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ABSTRACT 

 

Despite the large amount of data describing phospholipid- signaling enzymes in the cytoplasm, and 

their roles in cell homeostasis, the nuclear functions of these molecules are poorly understood. 

Recently, increasing evidence suggest nuclear phosphoinositides as key molecules in genome 

regulation including transcription, histone modification, RNA maturation and export. And therefore, 

their possible involvement in cell-fate decision and differentiation. However, many questions still need 

to be answered such as how the phospholipid signaling is read by interaction domains within the 

nucleus or how these networks are coordinated in the regulation of nuclear functions.  

This dissertation aims to answer part of these questions. In particular, the first research point that I 

address is if the binding of phosphoinositide to the Plant Homeo Domain of the TBP-associated factor 

3 (TAF3) impacts on gene transcription regulation during myogenesis. TAF3 is a key component of 

the basal transcription complex and has been proposed to regulate tissue-specific gene transcription 

during muscle differentiation.  

Preliminary results in modified C2C12 myoblast cells line, show that the loss of PI-binding impaired 

TAF3 function as co-activator of transcription during muscle differentiation, leading to a strong 

reduced expression of the early markers Pax7, Myf-5 and MyoD prior to the beginning of the process 

and throughout all subsequent stages. This results in the inability of myocytes to undergo muscle 

differentiation. Further analyses with RNA sequencing (RNAseq) confirmed a strongly altered 

transcriptional output when phosphoinositide cannot bind TAF3 possibly due to an impaired assembly 

of the pre-initiation complex of transcription at specific gene promoters. 

Therefore, the second aspect I investigated is the role of phosphoinositides in the regulation of TAF3 

and Polymerase II recruitment at Pax7, MyoD and Myogenin gene loci. Preliminary Chromatin 

immune precipitation results show a decrease of the enrichment of both TAF3 and Polymerase II at 

Pax7 and MyoD gene promoters when the binding of TAF3 with phosphoinositide is lost, associated 

with a decrease of the active histone mark H3K4me3. This suggests that phosphoinositides, through 

the binding of TAF3, may act as regulators of the transcription complex assembly and chromatin 

remodelling during myogenesis raising new insights and fascinating questions on the molecular 

mechanism of action and impact in gene control of this molecules within the nucleus. 
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GENERAL INTRODUCTION 

 

THE BIOLOGY OF PHOSPHOINOSITIDES 

 

 

Phosphoinositides are signaling molecules 

 

For many decades was assumed the most important function of lipids was as the structural basis of 

membranes. However, the evidence that lipids are bioactive molecules has accelerated their 

recognition both as critical components of a very complex signal transduction and as therapeutic 

targets for disease1. In fact, as well as being an important architectural component of cells, lipid 

membranes act as mediators of protein-protein and protein-lipid interactions by virtue of their ability 

to concentrate components that would otherwise not coexist or be localized together. Thousands of 

lipid species coexist in the cell and phosphoinositides are one such group of signaling molecules. 

Phosphoinositides (PtdIns) are minor constituents of cellular membranes, representing less then 1% 

of total cellular lipids2. They are amphiphilic molecules composed of a glycerol esterified in positions 

SN1 and SN2 by two fatty acid chains and linked in position SN3 to an inositol ring by a 

phosphodiester bond3,4 (Figure 1, A). In human, the most common fatty acids in PI are stearic acid 

in position SN1 and arachidonic acid in SN2. In Saccharomyces cerevisiae the nature of the fatty 

acids is different with palmitic acid in position SN1 and oleic or palmitoleic acid in SN2. As a 

consequence of its hydrophilic property, the inositol group is exposed to the cytosol where specific 

kinases and phosphatases can modify the phosphorylation pattern at the D3-, D4- and D5-position, 

generating, rapidly and often transiently, seven different species of PI (Figure 1, B). In particular, four 

major classes of PI Kinases are known to exist: Type I phosphatidylinositol-4 phosphate 5-kinase 

(PIP5KI), Type II phosphatidylinositol 5-phosphate 4-kinase (PIP4KII), Type III phosphatidylinositol-

4-phosphate 5-kinase (PIKFYVE) and types I and II phosphatidylinositol 4-phospate 3-kinase 

(PI3KI,PI3KII). The main difference among these families is due to their different substrates: PIP5KI 

phosphorylate PtdIns(4)P in position 5, PIP4KII phosphorylate PtdIns(5)P in position 4, PIKFYVE 

phosphorylate PtdIns(3)P in position 5 and PI3K phosphorylate PtdIns(4)P in position 3 (Figure 1, B). 

The development of isoform-specific inhibitors has expanded the ability to define the role of PI 

enzymes in many cellular functions. However, there are still many PI kinases and phosphatases for 

which there is limited molecular information5. 
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Figure 1 - Structure of Phosphatidylinositol (PI) and schematic representation of PI metabolism. The 
common PI structure is characterized by hydrophilic inositol head group linked to a diacylglycerol backbone 
by a phospho-diester bond, which has two hydroxyl groups esterified with saturated and unsaturated fatty acyl 
chains (A). Starting from PI, different kinases and phosphatases add or remove, on the inositol ring, phosphate 
groups in different and specific positions (B).  

 

Despite the challenges in studying phospholipids, when, in 1955, it has been found that hormones 

can influence their metabolism, start to be clear the existence of a signal transduction triggered by 

these molecules6,7. Later on, was discovered that diacylglycerol (DAG) and inositol 1,4,5-

tryphosphate (IP3), which are the hydrolysis products of PI(4,5)P2, can act as second messengers 

themselves, involved in the PKC signaling and in the calcium release respectively8,9. 

This clarify the complexity of the phosphoinositides network and how they actually play key roles in 

many cellular processes10.They control organelle biology by regulating membrane dynamics11 and 

they modulate lipid distribution and metabolism via their close relationship with lipid transfer 

proteins12. Moreover, they modulate ion channels, pumps and transporters and they are involved in 

autophagy13, cell architecture14, cell proliferation and death15. Within the nucleus, they are involved 

in a specific, localized, signaling which is involved in gene transcription and chromatin 

remodeling3,16,17, aspects that will be deepen in a specific section of this manuscript. As a 

confirmation of their key role in cell homeostasis, the mis-regulation of phosphoinositide kinases or 

phosphatases, and therefore alterations in the PI pattern, it has been found critical in several human 

diseases including cancer, diabetes and developmental and genetic muscle disorders18-20. 
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Figure 31 - Schematic representation of PI pathway. PI3K leading to PtdIns(3,4,5)P3 synthesis is 
fundamental for the regulation of the phosphorylation and consequential activation of Akt. Moreover, PLC is 
able to hydrolyze PtdIns(4,5)P3 generating two second messengers diacylglycerol (DAG) and inositol (1,4,5) 
triphosphate. IP(3) can bound receptors located at the endoplasmic reticulum which modulate Ca2+ release 
in the cells. 

 

Cellular distribution of phosphoinositides 

The phosphoinositide distribution within the cell varies spatially and temporally and each cellular 

compartment has a characteristic PI composition (Figure 2). This is possible because most of 

phosphoinositide kinases and phosphatases exist in different isoforms which reflect their different 

cellular localization. Within the organelle, many PI kinases exist as large protein complexes regulated 

by post-translational modifications. These activated them so that they can modulate local 

phosphoinositides composition and therefore, the global spatiotemporal levels2. 

The precursor of all phosphoinositides is synthesized in the endoplasmic reticulum (ER) and, through 

cytosolic transfer proteins or vesicles, is distributed to the other membranes where can be 

phosphorylated. A recent work, which used several orthogonal approaches to map the subcellular 

distribution of PI, showed that it is broadly distributed throughout intracellular membrane 

compartments21. However, there is a lack of PI in the plasma membrane compared to PI. This means 

that the PI supply to the plasma membrane is probably crucial to the control of PI synthesis and 

function at the plasma membrane. The dominant specie within the plasma membrane is 

PtdIns(4,5)P2 with PtdIns(3,4,5)P3 in the membrane ruffles. PtdIns(3,4,5)P3 levels in the plasma 
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membrane are very low in resting cells, but are drastically upregulated after external stimulation. 

PtdIns(3)P is enriched in the endocytic vesicles, autophagosome and early endosome. The Golgi 

apparatus and secretory vesicles are rich in PtdIns(4)P (Figure 2). PtdIns5P levels in unstimulated 

cells are low and it has mainly be found in the plasma membrane, in the smooth ER and the Golgi 

compartment. A detailed description of nuclear distribution of PI starts at page 18. 

The spatiotemporal regulation of phosphoinositides also allows transient targeting of binding proteins 

to specific locations within the cell22. For example, PIP4KIIβ is recruited to the Golgi by the small 

GTPase ADP-ribosylation factor 1 (ARF1), where it increases the levels of PtdIns(4)P leading in turn 

to the recruitment and activation of PtdIns(4)P binding proteins such as OSBP and CERT which are 

fundamental for the maintenance of the function and structure of the Golgi complex23,24. 

The fact that the same phosphoinositide can cause antagonistic effects depending on its localization, 

makes PI network even more intriguing and complex. For example PtdIns(3,4)P2 on the plasma 

membrane produced downstream effects of class I phosphoinositide 3-kinases (PI3Ks) linked to 

mTORC1 activation and cell growth25 but PtdIns(3,4)P2 produced on the lysosome by class II PI3Ks, 

downstream of nutrient deprivation, is linked to mTORC1 inhibition26. 
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Figure 2 - Cellular distribution of phosphoinositides. Schematic representation of the predominant 
localization of various phosphoinositides species within the cell. The enrichment of particular 
phosphoinositides in certain subcellular compartments is important for the establishment or maintenance of 
organelle identity. PtdIns(4,5)P2 is mainly found in the plasma membrane. Early endosomes re rich in 
PtdIns(3)P, while late endosomes and multivesicular bodies also contain PtdIns(3,5)P2. The Golgi complex is 
rich in PtdIns(4)P while the precursor of all PI, PI, is synthetized in the endoplasmic reticulum.  

