC4000 and that serum creatinine levels were signifi-
cantly reduced. Additional evidence comes from Kne-
chtle et  al., who stated that ultra-cycling does not alter 
skeletal muscle mass [30].

Therefore, we investigated the role of training and 
ultra-cycling on skeletal muscle cells. It has been 
reported that the expression of SESN1 is induced during 
myotube differentiation [26]. Accordingly, we observed 
increased levels of sestrins as well of MYOD in SK mus-
cle cells treated with sera collected after the training. 
The increased levels of MYOD have been maintained 
also after NC4000 performance, despite their tendency 
to decrease. Sirtuin1, is a histone/protein deacetylase 
which regulates the caloric restriction-mediated longev-
ity [31]. It has been demonstrated that in the presence of 
MyoD, SIRT1 is able to induce positive self-regulation of 
the expression of the peroxisome proliferator activated 
receptor-γ co-activator-1α (PGC-1alpha), a master regu-
lator of genes involved in the regulation of metabolism 
[32]. In skeletal muscle, exercise induces PGC-1α expres-
sion probably in response to decreased ATP levels [33]. 
Therefore, the increased levels of MYOD and Sirtuin 1 
observed in SK muscle cells treated with sera collected 
after training suggest the role of physical exercise in driv-
ing muscle-specific gene expression and metabolism.

We also evaluated whether aerobic capacity, in terms 
of VO2max and ventilatory thresholds were affected 
by individual training and ultra-cycling. Interestingly, 
VO2max, VT1 and VT2 were not modified. Our expla-
nation for these results is that our subjects already 
had good aerobic capacity and that their training hab-
its did not change before NC4000. No changes were 
highlighted after ultra-cycling, despite other studies 
having reported a general increase in aerobic capacity 
[10]. With regard to this aspect, our subjects were bet-
ter trained and during ultra-cycling pedaled an aver-
age of more than 220 km per day, which is much more 
than what has been previously reported. Even if aerobic 

capacity was not affected by training and NC4000, skel-
etal muscle metabolism was positively stimulated.

Sirtuin 1 levels also increased in MSCs during adipo-
genic differentiation in the presence of sera collected 
after the training and ultra-cycling. The increased levels 
of Sirtuin 1 reduced the transcriptional activity of p53. 
We observed reduced levels of p21, a downstream tar-
get gene of p53, even if p53 levels increase after training 
and NC4000. Moreover, it has been demonstrated that 
SIRT1 can prevent the transcriptional activity of p53 
by deacetylation process [34]. Importantly, it has been 
demonstrated that SIRT1 activation during adipogen-
esis promotes the transcription of brown adipose tissue 
specific genes [35]. In addition, SIRT1 is also involved 
in the downregulation of WAT gene expression [36].

Thus, we observed increased levels of the uncoupling 
protein1 (UCP1), uniquely expressed in BAT cells, in 
MSCs during adipogenesis in the presence of sera col-
lected after training. Importantly, the increase of UCP1 
was more pronounced in the presence of sera collected 
AN. These results highlighted the relationship between 
BAT and the substantial reduction in truncal and vis-
ceral adipose tissue (VAT) as a marker of negative 
energy balance observed after NC4000.

VAT has important implications on whole cardiovas-
cular risk and sequestration of vitamin D: thus, we eval-
uated lipid profile and Vitamin D levels. We observed a 
significant decrease of total cholesterol and LDL dur-
ing the preparation period. LDL decreased also after 
NC4000, which may be related to a higher demand of 
fatty acids for beta-oxidation. On the other hand, HDL 
remained at high levels during the study, without sub-
stantial modifications also after NC4000. These results 
are consistent with the increase UCP1 expressed in 
activated BAT, that is confirmed as a lipid profile mod-
ulator [37]. This result is in contrast with ultramarathon 
running and underlines the differences in these sports 
[38]. Vitamin D levels and lipid profile were not altered 
by supplements, because only one cyclist reported the 
use of carnitine and another one omega 3.

We found a clear increase in triglycerides concentra-
tion after NC4000: others had explained this aspect by 
a catecholaminergic stimulus induced by exercise; this 
result seems to be in contrast with what we found about 
other lipid profile parameters, but this may be due to 
increased hepatic VLDL–triglyceride production or to 
increased circulating non-esterified fatty acids (NEFAs) 
after the competition [10] which mask the plasma tri-
glyceride lowering.

Serum 25-hydroxy Vitamin D increased significantly 
between BPP and BN: this could be explained by a bet-
ter sun exposition during spring and summer months 
[12].
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However, Vitamin D concentrations slightly decreased 
after NC4000, and this outcome may be justified by the 
consumption of adipose deposits in a short period or by 
the delay in determining vitamin D levels after the end 
of the competition, confirming the complex relationship 
between ultra-endurance and vitamin D metabolism [39].

By considering that the activation of BAT, as well as 
the body composition modulation, had been suggested 
to reduce obesity related diseases, the aim to further 
investigate the role of strenuous physical exercise in rela-
tion to cardiovascular and degenerative diseases appears 
particularly interesting. In order to identify epigenetic 
factors involved in the increase of sirtuin1, we analyzed 
the expression of miR targeting sirtuin1. Accordingly, we 
observed reduced miR146b and miR34a in cells treated 
with sera collected after BN and AN. Interestingly, MiR-
146b has been suggested as a regulator of human visceral 
adipogenesis and its expression is altered in human obe-
sity (40), confirming the importance of the modulation of 
this metabolic pathway in preventing cardiovascular and 
degenerative diseases.

Therefore, our study, for the first time, evaluates the 
functional biochemical parameters with the modulation 
of changes in the progenitor cells and analyzes, as in the 
case of sestrins, the impact of physical exercise on mol-
ecules involved in the the pathogenesis of degenerative 
diseases. The results of our study, conducted on healthy 
subjects, can therefore be useful to better understand 
the impact of physical performance related to ultra-
endurance activity in the commitment of progenitor cells 
and therefore in a possible prevention of degenerative 
diseases.

Conclusions
The training program leads to beneficial effects on body 
composition and biochemical lipid parameters, as well as 
a switch in brown adipogenesis and substantial modifi-
cation in cellular processes related to SESN1 and SESN2 
expression, even when oxygen uptake and ventilatory 
thresholds are unaltered in trained amateur cyclists.

Ultra-cycling does not alter body weight or aerobic 
capacity but produces an acute and prolonged energy 
imbalance that induces a reduction in fat mass, changes 
in commitment of MSCs, with significant increase in 
brown adipogenesis and UCP1 and a maintenance of 
MYOD levels in skeletal muscle cells. Finally, due to the 
increasing number of participants in ultra-endurance 
events, future research should focus on non-elite ultra-
cyclers, particularly on preparation and training for 
ultra-endurance performance. Research is also needed 
exploring the long-term effects of ultra-cycling and on 
the persistence of post-acute metabolic modifications..
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