 

Phosphoinositides-binding protein domains: focus on Plant Homeo Domain 

An advance in understanding the mechanism of PtdInsP function has been the discovery of several, 

highly conserved, phosphoinositides-binding protein domains27,28. The interaction between 

phosphoinositides and proteins is typically achieved through electrostatic interactions between 

positive residues (usually lysine and arginine, some also contain a critical histidine) within the protein 

and the negative phosphate residues of the inositol head group of the phosphoinositide. Due to the 

unspecific nature of electrostatic interactions, the binding in this scenario is of relatively low affinity. 

The interaction can be strengthened through partial penetration of hydrophobic residues of the 

protein into the membrane, oligomerisation of the protein or the presence of multiple phosphoinositide 

binding domains within the protein29. A variety of protein domains have been discovered with specific 

PtdInsP-binding properties, and these are found in proteins with diverse functions in membrane 

trafficking, cell signaling30-32, transcription and epigenetic. To date different phosphoinositide binding 

domains are known to exist. The pleckstrin homology (PH) domain was the first identified and there 

is a wide range of PH domains with varying phosphoinositide specificity. For example, PH- PLCδ1 
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specifically binds PtdIns(4,5)P233, while the PH domains of general receptor for phosphoinositides 1 

(GRP1)34 and Bruton’s tyrosine kinase (BTK)35 bind PtdIns(3,4,5)P3. Protein kinase B (PKB)/Akt and 

3'-phosphoinositide-dependent kinase 1 (PDK1) bind PtdIns(3,4,5)P3 and PtdIns(3,4)P2 through their 

PH domains36,37. The associated activation of the kinases leads to regulation of downstream targets 

that are involved in a range of cellular processes, including glucose metabolism, protein synthesis 

and apoptosis. Lately, other novel phosphoinositide-binding domains were identified: epsin N-

terminal homology (ENTH), Fab1p, YOTB, Vps27p, EEA1 (FYVE) domain, the Phox homology (PX), 

and, most relevant within this work, the Plant Homeo Domain (PDH). ENTH acts as a PtdIns(4,5)P2-

lipid-targeting and membrane-curvature-generating element. In fact, upon binding PtdIns(4,5)P2, the 

N-terminal helix of the ENTH domain becomes structured and aids in the aggregation of ENTH 

domains, resulting in membrane remodeling38. (FYVE) domains are typically PtdIns(3)P binding 

domains involved in the recruitment to endosomal membranes whilst the FAAT domain mediates 

interaction with the ER protein VAP-A (vesicle-associated membrane protein associated protein)39. 

Phox homology (PX) are membrane interacting domains and are markers of organelle identity in the 

endocytic system. Although many PX domains bind the canonical endosome-enriched lipid PtdIns3P, 

others interact with different phosphoinositides40. 

The Plant Homeo Domains (PHD) have been found in many nuclear proteins that control gene 

transcription41 and are central “readers” of histone post-translational modifications42. In particular, 

many of the PHDs studied to date bind to unmodified or methylated states of histone H3 lysine 4 

(H3K4)42. Thus, the ability of some PHD domain to recognize both PI and histone modifications 

suggests an intriguing, direct, cross talk between PI signaling and chromatin regulation. 

The plant homeo domain is characterized by Cys4-His-Cys3 zinc-finger where two zinc atoms are 

bound in a “cross-brace” motif (Figure 3). Through this domain, PI can directly regulate the activity of 

several nuclear proteins changing their localization or regulating their assembly into transcriptional 

coactivator complexes43. For example, the interaction of the PHD domain of ING2 with 

phosphoinositides modulates its ability to regulate p53 acetylation28, interaction with chromatin44 and 

its ability to regulate transcription45. Also ATX1, a protein of the trithorax family which generally does 

not reside in the nucleus, but microinjection of PtdIns(5)P changes its subcellular localization. 

Moreover, overexpression of AtMTM1, that increases extracellular levels of PtdIns(5)P, cause a 

redistribution of ATX1 to the cytosol on a PHD-dependent manner46. 

Previously, in our laboratory, 32 different human PHD fingers were cloned and expressed as GST 

fusion proteins in bacteria and tested for interaction with PI using lipid dot blots and surface plasmon 

resonance (SPR). Given that PHD fingers, as mentioned before, also interact with methylated47  and 

non-methylated histone H3 tails105, only 3 of the 32 PHD fingers found to interact with PI preferentially 
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bind a methylation modified H3 peptide, and one of these is TAF3 which will be extensively discussed 

from page 28. 

 

 

 

Figure 3 - Overview of the PHD-finger motif. Schematic outline of the topology of the “cross-brace” 
Cys4FHisFCys3 zinc finger of the PHD domain. Highlighted residues refer to amino acids of the PHD finger 
of TAF3 that are involved in H3K4me3/2 (green) and H3R2 (red) recognition. Zinc atoms are depicted as grey 
spheres and their coordinating cysteine and histidine residues are shown as large uppercase letters. Green 
arrows indicate regions that form a β-sheet, while regions that form a α-helical structure are indicated by a red 
α (adapted from Sanchez and Zhou, 2011). 

 

Phosphoinositides and disease 

Misregulation of the PI metabolism, due to dysfunction of the PI processing enzymes, is linked to the 

development of several diseases. An example is the role of phosphoinositides in cancer. PI3K 

phosphorilates PtdIns(4,5)P2 leading to the formation of PtdIns(3,4,5)P3. Once the stimulation is 

triggered, the local pools of PtdIns(3,4,5)P3 in the plasma membrane are bound by PH domain 

containing proteins, such as PKB/Akt48,49 and PDK150. PKB/Akt is then phosphorylated by mTORC251 

and PDK1. Active PKB/Akt mediates processes such as cell growth, proliferation, migration, 

apoptosis, and glucose metabolism. Mutations in PI3K, resulting in its constitutive activation, are 

often found in breast, endometrial, ovarian, urinary tract, and colorectal cancers52. Another link of 

phosphoinositides to cancer is their interaction with tumour suppressors. PTEN is an inositol 

phosphatase which dephosphorylates PtdIns(3,4,5)P3 to PtdIns(4,5)P2, inhibiting the PI3K signaling. 

It has been found mutated or lost in several human cancers such as acute myeloid leukaemia (AML) 

and acute lymphoblastic leukaemia (ALL)53. 
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Another phosphatase, INPP4B, has been found to be downregulated in human myeloid, erythroid 

and lymphoid leukaemia cell lines and the gene codifying for INPP4B is part of a chromosomal region 

often deleted in breast cancer. Moreover, increased PKB/Akt activation together with anchorage 

independent growth and enhanced motility was observed in human epithelial cells upon knock-down 

of INPP4B. At the same time, its overexpression in a mouse xenograft model resulted in reduced 

tumour growth54.  

Moreover, nuclear PtdIns5P has been shown to be bound by inhibitor of growth 2 (ING2), a candidate 

tumour suppressor, via its PHD finger motif28. Among other things, ING proteins are involved in the 

regulation of apoptosis, senescence, growth, cell migration and DNA repair and hence may play 

critical roles in tumorigenesis. Expression levels of ING genes have been found to be strongly 

reduced or even lost in breast, blood, esophageal, lung, brain and gastric cancers55. Furthermore, 

ING proteins are involved in p53 tumour suppressor pathways. In response to DNA damaging agents, 

ING proteins are upregulated and induce growth arrest and apoptosis by enhancing acetylation of 

p5355,56. Mutations in the PHD finger of ING2 resulting in the loss of PtdIns5P binding or 

overexpression of PIP4Kβ have been shown to reduce ING2 association with chromatin and p53-

mediated apoptosis28. 

There is also a possible role of PI3K and PKB/Akt in insulin  signaling and type 2 diabetes but is not 

fully understood. PKB/Akt regulates GSK3 that controls insulin-mediated glucose metabolism. 

Glucose uptake, after insulin stimulation, is mediated via the glucose transporter GLUT4, which is 

translocated from intracellular vesicles to the plasma membrane to increase glucose uptake in 

muscle and adipose tissue. Misregulation of this mechanism is linked to type 2 diabetes. PI3K activity 

has been shown to be involved in the translocation of GLUT4 and the uptake of glucose after insulin 

stimulation, while PI3K inhibitors block and PTEN overexpression reduces these effects. This 

suggests that PI3K increases insulin sensitivity while PTEN reduces it. However, no correlation 

between PI3K activity and diabetes has been made to date. The phosphatase SHIP2 also reduces 

PtdIns(3,4,5)P3 levels and is a negative regulator of insulin signaling and sensitivity. Furthermore, 

mutations in the SHIP2 gene that result in its increased activity have been found in patients with type 

2 diabetes. PI have been also found involved in neuronal disorders, recently reviewed by Ranghu et 

al56 and, in neuromuscular diseases. For example, myotubularin proteins (MTM), a family of 3-

phosphatases that dephosphorylate phosphatidylinositol 3-phosphate (PtdIns3P) and PtdIns(3,5)P2, 

with important roles in endocytosis and membrane trafficking, it has been found mutated in 

centronuclear myopathy (CNM) and Charcot-Marie-Tooth neuropathies (CMT)22. 

Myotubularin family is composed of MTM1 and 13 MTM1-related (MTMR) proteins named MTMR1-

13. Six MTM family members contain an inactive catalytic site owing to conserved substitutions of 
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several amino acids essential for its activity57,58. These dead phosphatases, MTMR5 and MTMR9–

13, heterodimerize with active myotubularin to regulate their phosphatase activity. Interestingly, 

mutations in the coupled active and dead phosphatases, MTMR2 and MTMR13, lead to very similar 

neuropathies, distinguished only by the age of onset and the major involvement of proximal muscles, 

often resulting in a more severe neuropathy. 

Moreover, bi-allelic mutations in the INPP5K gene, encoding the Inositol Polyphosphate-5-

Phosphatase K, which has many functions in cell homeostasis59, have been detected in patients with 

a rare form of autosomal recessive congenital muscular dystrophy with cataract, short stature and 

intellectual disability. Mutations impaired phosphatase activity toward the phosphoinositide 

PtdIns(4,5)P2 or altered the subcellular localization of INPP5K. Downregulation of INPP5K orthologs 

in zebrafish embryos disrupted muscle fibre morphology and resulted in abnormal eye development 

linking congenital muscular dystrophies to defective PI signaling network60. 

 

Subnuclear localization and metabolism of phosphoinositides 

The functions of phosphoinositides in cytosolic and membranous signaling were extensively studied, 

however, also the nucleus has emerged as the site of a localized pool of PI and PI-related enzymes 

involved in key nuclear functions61-65. Moreover, although PI represent just a tiny fraction of the total 

lipid content at the plasma membrane, there is strong evidence from lipidomic mass spectrometry of 

a high amount of PI in the nucleus66. 

Despite specialized nuclear transporters for phosphorylated forms of PI have not been found, two 

isoforms of phosphatidylinositol transfer proteins (PITPs), which mediate cytoplasmic transport of PI, 

were found in the nucleus67. This suggests that PI is imported to the nucleus where it can be 

phosphorylated. In fact, since the discovery of Payrastre et al68, many enzymes involved in the 

phosphoinositides metabolism, such us PI3K class I and II 69, PI-PLCβ1-4, δ1, δ 4, γ1, ξ70 , PIP5Kα and 

the two γ-variants71, PI4Kα and β, and the phosphatases SHIP and PTEN72, have been found within 

the nucleus, where are involved in a specific, localized nuclear signaling.  

Nuclear PI3KC2α is enriched in nuclear speckles and becomes phosphorylated upon RNA 

polymerase II (RNA pol II) inhibition by α-amanitin69. The role of PI3KC2α phosphorylation is 

unknown but it, or its products PtdIns(3)P and PtdIns(3,4)P2, can be involved in pre-messenger RNA 

(mRNA) processing. Nuclear PI3KC2β, instead, seems to be involved in cell cycle regulation. Its 

activity, in fact, increases at the gap 2 (G2)/mitosis (M) transition in human promyelocytic leukaemia 

HL-60 cells73 and, since is known that it preferentially uses PI over PtdIns(4)P as substrate74, 

PtdIns(3)P may play a role in cell-cycle progression73. 
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Eight of 13 isoforms of the PI-PLC enzyme family were detected in the nucleus and some of them 

are involved in cell cycle regulation. PI-PLC cleave PtdIns(4,5)P2 to generate second messengers 

inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and 1,2-diacylglycerol (DAG)49,48. Knock down of PLCβ1, 

inhibits cell cycle progression induced by the growth factor IGF-I. At the contrary, when PLCβ1 is 

overexpressed, it increases Cyclin D3 and cdk4 expression with the consequent progression through 

G1 cell cycle phase, even in serum starved cells. Also nuclear PIP5K plays a role in cell cycle 

progression in fact, after synchronization of cells in the G1/S phase, radioactive analysis of isolated 

nuclei showed increased activity of these kinases resulting in increased production of [32P] PtdInsP2 

and [32P] PtdInsP, respectively. Steady state levels of the nuclear phosphoinositides PtdIns4P and 

PtdIns5P were found to increase while it was observed a decrease of PtdInsP2. These results suggest 

that there is an increase in PtdInsP2 turnover probably caused by the increased nuclear PLCβ1 

during cell cycle progression even though PIP5K activity is increased. 

PI4Kα and β activity were confirmed in the nuclei of human, mouse, rat, and yeast cells74-76.  

PIP4KIIβ kinase is a key regulator of (SPOP)–Cul3 ubiquitin ligase, and the mechanism behind 

stimulation of (SPOP)–Cul3 activity is most probably mediated by PtdIns(5)P through a p38-

dependent signaling pathway. Jones et al. showed that PIP4KIIβ is inhibited upon cellular stress, 

resulting in the accumulation of PtdIns(5)P in the nucleus. Similarly, PtdIns(4,5)P2 4-Ptase I, which 

dephosphorylates PtdIns(4,5)P2 to PtdIns(5)P, translocate into the nucleus upon DNA damage, 

leading to accumulation of PtdIns(5)P in the cell nucleus. 

Also some phosphatases have been found within the nucleus. The Src-homology 2 (SH2) domain 

containing inositol polyphosphate 5-phosphatases 1 and 2 (SHIP-1, SHIP-2) which hydrolyze the 

phosphate group of PtdIns(3,4,5)P3 at the 5’ position to form PtdIns(3,4)P277,78 and dephosphorylates 

PtdIns(4,5)P2 to generates PtdIns(4) 79 respectively. And the phosphatidylinositol-3,4,5-trisphosphate 

3-phosphatase (PTEN), which, hydrolyses PtdIns(3,4,5)P3 at the 3’ position to form PtdIns(4,5)P2. 

PtdIns(3,4,5)P3 has been found involved in cell differentiation and anti-apoptotic signaling80. The 

action of both phosphatases -SHIP-2 and PTEN, can inhibit NGF-induced anti-apoptotic actions. As 

it was reported that PTEN does not dephosphorylate PtdIns(3,4,5)P3 in the nucleus22,81-83, it is unclear 

whether it can antagonize the NGF pathway through the decrease of PtdIns(3,4,5)P3 level or via a 

different mechanism23. The treatment with nerve growth factor (NGF) induce the direct bind of 

PtdIns(3,4,5)P3 to nucleophosmin (B23), a critical cellular protein that has been implicated in several 

pathways including mRNA transport, chromatin remodelling, apoptosis and genome stability84. 

Nuclear phosphoinositides also affect signal transduction via ion channels and membrane bound 

receptors which regulate the amount of calcium and other ion transport from the intramembrane 

space across either the outer or inner nuclear membrane. 

https://en.wikipedia.org/wiki/Phosphatidylinositol-3,4,5-trisphosphate_3-phosphatase
https://en.wikipedia.org/wiki/Phosphatidylinositol-3,4,5-trisphosphate_3-phosphatase
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The Ins(1,4,5)P3 receptor, one of the receptors that control calcium flux, has been identified in the 

nucleoplasm and on the inner nuclear membrane providing evidence for an Ins(1,4,5)P3 response in 

the nucleus. Nuclear calcium dynamics have been found important for gene expression85. 

 

The validation of the existence and organization of PI within the nucleus required an intense and long 

period of studies. The first results in fact, were strongly critiqued as potential biochemical artifacts 

due to the tendency of phospholipids to interact non specifically with almost every biomolecule, as 

well laboratory glass- and plasticware. Early studies by Rees and co-workers found enzymatic activity 

and incorporation of phosphorus into PtdIns(4,5)P2 in isolated nuclear membranes from rat liver86. 

Lately, Cocco et al. found that phosphoinositides are not only present in the nuclear envelope but 

also in an endonuclear form. In fact, nuclei depleted of their membranes by detergent treatment were 

shown to incorporate 32P-ATP into PIP(4,5)P2 indicating the presence of phosphoinositide kinases 

within the nuclear matrix87. Further observations, made with the addition of exogenous substrates PI, 

PtdIns(4)P and DAG, to membrane-depleted nuclei and 32P-ATP, showed reconstitution of the 

majority of lipids phosphorylation88. These discoveries marked a fundamentally new way that 

phosphoinositide signaling can work outside membranes. Nevertheless, the biophysical basis for this 

phenomenon had been speculated on for decades and only recently X-ray crystallography provided 

concrete data to reveal the structural format of non-membrane nuclear phosphoinositides89,90. These 

studies, firstly carried on NR5A1 (Steroidogenic Factor 1, SF-1), a transcription factor that binds to 

DNA regulatory elements in the proximal promoter regions of steroidogenic enzyme genes, showed 

that it can incorporate the acyl chains of phosphatidylinositol 4,5-bisphosphate (PIP2) and 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) phospholipids in its hydrophobic core. The 

phosphoinositide headgroups remain, instead, exposed to solvent on the surface of the protein 

creating a unique signaling platform. Interestingly, nuclear inositol polyphosphate multikinase (IPMK), 

fails to recognize PIP2 when is not bind to SF-1. These data were confirmed also in LRH-191, but 

several proteins could be possible candidates that participate in similar non-membrane 

phosphoinositide signaling mechanisms92. Some of these proteins have demonstrated pathological 

impact that suggest connections between nuclear phosphoinositide signaling and human disease. 

Therefore, a deeper understanding of this mechanisms would bring potential opportunities for new 

diagnostics, biomarkers, and therapeutics that this signaling could provide. 

Imaging studies have identified PtdIns(3)P, PtdIns(4,5)P2, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 within 

the nucleus93-95. PI localize to distinct subnuclear regions and each structural component is a site for 

diverse PI and PI pathway-mediated signaling. Is known that mammalian cells have an extremely 
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complex nuclear organization and the comprehension of its structure at the subnuclear level is still 

not completely clear. The structural nuclear components include outer and inner nuclear envelopes 

(which create a double membrane between the cytoplasm and nucleoplasm generating an 

intramembrane space around the nucleus), nuclear pore complexes (the site of active transport 

between the nucleus and the cytoplasm), nucleoplasm and nuclear matrix (the nuclear cytoplasm 

and the structural scaffold for nuclear content respectively), and nucleoplasm reticulum 

(invaginations of the endoplasmic reticulum in the nucleus). Moreover, is now well known that the 

nucleus is highly organized with various membrane-less and extremely dynamic subnuclear 

compartments96 such as nuclear nucleoli, speckles, paraspeckles and cajal bodies. 

The nuclear envelope is the first point of signaling in the nucleus as it creates a barrier between the 

nucleoplasm and the cytoplasm. PIP5KI localizes in both plasma membrane and vesicles in the 

perinuclei97. Analysis with non-ionic detergent extraction and mass spectrometry of nuclear envelope 

revealed high levels of phosphorylated inositol phospholipids within this compartment (12% PtdInsP 

and PtdInsP2, and 9% PtdInsP3) and isolated vesicles associated with nuclear membranes also 

contain high inositol phospholipid levels: 20% PtdIns, 20% PtdInsP, 10% PtdInsP2, and 10% 

PtdInsP398. Nuclear membrane has been found enriched with PLCγ and the DAG formed by PI-PLC 

has been shown to induce nuclear membrane vesicle fusion. In fact, nuclear membrane assembly 

normally requires GTP for Ran-mediated activity; however, the expression of PI-PLC can overcome 

this requirement and allow nuclear membrane fusion without the addition of GTP. PI4Kα was found 

in the nucleoli76 and it was shown that nucleolar PtdIns(4,5)P2 remains bound to nucleolar organizing 

regions (NORs) during mitosis99, bringing to the consideration that cytoplasmic phosphoinositides 

translocate to the nucleus just before the nuclear envelope reassembles during telophase, and then 

become enclosed by the newly formed nuclear envelope. On the other hand, the PtdIns(4,5)P2 pool 

from nuclear speckles translocate to the cytoplasm and accumulates in mitotic interchromatin 

granules (MIGs) which remain cytoplasmic even after the formation of the nuclear envelope in 

daughter cells100 and their components enter the nuclei sequentially in late telophase101.  

The outer nuclear membrane, which is contiguous with the endoplasmic reticulum, allows the 

crosstalk between the nucleus and other cellular compartments like the cytosol and Endoplasmic 

Reticulum. Here have been found sites for synthesis of PtdIns, PtdInsP, and PtdInsP2. The nuclear 

matrix is the scaffold that supports and creates a structure for the nuclear environment and chromatin. 

PI pathway enzyme activities revealed that PIP5K and PLC activities are associated with the inner 

nuclear matrix68 while phosphatidylinositol 4-kinase (PI4K) activity associated more with the 

periphery. 
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A pool of nuclear phosphatidylinositol bisphosphate (mainly PtdIns(4,5)P2) and the kinases through 

which they are generated, were found within the nuclear speckles102. These are distinct subnuclear 

structures rich in splicing factors and poly adenylating polymerases, enzymes responsible for some 

post-transcriptional modifications of mRNAs103. The localization of PIPKs and PtdIns(4,5)P2 to 

speckles is dynamic as both reorganize along with other speckle components upon inhibition of 

mRNA transcription93. Others, only recently descried, nuclear compartments, are the nuclear lipid 

islet: globular structures with a diameter of 40–100 nm and a surface formed mainly by PtdIns(4,5)P2. 

The core of NLIs is formed by carbon-rich compounds whereas their periphery is associated with 

nucleic acids and proteins including RNA pol II, transcription factors, and nuclear myosin 1 (NM1)104.  

Both, nuclear speckles and lipid islets, can serve as a scaffolding platform which facilitates the 

formation of transcription factories participating in the formation of the nuclear transcription 

architecture. 
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Figure 4 - Nuclear sub-localization of PI. Representation of sub-nuclear localization of PI within the 
mammalian nucleus. PI not only localize within the membrane but also in membraneless sub-compartment 
such as nuclear speckles and lipid islet. 
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Table 1 – Nuclear sub-localization of PI related enzymes. 

 

Nuclear Phospholipases 
 

Nuclear localization 

PLCβ1 Speckles, matrix 

PLCδ1 Matrix 

PLCδ4 Nucleus 

PLCε Perinuclear space 

 

Nuclear Phosphatases 
 

PTEN Nucleoli, chromatin 

INPP5K/SKIP Speckles 

SHIP1 Nucleoli 

SHIP2 Speckles 

Type I PtdIns(4,5)P2 4-phosphatase Nucleus 
 

Nuclear Kinases 

 

DGKθ Speckles 

DGK isoforms: α, ζ Matrix 

PKC isoforms: α, βII, δ, η Nucleus 

IPMK Nucleus 

PIPKIα Speckles, nucleoplasm, matrix 

PIPKIγ_i4 Speckles, matrix 

PIPKIIα Speckles, matrix 

PIPKIIβ Speckles, matrix 

PI3K p110β Nucleus 

PI3K IIα Speckles 

PI3K Iiβ Matrix 

PI4KIIα Nucleus 

PI4KIIβ Speckles 

PI4KIIIα Nucleoplasm and Nucleoli 

PI4KIIIβ Nuclear pore 
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GENE TRANSCRIPTION REGULATION 

 

The first check point for gene expression is at the initiation of transcription, beginning of the protein 

production process. In eukaryotes the post-transcription modifications provide an additional level of 

regulation which is possible thanks to the presence of the nucleus that makes this possible. In fact, 

while in prokaryotes the translation of a transcript begins before the transcript is complete, due to the 

proximity of ribosomes to the new mRNA molecules, in eukaryotes the transcripts are modified in the 

nucleus before they are exported to the cytoplasm for translation. 

The variety of gene expression profiles which characterize the different cell types is possible because 

different cells have distinct sets of transcription regulators. Normally, transcription begins when an 

RNA polymerase binds to a promoter sequence which is generally located just upstream from the 

starting point for transcription (5' end of the DNA), though it can be located downstream of the mRNA 

(3' end). In now well established that other DNA sequences, known as enhancer sequences, also 

play an important part in transcription by providing binding sites for regulatory proteins that regulate 

RNA polymerase activity. Binding of regulatory proteins to an enhancer sequence causes a shift in 

chromatin structure that either promotes or inhibits RNA polymerase and transcription factor binding. 

A more open chromatin structure is associated with active gene transcription. While a more compact 

chromatin is generally associated with transcriptional inactivity (Figure 32).  

 

 

Figure 32 – The complexity of gene expression regulation. Transcriptional regulators can have a different 
role. Combinations of one, two, or three regulators can affect transcription in different ways by differentially 
affecting a mediator complex. The effect is that the same gene can be transcribed in multiple ways, depending 
on the combination, presence, or absence of various transcriptional regulator proteins. 
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Nuclear phosphoinositides: regulator of genome functions 

 

Of particular interest are the key roles that nuclear phosphoinositides play in gene expression 

regulation and chromatin remodelling. Nuclear PLCβ1 associates with DNA replication sites and 

directly targets expression of the transcription factor p45/NF-E2. Also, the nuclear PLC-Calcium  

signaling pathway activate members of the Protein Kinase C (PKC) family which in turn regulates 

gene expression via phosphorylation of several tumorigenic transcription factors including p21, p53, 

BAX, and C-JUN. Nuclear PLCs also play a key role in the regulation of histone modifications. It has 

been shown that PLC1p in yeast is required for normal levels of histone acetylation105.  

PTEN form a complex with the histone acetyltransferase p300 and promotes high p53 acetylation in 

response to DNA damage. Acetylation stabilizes and activate p53 sequence-specific DNA binding 

and recruits transcriptional co-activators to p53-responsive promoters106. PTEN can also regulate 

gene expression indirectly via Akt which has an important role in the repression of the E-cadherin 

gene, CDH1107, possibly inducing the production of the transcription factor SNAIL108. Akt also plays 

a critical role in mRNA splicing by the regulation of the activity of the nuclear speckles protein ALY109.  

Ins(1,4,5,6)P4, the product of IPMK (Inositol Polyphosphate Multi Kinase), is required for the 

activation and recruitment of the Histone deacetylases 3 HDAC3 by SMRT (silencing mediator for 

retinoid or thyroid hormone receptor), playing a critical role in the enzymatic activity of the HDAC3-

SMRT complex in repressing gene proliferation110. IPMK also regulates gene expression in a kinase-

independent manner via its function as an adaptor protein in the transcriptional co-activator 

complexes. As PTEN, IPMK co-localizes with p53 and enhances p53-mediated transcription by 

stimulating its acetylation through the enhancement of the co-activator p300. Loss of IPMK, in fact, 

results in a strongly reduced recruitment of p300 to target promoter genes. Moreover, the PI3K 

activity of IPMK has been found involved in the mRNA export. 

Also some members of the ING family have been found associated with histone acetyltransferase 

(HATs) and deacetylases (HDACs). All members of the ING family contain a Plant Homeodomain 

(PHD) and ING1 and 2 have been found to interact with phosphoinositides. In particular, the nuclear 

localization of ING2 has been found stabilized by the binding with PtdIns(5)P. ING2 also show 

specific binding to tri-methylated lysine 4 of histone 3 (H3K4me3) through the aspartate 230 (D230) 

in its PHD domain47 and this interaction seems necessary to stabilize ING2/mSin3a-HDAC1 complex 

at the promoters of proliferation genes111. 

PtdIns(5)P also control the DNMT1-Uhrf1 interaction with specific zones of DNA either H3K9me0  or 

H3K9me3 playing a specific role in the regulation of DNA methylation112. 



 

28 
 

Immunoprecipitation and pull-down experiment with PtdIns(4,5)P2-coupled beads shown that 

PtdIns(4,5)P2 forms a complex with the active form of RNA pol II. Recent studies suggests that 

PtdIns(4,5)P2 can be bound to RNA pol II transcription machinery through a direct interaction with 

the transcription factor nuclear myosin 1 (NM1). In vivo transcription and pull-down assays showed 

that NM1 requires association with PtdIns(4,5)P2 to form a complex with the active form of RNA pol 

II, thus maintaining transcription104. 

This is a summary of the main function of phosphoinositides in gene control. Nevertheless, an high-

throughput study carried out by Jungmichel et al., found over 120 nuclear proteins which show 

binding to various phosphoinositides with different affinities within the nucleus113 suggesting that 

many more are the possible functions of phosphoinositides in nuclear processes.  

 

Basics of gene transcription: focus on TFIID 

In eukaryotes, the controlled and selective transcription of DNA underlies all biological processes. 

Promoters of genes, which are transcribed by RNA polymerase II contain an AT-rich sequence 

(TATA-box) which acts as the initial DNA target for the basal transcription complex TFIID. 

TFIID is crucial both for promoter recognition and PIC assembly. It is a highly flexible tri lobe complex 

composed of multiple protein components which have a high level of conservation through all the 

species: the TATA-binding protein (TBP), which mediates the binding to the DNA; and 13 TBP-

associated factors (TAF 1-13)114, 6 of them are present in two copies (TAF4-6, 9,12)115. Together, 

the TBP and the TAFs subunits of TFIID, with the assistance of TFIIA, interact directly with promoter 

DNA forming a platform for the other basal factors (TFIIB, TFIIF, TFIIE, and TFIIH) and the RNA 

polymerase II, which together form the Pre-Initiation complex of transcription (PIC)43. 

TFIID and its components have been subjected to intense studies but only recently, largely due to 

methodological advances, the structure have been described, revealing functional significance of its 

conformation in promoter recognition and initiation of Pol II transcription116. 

Recent studies suggested that the core promoter recruitment of TFIID does not rely on TATA–TBP 

interactions, as has always been assumed, but the TBP binding to the TATA box occurs only at the 

final step of the TFIID formation117. These founding represent an important paradigm shift and raises 

fascinating questions about TFIID assembly and dynamics in which phosphoinositides may play 

substantial roles. 

Human TFIID is built on a dimeric scaffold containing, at the center, a dimer of the HEAT TAF6 repeat 

domain within lobe C that connect to lobes A and B through the TAF 6 histone fold domain. Lobes A 

and B are both organized around TAF5 and the HFD of TAF 4,6,9,10 and 12, but they include 
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additional subunits specific for each lobe: TAF 8 at lobe B and TAF3 and TBP at lobe A (Figure 5, 

A). Through their ability to interact with genome regulators, co-factors and histone modification tails, 

TAFs allow the complex to respond to stimulation and therefore to regulate transcription. Of particular 

interest is the ability of the tandem bromodomains (BrDs) of TAF1 to interact with acetylated 

histones118 and the PHD finger of TAF3 with trimethylated lysine-4 of histone H3 (H3K4me3)119. The 

interaction of TAF3 with H3K4me3 has been found to regulate pre-initiation complex assembly and 

gene transcription and the fact that the plant homeo domain of TAF3 also bind phosphoinositide, 

make of it a suitable candidate for studying the link between phosphoinositides, chromatin 

remodelling and gene transcription regulation (Figure 5, B).  

 

 

Figure 5 – Schematic of TFIID transcription factor and its anchoring to DNA. Schematic of the trilobe 
TFIID transcription factor with TATA-binding protein (TBP, in red) and the TBP-associated factors (TAFs) (A). 
Canonical TFIID could anchor to chromatin through its flexibly attached TBP-associated factors TAF1 
bromodomain (BrD) to acylated histone H3 and/or histone H4 and TAF3 PHD to trimethylated lysine-4 of 
histone H3 (H3K4me3) (B). Figure adapted from Bhuiyan et al117. 

 

TATA-binding protein associated factor 3 

It has previously been reported that TFIID components can function in a tissue-specific manner. 

The TATA-binding protein associated factor 3, for example, plays an important role in the regulation 

of transcription during myogenesis. Its depletion, in fact, strongly attenuates myogenic differentiation 

in C2C12120. According to Deato et al., TAF3 not only regulates transcription through the TFIID 

complex but also forms an integral part of the more simple and myogenic-specific TFR3 

transcription121. While it is not completely clear how TAF3 can regulate muscle differentiation, it does 

appear to be a key intermediator between MyoD, permissive chromatin (H3K4me3) and the initiation 

transcription complex leading to the recruitment of MyoD at muscle-specific genes promoters.  

TAF3 is characterized, at the N-terminus, by a histone fold domain (HFD) which is involved in histone 

dimerization122 and in the binding with to other members of the PIC complex, and a C-terminal PHD-

finger domain. Recent studies from our laboratory shows that TAF3 can bind both PI and H3K4me3, 

and that mutations of the PI interaction site compromises TAF3 mediated transcriptional output during 
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muscle differentiation. Microarray analysis also showed a link, in the transcriptional output, between 

TAF3 and PI4KIIβ, the kinase that phosphorylates PtdIns5P on position 4 leading to PtdIns(4,5)P2 

formation. Interestingly, the down regulation of this protein enhances muscle differentiation in C2C12, 

suggesting that an increase in the amount of nuclear PtdIns5P enhances PI-TAF3 binding and 

subsequently TAF3 activity. 

 

Figure 6 – Schematic of the role of PI4KIIβ in muscle differentiation. The kinase PI4KIIβ phosphorylates  
PtdIns5P leading to the formation of PtdIns(4,5)P2. Its knock down has been found to increase differentiation 
potential, suggesting that the consequent increase of PtdIns5P within the nucleus may stimulate myogenic 
genes expression through the binding with TAF3.  
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POST-NATAL SKELETAL MUSCLE DIFFERENTIATION 

Overview of myogenesis 

Adult skeletal muscle provides an unique paradigm for studying differentiation cell transition. In fact, 

is now well known that, in response to environmental stress, skeletal muscle has an incredible ability 

to regenerate123. Its regenerative capacity relies on a subpopulation of cells, called satellite cells, 

which function as muscle stem cells undergoing to asymmetric cell division to both maintain their 

stem population through self-renewal and, at the same time, to give rise to committed myogenic cells 

(Figure 7). Satellite cells were first identified in 1961 by electron microscopy analysis of the tibialis 

anticus of a frog. Mauro et al., described cells with a large nucleus and a tiny cytoplasm located 

between the sarcolemma and basal lamina of their associated muscle fibers and, due to their 

location, he named them “satellite cells”124. Years later, researchers recognized these cells as the 

precursors to myoblasts that play a key role in muscle regeneration125. 

 

 
 

Figure 7 - Schematic of satellite cell populations and cell division. The satellite cell population is 

heterogeneous and can be classified based on function and gene expression. Evidence from lineage tracing 

experiments identified a subpopulation of satellite cells having never expressed the myogenic transcription 

factor Myf5 (stem-satellite cells, in green) are placed hierarchically above satellite cells that have expressed 

Myf5 at some point during development (committed-satellite cells, yellow). Satellite stem cells, upon 

asymmetric division (typically in an apico-basal orientation), will give rise to two daughter cells: one maintains 

stem features while the other activates Myf5 and become committed. Following transplantation, satellite stem 

cells preferentially repopulate the satellite cell niche and contribute to long-term muscle regeneration. In 

contrast, satellite myogenic cells preferentially differentiate upon transplantation in vivo. 
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Muscle differentiation proceeds by four main steps: (I) activation and proliferation of committed stem 

cells, (II) cell cycle withdrawal of undifferentiated myoblast, (III) fusion to form multinucleate myotubes 

and (IV) maturation into contractile myofibers. This process is hierarchically controlled by an highly 

regulated transcriptional network which as been widely investigated in the last decades but is still not 

completely understood126. Satellite cells can be activated by many signals from the regenerative 

microenvironment, including those mediated by adhesion molecules, necrotic cues released from the 

damaged fibers, or by growth factors and cytokines produced by neighboring cells, such us interstitial 

cells, resident macrophages, fibroblasts, and microvasculature-related cells. Extracellular signal are 

transmitted to myoblast nucleus though signaling cascades, among which p38 MAPK and IGF1-AKT 

pathways are thought to play a major role127,128. 

The p38 isoforms are a MAPK family which regulate satellite cell fate at multiple levels. p38c blocks 

premature differentiation through induction of a repressive MyoD transcriptional complex. p38a acts 

to restrict excessive proliferation during the postnatal hyperproliferative phase as well as directing 

myoblasts toward a differentiated state in response to both growth and repair stimuli. p38 increases 

myogenic regulatory factor (MRF) activity via phosphorylation of MEF2 and E proteins, promoting 

heterodimerization of MRFs, such as MyoD, with E47. This enhances RNA Pol II recruitment to 

myogenic loci, initiating the differentiation program. At the same time, p38 antagonizes the JNK 

pathway, which promotes proliferation, through upregulation of the JNK phosphatase MKP-1. 

Recently, p38 has been linked to the epigenetic regulation of myogenesis through both repressive 

and activating histone modifications. 

Insulin-like growth factor-1 (IGF-1) is involved in a highly regulated signaling pathway, a cascade of 

intracellular components that regulates both anabolic and catabolic pathways in skeletal muscle 

mostly increasing skeletal muscle protein synthesis via PI3K/Akt/mTOR and PI3K/Akt/GSK3β 

pathways129 and protein degradation, via the transcription factors of the FoxO family. 

 

Skeletal muscle differentiation: focus on gene control 

At the postnatal satellite cell stage, Pax3 and Pax7 are key markers of satellite cells within the basal 

lamina of adult myofibers. Despite the idea that Pax3 and Pax7 are dispensable for the novo 

myogenesis in the adult130, they are instead essential transcription factors as their ectopic expression 

is sufficient to induce a myogenic fate in mouse embryonic cells131. They are co-expressed during 

embryonic development but, in post-natal myogenesis, only Pax7 seems to be essential for satellite 

cells and myoblast cell cycle progression and proliferation132. In fact, Pax7 is involved in the 

maintenance of adult satellite cell phenotype both by the activation and repression of genes needed 

for muscle differentiation133. It probably acts as pioneer transcription factor, opening closed chromatin 
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sites134, but it remains unclear how Pax7 induces expression of certain genes and keep repressive 

signals over others. Mayran et al., recently showed that Pax7 preferentially recognize a motif with 2 

binding sites for its two DNA binding domains and this leads to a greater binding stability. After Pax7 

recognizes and engages pioneering sites, co-pioneer factors, such as Tpit in the pituitary gland, 

provide the chromatin opening ability and melanotrope terminal differentiation135 but to date, is still 

unknow if any Pax7 co-factors is necessary in satellite stem cells to induce muscle gene expression. 

In 2008, McKinnell et al. found that the binding of Pax7 to enhancer elements upstream of the Myf-5 

transcription start site establish a permissive epigenetic state (H3K4me3) by the recruitment of the 

histone methyl transferase complex, composed of Ash2l, Wdr5, Rbbp5 and MLL1/2136. Moreover, 

the arginine methyltransferase Carm1 methylates the amino terminus of Pax7 which lead to the 

recruitment of the methylation complex MLL1/2. Interesting, the absence of Carm1 notably reduce 

muscle stem cells regenerative potential137. 

Once terminal myogenic process is triggered, the progression of development and differentiation of 

muscle lineage is regulated by four Myogenic Regulatory Factors (MRFs): Myf5, MyoD, Myogenin 

and MRF4, the master regulators for muscle differentiation. MRFs are a family of transcription factors 

characterized by the basic helix-loop-helix domain, which consists of two amphipathic helices 

separated by a non-helical group. This motif mediates the dimerization of the transcription factor with 

E proteins which provide the basic DNA-binding domain the ability to recognize E-box sequences 

present in the promoters of many muscle-specific genes138.  

Genome-wide analysis has defined gene expression changes during myogenesis and the profiles of 

MRF binding upon differentiation139,140. Myf5 is expressed in ~90% of quiescent satellite cells141, and 

is required for myoblast proliferation and maintaining the satellite cell pool142. In fact, myoblasts 

depleted of Myf5 have a tendency towards early differentiation143. The activation of Myf-5 

requires arginine methylation of Pax7 by the arginine methyltransferase Carm1137, which triggers the 

recruitment of the histone methyltransferase complex Wdr5-Ash2l-Mll2 to the Myf5 locus. This results 

in a permissive chromatin status that allow transcriptional activation of Myf-5 through asymmetric cell 

division136. Moreover, it has been found that Myf5 transcript remains untranslated through 

sequestration in mRNP granules, allowing satellite cells to maintain their quiescent state. Upon 

differentiation, mRNP granule dissociate and release the transcript which is then rapidly translated144. 

Also MyoD is required for initiation of differentiation. In proliferating myoblast, MyoD is transcribed by 

the transcription factors FoxO3, Six1/4, Pax3 and 7145,146. MyoD null myoblasts exhibit enhanced 

proliferation and delayed differentiation. The current hypothesis is that myoblasts will proliferate or 

differentiate depending on whether Myf5 or MyoD expression predominates147 in fact, co-expression 

of Myf5 and MyoD leads to an intermediate stage of proliferation and differentiation148. 
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Figure 8 - Overview of muscle differentiation process. Myogenesis involves a hierarchical, tightly controlled 
expression of master regulators factors. They lead the specification and the commitment of embryonic 
progenitor into the myogenic program at the stage of quiescent satellite stem cells. After activation, satellite 
cells proliferate, by asymmetrical division, and specialized into myoblasts which, thanks to MyoG expression, 
differentiate into myocytes. In the late stage of the differentiation, myocytes fuse into myotubes organized in 
contractile myofiber. Image adapted from Florian et al149. 

 

Another level of regulation during myogenesis is the relationship between nuclear localization of loci 

containing muscle-specific genes with their transcriptional status. For example, low-level of MyoD 

transcription is induced by TFIID and MyoD locus is found near the periphery of the nucleus.     

As differentiation proceeds, MyoD locus is relocated to the lumen where TAF3/TRF3 promote MyoD 

expression150 and, at the same time Myf-5 transcription is downregulated120. MyoD then induces 

Myogenin expression, by the recruitment of most of the factors required to activate 

the Myog promoter upon differentiation, including the basal transcriptional machinery via direct 

interaction with TAF3, histone methyltransferases (such as Set7/9) and chromatin remodelers (like 

the SWI/SNF complex)120,151,152. MyoD alone is sufficient to fully activate the expression of early 

target genes (0–24 h post-differentiation), whereas late-expressed genes (24–48 h post-

differentiation) require MyoD to initiate chromatin remodeling that subsequently facilitates myogenin 

binding and myogenin-mediated transcriptional activation153. MyoD can be included on the list of 

pioneering factors as it binds with a variety of architectural proteins, gain the ability to remodel 

chromatin from an inaccessible and repressed environment. Moreover, chromatin 

immunoprecipitation (ChIP)-based technologies have indicated the existence of interactions between 

MyoD and chromatin in undifferentiated myoblasts154.  

For example, MyoD binds p300 and the p300/CBP-associated factor which mediates histone 4 

acetylation and the acetylation of the MyoD DNA binding domain itself 155,156. 

MyoD also binds the switching defective/sucrose non-fermenting (SWI/SNF) chromatin remodeling 

complex. In particular, in complex with the Brg1/Brm-associated factor 60c (BAF60c) has a 

pioneering role in marking the loci susceptible for chromatin remodelling not only at promoters and 

enhancers, but also at intergenic regions154. MyoD also functionally interacts with the arginine 

methyltransferase Prmt5157, with the lysine methyltransferase Set7/9152, with the chromatin 
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remodeling enzyme Chd2158 and with the regulatory Long noncoding RNAs Linc-RAM159 and 

Kcnq1ot1160. MLL1 is required for PAX7 expression and satellite cell self-renewal in mice. 

At this stage satellite cells exit the cell cycle entering toward unreversible terminal differentiation. 

MyoD and myogenin regulate distinct, but overlapping, target genes and act sequentially at individual 

promoters154,161. The activity of MyoD and Myogenin lead to the expression of MRF4 which triggers 

the expression of myotube-specific genes. At this point structural and contractile muscle proteins, 

such as actin, myosin and troponin are expressed148.  

 

Figure 9 - Chromatin remodelling during myogenesis. Pax7 acts as pioneering transcription factor opening 
the chromatin at MRFs genes loci by the recruitment of Histone Modification Enzymes. The open state of the 
DNA allows the binding of MyoD which in turn recruits chromatin re-modellers activating the expression of 
differentiation markers.   

 

After proliferation and exit the cell cycle, myoblasts committed to differentiate undergo cell-to-cell 

fusion with existing myofibers, or they participate in de novo formation of myofibers. The first stage 

involves individual myoblasts fusing together to form nascent myotubes with only a few nuclei. The 

second stage occurs when additional myoblasts fuse with nascent myotubes, gradually forming a 

mature myofiber with contractile proteins148. Each of the MRFs genes has a specific response to 

signaling cues how the expression of MRFs is tightly controlled during post-natal muscle 

differentiation to date remain poorly explored.  
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AIM 

Phosphoinositides signaling has been found within the nuclei and their interaction with specific 

nuclear proteins transduces cellular input into gene expression regulation and chromatin remodelling. 

Of particular interest, PIs can bind the TBP-associated factor 3 (TAF3), a key component of the basal 

transcription complex TFIID. As part of this complex and its ability to interact with H3K4me3, TAF3 

has been proposed to regulate gene transcription during muscle differentiation. 

Myogenesis involves a highly coordinated cellular mechanism: extracellular information are 

translated into a tightly controlled nuclear signaling which rely on the activity of many nuclear 

molecules and factors that control gene expression and chromatin remodelling in order to ultimately 

express specific proteins on a precise timing.  

It has been found that phosphoinositides could play a pivotal role in this process regulating gene 

expression by the binding of TAF 3, but additional investigation are required and would provide a 

better understanding of the general mechanism of action o phosphoinositides within the nucleus.  

For these reasons, this project aims to: 

- Analyse the impact of phosphoinositides on changes of gene expression and 

transcriptomic profile by RNAseq during myogenesis, 

- Investigate if phosphoinositides impact on the chromatin occupancy of TAF3 and other 

regulators of transcription by chromatin immune precipitation.  
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MATERIAL AND METHODS  

 

Material 

 

Table 2 - General chemicals. 

Reagent  Company  Catalog no. 

1,4-Dithiothreitol (DTT)  Sigma-Aldrich  D9779 

2-Propanol  Sigma-Aldrich  33539 

2-Mercaptoethanol  Gibco  21985-023 

3-(N-Morpholino) propanesulfonic acid (MOPS) Sigma-Aldrich  M1254 

4’, 6-Diamidin-2-phenylindol (DAPI)  Sigma-Aldrich  D9542 

6-amminocarpoic acid  Sigma-Aldrich  A2504 

Agar  Sigma-Aldrich  5039 

Agarose  Sigma-Aldrich  A9539 

Bovine serum albumin (BSA)  Sigma-Aldrich  A9418 

Bromochloropropane (BCP)  Sigma-Aldrich  B9673 

Calcium chloride  Sigma-Aldrich  C3306 

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich  D8418 

Disodium hydrogen phosphate  Sigma-Aldrich  S3264 

Ethanol  Sigma-Aldrich  24102 

Ethylenediaminetetraacetic acid disodium (EDTA) Sigma-Aldrich  E5134 

EGTA  Sigma-Aldrich  E3889 

Fetal bovine serum (FBS)  Gibco 
 

Glycine  Sigma-Aldrich  G8898 

Glycerol  Sigma-Aldrich  G5516 

Hydrochloric acid (HCl)  Sigma-Aldrich  258148 

IGEPAL CA-630 (NP-40)  Sigma-Aldrich  I8896 

LB-Broth  Sigma-Aldrich  L3022 

Magnesium chloride hexahydrate  Sigma-Aldrich  M2670 

Manganese(II) chloride  Sigma-Aldrich  31422 

Poly(ethylene glycol) (PEG)  Sigma-Aldrich  89510 

Potassium acetate  Sigma-Aldrich  P1190 

Potassium chloride  Sigma-Aldrich  P9541 

Potassium phosphate dibasic trihydrate  Sigma-Aldrich  P9666 

Protease inhibitor cocktail (PIC)  Roche  11836153001 

RiboLock RNase Inhibitor  Thermo-Scientific  E00384 

Sodium acetate  Sigma-Aldrich  S8750 

Sodium chloride  Sigma-Aldrich  S3014 
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Sodium dodecyl sulfate (SDS)  Roth  CN30.3 

Sodium fluoride  Sigma-Aldrich  30105 

Sodium orthovanadate  Sigma-Aldrich  S6508 

Sodium pyruvate solution  Sigma-Aldrich  S8636 

Sucrose  Sigma-Aldrich  S0389 

Tris  Sigma-Aldrich  T1503 

Triton X-100  Sigma-Aldrich  T8787 

Trizol  Life Technologies  15596018 

Tween-20  Sigma-Aldrich  P9416 

Water (Ultrapure)  Milli-Q 
 

β –Glycerophosphate  Sigma-Aldrich  G9422 

 

Table 3 - Buffers and solutions. 

Buffer/Solution Composition 

0.5x TBE 45 mM Tris-borate  

1 mM EDTA 

1x PBS (Sigma-Aldrich) 0.01M Phosphate buffer  

0.154M sodium chloride (pH 7.4) 

LB-Agar 10 g/l LB Broth  

15 g/l Agar  

Autoclave 

LB-Media 10 g/l LB Broth  

Autoclave 

TEA running buffer 40mM Tris 

20mM Acetate 

1mM EDTA 

Adjust pH to 8.6 

QG buffer (DNA gel extraction) 5.5 M guanidine thiocyanate (GuSCN) 

20 mM Tris-HCl 

Adjust pH to 6.6 
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Wash buffer (DNA Gel extraction) 80 mM NaCl 

8 mM Tris-HCl 

Adjust pH 7.5 

 

P1 resuspension buffer (DNA mini prep) 

 

50 mM Tris-HCl 

10 mM EDTA 

pH 8.0 (25ºC) 

50-100 μg/ml RNase A  

P2 lysis buffer (DNA mini prep) 

 

200 mM NaOH 

1% SDS 

P3 neutralization buffer (DNA mini prep) 

 

4.2 M guanidine hydrochloride (GuHCl) 

0.9 M potassium acetate 

pH 4.8 

PB buffer (DNA mini prep) 5 M guanidine hydrochloride (Gu-HCL)  

30% isopropanol 

PE wash buffer (DNA mini prep) 80 mM NaCl 

8 mM Tris-HCl 

pH 7.5 

Lysis Buffer 10mM Tris-HCl (pH 8)  

10mM Sodium chloride  

0.4% NP-40  

1x PIC 

RIPA buffer 1% NP40 

1% DOC 

0.1% SDS 

150mM NaCL 
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10mM NaPO4 Ph 7.2 

2mM EDTA.  

Transfer buffer (Western blot) 

 

25mM Tris-HCl (pH 8)  

200mM glycine 

20% Methanol 

Bis Tris western blot gel buffer 1M Bis Tris pH6.5 with HCl (3X) 

 

Running gel (amount for 1 gel) 1X bis Tris buffer 

10% Acrylamide 

48ul APS 

24ul TEMED 

H2O up to 6ml 

 

Stacking gel (amount for 1 gel) 1X bis Tris buffer 

5% Acrylamide 

24ul APS 

12ul TEMED 

H2O up to 3ml 

 

Solution D (RNA extraction) 4M Guanidine thiocyanate 

25Mm Sodium citrate ph 7  

0,5% Sarcosil.  

Quenching Buffer 0.125 mM Glycine  

1x PBS 

ChIP lysis buffer  

 

0.25% SDS 

10mM Tris-HCl pH 8 

1mM EDTA pH 8 

1X protease inhibitor. 
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Low Salt-buffer  

 

0.1% SDS 

1% TX-100, 2mM EDTA 

20mM Tris pH 8.1 

150mM NaCl 

High salt buffer 0.1% SDS  

1% TX-100 

2mM EDTA 

20mM Tris pH 8.1 

500mM NaCl 

LiCl wash buffer 0.25M LiCl 

1% Igepal CA630 

1% DOC 

1mM EDTA 

10mM Tris pH 8.1 

TE buffer 

 

10mM Tris pH 8.5 

1mM EDTA 

ChIP Elution Buffer: 100mM NaHCO3 

1% SDS 

TFB I 50mM Manganese(II) chloride  

100mM Potassium chloride  

10mM Calcium chloride  

30mM Potassium acetate (pH 6)  

15% (v/v) Glycerol  

Adjust pH to 6.1 with Acetic acid and autoclave. 

Stored at 4°C. 

TFB II 75mM Calcium chloride  

10mM Potassium chloride  
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10mM MOPS  

15% (v/v) Glycerol  

Adjust pH to 7.0 with potassium hydroxide. 

ChIP lysis buffer 0.25% SDS 

10mM Tris-HCl pH 8 

1mM EDTA pH 8 

1X protease inhibitor  

Low Salt-buffer 0.1% SDS 

1% TX-100 

2mM EDTA 

20mM Tris pH 8.1 

150mM NaCl  

High salt buffer 0.1% SDS 

1% TX-100 

2mM EDTA 

20mM Tris pH 8.1 

500mM NaCl 

LiCl wash buffer 0.25M LiCl 

1% Igepal CA630 

1% DOC 

1mM EDTA 

10mM Tris pH 8.1 

TE buffer 

 

10mM Tris pH 8.5 

1mM EDTA 

ChIP Elution Buffer 

 

100mM NaHCO3 

1% SDS 
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Table 4 – Enzymes. 

Name Company Catalog no. 
 

 

  Restriction enzymes 

 

EcorI New England Biolabs  R0101L 

SmaI New England Biolabs  R0141L 

NheI New England Biolabs  R0131S 

ApoI  New England Biolabs  R0566L 

BsaBI  New England Biolabs  R0537S 
              

          Ligases 

 

T4 DNA Ligase Promega 15224041 

T4 DNA Ligase  New England Biolabs M0202T 
             

         Polymerases 

 

DreamTaq Thermo Fisher 
Scientific EP0711 

Thermo Fisher Scientific  EP0711 

Expand High Fidelity  Sigma-Aldrich (Roche)  4743733001 

Klenow Fragment New England Biolabs  KM0210 

O5 High Fidelity New England Biolabs  M0491S 

T4 DNA Polymerase  New England Biolabs  M0203L 
 

 

             Others 

 

Reverse transcriptase (go script) Promega A5003 

Hot Start Taq DNA Polymerase 
(Luna® Universal qPCR Master 
Mix) 

New England Biolabs  M3003L 

DnaseI Worthington  LS006333 

Proteinase K Thermo Fisher Scientific  AM2548 

RNase A AppliChem A3832,0050 

Trypsin Sigma-Aldrich T3449 

 

Table 5 – Primary Antibody. 

Antibody Antibody isotype Source Working concentration 

HA-tag Rabbit Cell signaling 1:3000 

GFP  Rabbit Invitrogen 1:5000 

Actin Mouse Millipore 1:10000 
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H3K4me3 Rabbit Cell signaling 1ug 

Polymerase II Rabbit Santa Cruz 
biotechnology 

2ug 

 

Table 6 – General reagents for molecular biology 

Reagent  Company  Catalog no. 

Dynabeads Protein A Thermo Fisher scientific 10006D 

Pre-stained Protein Standard Thermo Fisher scientific LC5925 

1 kb DNA Ladder N New England Biolabs  N0552G 

100 bp DNA Ladder  New England Biolabs  N0551G 

Biotin-14-ATP  Invitrogen  19524-016 

DNA SYBR Safe  Invitrogen  S33102 

Gel Loading Dye  New England Biolabs  B7024S 

 

Table 7 – General equipment 

Application Company Type 

Water Bath Grant JB1 

Bacteria incubator  Infors HT Ecotron  

Cell counting  Optik Labor Neubauer chamber  

Cell culture   Sanyo CO2 Incubator 

Centrifuge  Thermo Scientific 75005719 

Centrifuge  Beckman Coulter Allegra X-15R 

Vortex Mixer Jencons Miximatic 

Sonicator (probe) Fisherbrand/Qsonica FB-705/Q700 

Microplate Reader BMG LABTECH Fluostar Optima 

Speed Vac GeneVac MiVac DUO 

Flow Cytometer Millipore Guava 

Microscope Leica SP8 Leica SP8 AOBS Confocal 

Zeiss Upright Carl Zeiss Axioplan 2 

pH meter  Sartorius PB-11  

pH meter  Hach H138 minilab  

Sonicator  Diagenode Bioruptor Plus  

Spectrophotometer  Eppendorf BioPhotometer 

Spectrophotometer  ND-1000 Peqlab NanoDrop  

Thermal Cycler  Bio-Rad C1000 Touch  

Real-time PCR thermal cycler Thermo Fisher Scientific  Step One Plus 
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Methods 

Vectors cloning 

HA-TAF3 CDS WT and KK mutant inserts (a combinatorial mutagenesis of lysine 922, 923, 924, 925, 

926,928 and arginine 927 which ablated PI interaction) were cut off the pBabe vector and cloned into 

pLenti_IRES EGFP vector. Fragments were excised by digestion with EcorI and SmaI (New England 

Biolabs) at 25°C for 30 mins and at 37°C for 1,5 h making blunt end extremities. 5 ug of pLenti_IRES 

EGFP vector was digested with EcorI and dephosphorylated with Calf Intestinal Alkaline 

Phosphatase (Promega) at 37°C for 30 minutes. The digested products were loaded on a 0.8% 

agarose gel in TEA buffer and purified using homemade buffers (see recipes in the additional 

information). DNA concentration was measured by densitometry analysis using a standard and 

calculated with GeneTools (Syngene). The insert and the vector were mixed in a ratio of 3 to 1 with 

T4 DNA ligase (Promega) at room temperature for 1 h. Half of the ligation mix were transformed into 

STABLE3 competent cells by heat shocked at 42°C for 1 min. Transformed cells were then left to 

grow in 1 ml of LB-broth at 37°C shaking for 40 min, spinned down and selected by plating on LB-

ampicillin plates. Positive colonies were grown overnight in 5 ml LB broth containing Ampicillin and 

screened by plasmid miniprep (recipes in table 3). The mixture was centrifuged 4000 rpm for 15 

minutes and the bacterial pellet resuspended in 250 ul of P1 buffer and lysed with 250 ul of P2 buffer 

for 5 min at room temperature. 300 ul of P3 neutralization buffer were added and the mix was 

centrifuged at maximum speed for 5 mins. Supernatant was loaded into a filtered column (Epoch) 

connected to vacuum. Columns were washed with 700ul PE buffer twice and dried for 2 mins at full 

centrifugation speed. Then, DNA was eluted with 50 ul of nuclease free water and quantified at 

Nanodrop. Vector maps are shown in Appendix VI. 

 

Culture conditions 

C2C12, HEK-293 and PlatE cells were grown in DMEM supplemented with 10% heat inactivated 

FBS (Fetal Bovine Serum, Life technology) and 1% Penicillin/Streptavidin (Life technology), and 

maintained at 37°C in a humidified incubator with 5% CO2. For passaging, cells were washed once 

with PBS and treated with 1 ml of trypsin-EDTA (life technology) for 5 min at 37°C. Once cells were 

detached, trypsin was inactivated with 10 ml of complete medium and splitted at a concentration of 

3*104 cells/ml in a 10cm plate. For cryostorage 2*106 cells were frozen in 1 ml of freezing solution 

composed of 10% dimethyl sulfoxide (DMSO) and 90% FBS and stored in liquid nitrogen.  
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Lentivirus production for HA-WT/KK TAF3 overexpression 

Lentiviral particles were produced by transfection of HEK-293 by a combination of p-lenti : pCMV-

dR8.91 : pMD2.G VSVg DNA vectors at a ratio of 4:2:1 ug. pCMV-dR8.91 supply gag and pol, the 

genes which codify for the viral core structure and the viral reverse transcriptase respectively and 

pMD2.G encodes for VSV-G which permits the viral entry into the cells. Plasmids were mixed with 

9ug of polyethylenimine (PEI) into 300 ul of Optimem medium serum free and incubated room 

temperature for 20 minutes. The mix was then dropped on HEK-293 cells plated one hour before in 

6 well-plate. After 24h supernatant containing lentivirus was collected and filtered (with 0.45um filter) 

and medium was replaced for the next 48 and 72 hours time points.  

 

Retrovirus production for endogenous TAF3 KD 

The Platinum-E (Plat-E) Cell Line were used to generate retrovirus particles for the knockdown of 

TAF3 endogenous expression. Because this cell line already express the retroviral structures protein 

gag, pol and ecotropic env, cells were transfected only with pRetrosuper vector containing shRNA 

construct targeting to the 3’ untranslated region (UTR) of TAF3.  Cells were transfected with 3ug of 

pRetrosuper vector and 9 ug of PEI in 6well plate. After 24h supernatant was collected and filtered 

(with 0.45um filter) and medium was replaced for the next 48 and 72 hours time points which were 

collected together and the mix was used for transduction.  

 

Transduction of C2C12 

C2C12 WT were plated in 6 well plates and 500ul of media were replaced with the same amount of 

each Lenti or Retro virus supplemented with 8ug/ml of Polybrene, a cationic molecule that neutralize 

the charge on the cell surface increasing the efficiency of transduction. After 15-18 hours of infection 

medium containing virus was replaced with fresh medium and cells selected with EGFP or 

Puromycin.  

 

Muscle differentiation experiment  

To induce muscle differentiation process 3*106 C2C12 cells were plated in 6wellplate. After 24h, 

when they reached a confluence of 80%, DMEM complete medium was replaced with DMEM 

supplemented with 2% Horse Serum (HS, both Life technologies) and 1% Pen/Strep. Medium was 

changed every 2 days and differentiation was monitored by bright-field microscopy EVOS Life 

technology.  
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Cytofluorimetry  

GFP-positive cells were sorted using FACS Aria (Southampton general hospital) and routinely 

checked on Guava® easyCyte cytometer (Merk) and analysed by Guava software.  

Protein lysate preparation 

At the last day of differentiation cells were washed twice with PBS, or thawed on ice, and incubated 

for 30 min on ice with 150ul/well of Radio-Immunoprecipitation Assay (Ripa) buffer. Cells were 

collected by scraping and sonicated for 5 min 10sec on/off. Protein concentration was measured 

using the bicinconinic acid (BCA) protein assay kit (Pierce, Thermo scientific) according to the 

manufacturer’s instruction and 30ug of protein lysate were used for western blot analysis.  

 

Western Blot analysis 

Protein samples were separated by SDS-PAGE on 10% acrylamide gel. Samples were mixed with 

4X NuPAGE LDS-sample loading buffer (Invitrogen) and 100mM DTT at the final concentration of 

1X. The samples were incubated at 95°C for 5 min, centrifuged and loaded on the gel with see blue 

plus2 marker (life technologies). Gels were run in NuPage 3-(N-morpholio) propane-sulfonic acid 

(MOPS) SDS running buffer at 120-160 Volt for 60-90 minutes.  

Protein were then transferred into a nitrocellulose membrane in transfer buffer at 65 V for 1,5 hours 

or 35V O/N at 4°C. Membrane was stained with Ponceau S (Biorad) and blocked with 5% milk/PBS-

T for 30 min, then it was incubated with primary antibody in 3% BSA and 2% Western Blocking 

Reagent (Both Roche) overnight at 4°C (see table 5 for Antibodies). After 3 wash in PBS-T the 

membrane was incubated in 3% BSA and 2% Western Blocking Reagent supplemented with the 

secondary antibody linked to horseradish peroxidase (HRP) or Infrared dyes at room temperature for 

1h. After washing it was treated with enhanced chemiluminescent (ECL, Millipore) solution and 

detected by Syngine PXi imaging system.  

 

RNA extraction, cDNA synthesis and quantitative PCR 

RNA was extracted with home made buffers (recipes in table 3), purify on the column and 

concentration was quantify by nanodrop. 1 ug of RNA was retrotranscribed into cDNA using 

GoScript™ Reverse Transcription Mix (Promega) according to the manufacturing instructions. 

Samples were incubated 25°C for 5 min, 42°C for 60 min, and 70°C for 15 min and sample 

concentration was adjusted at 5ng/ul with MilliQ water.  

For quantitative real-time PCR, 25 ng (5ul) of cDNA were mixed with 5 ul of TaqMan FAST universal 

PCR Master mix (2X) (Applied Biosystems) and 0.1 ul of primer forward and reverse (see table 9 for 
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primers sequences). Primers were designed using Primer3Plus to have a length of 18-23 nucleotides, 

a Tm of 58-62°C, and to yield amplimers of 70-150 bp. Gene expression studies were performed 

with primers spanning exon-exon borders to specifically detect cDNA and normalized to amplicon 

levels of housekeeping genes that are unperturbed throughout all measurements independent of the 

sample condition (Ctrl, KD or TAF3 overexpressed). Data were analyzed according to the ΔΔCt 

method162. The CT (cycle threshold) value is defined as an intersection of the threshold line and the 

exponential reaction curve. The numbers of cycles required to reach this spot above fluorescence 

background represent the real PCR signal. The following formula was used to calculate the fold 

change:  

ΔCT1 = Ct(Target in explorative population) – Ct(Housekeeping) 

ΔCT2 = Ct(Target in control population) – Ct(Housekeeping/Loading in control population) 

ΔΔCT = ΔCT1 – ΔCT2 Fold change = 2(-ΔΔCT) 
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Table 8 – Chromatin immune precipitation primers 

 

Gene               Primer sequence  
 Forward Reverse 

Myog promoter -150)   AGGCCCGGGTAGGAGTAAT CGGCTGTAATTTGATTAGTTTTCAT 

Myog coding +1100)   GACTTGACCTTGGACCTTGG CGCTGTGGGAGTTGCATT 

MyoD1 promoter 0)   CACTCCTCTGACAGGACAGGA AGGTTCTGTGGGTTGGAATG 

MyoD1 coding +900)  TGGGGGTGTCCCTTATACCT CCCAATCGGCAGAATCATAG 

GAPDH TATA #52   GGGTTCCTATAAATACGGACTGC CTGGCACTGCACAAGAAGAT 

myog1 promoter 0) #1   AGCAGGGAGGGTTTAAATGG GGATGTCTCATACAGCTCCATC 

myog1 coding +1463) #2   GGATCACTCAGTCAGTGTTGTAA TGCTGTGTGTGTGCTTGT 

myog1 coding +1714) #3   CCTACAGACGCCCACAATC CTGGGAAGGCAACAGACATA 

Myh4 #1  AATCGAGGCCCAGAACAAG CTGCACTGTTGCTTTCACATG 

Myh4 #2  CTTGTAGACTCAGCACAGAGAAC TCGGTGCATCACACTCTTAATC 

Myh4 #3  GATATCCTGGGATTCAGTGCAG CCTGCTCTTCCCTTTGCTT 

Pax7_FW_Reg seq  ACC CAC CCA CAT CTT TAT CC GTT ATC TTT CTG CCC TTC CTC 

Pax7_FW#1000  AGA GAA GAT CCC AGC CCA AG AAG TGT TGT CCA GAG ATG TGC 

Pax7_FW#200  AGG GGA AAA AAT ACT CGT TGG GGG GAA CAC AAG AGG AAA AG 

Pax7_FW#100  AAA GAC CCA AAG AAA GCC AC CAA ACA AAC AAA CAC TCC AAC C 
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Table 9 – Real-time qPCR primers of muscle differentiation markers 

 

Gene        Primer sequence 
  

Forward Reverse 

GADPH  GCTAAGCAGTTGGTGGTGCA TCACCACCATGGAGAAGGC 

Muscle creatine kinase #1 GAACTTGTTGTGGGTGTTGC CAGCACAGACAGACACTCAGG 

Muscle creatine kinase #2 AGGCAGAGTGTAACCCTTGAT AGACAAGCATAAGACCGACCT 

Myf5 CTGCTCTGAGCCCACCAG GACAGGGCTGTTACATTCAGG 

Myogenin CGCTGTGGGAGTTGCATT ACAGGCCTTGCTCAGCTC 

Myosin heavy chain #2 GTAGTTCCGCCTTCGGTCTTG GCGAATCGAGGCTCAGAACAA 

Myosin light chain #1 GGTGATCTTGCATTCACCTG TCTAAGGAGCAACAGGAGGACT 

Myosin light chain #2 TCATGGGCAGAAACTGTTCAAA AAGATCGAGTTCTCTAAGGAGCA 

Pax3 GCCCACGTCTATTCCACAA GAATAGTGCTTTGGTGTACAGTGC 

Pax7 GGCACAGAGGACCAAGCTC GCACGCCGGTTACTGAAC  
 



51 
 

Table 10 – Real-time qPCR primers used for RNAseq validation 

 

Gene        Primer sequence  
Forward Reverse 

Car8 TGC ACA TCT GTA GTG GGA TAA G CTC TGT AGG AGT GGA GAC ATA GA 

Elf5 GAC CCG TTG CAC CAT TAA GA GGA TCA AGT GAC TGT GGC TAA G 

Adam5 GAG CCA TGT TCC TCC TTC TTT GTG AGG GTC ACG ATA GAG TTT G 

Enah GGA ACT GGA GAG GGA AAG AAT G GAC GAG GAA CTG TAG CGT AAT G 

Coro2a TGG AGA GAG AGA GAG AGA GAG A TCC AGC AGA AGG TAG GGT ATA A 

Rab38 CAA AAC TTC TCC TCG CAC TAC ACC ACT GAC ACT GGC TTA C 

RORC CGC ACC AAC CTC TTT TCA C GGC AAA CTC CAC CAC ATA C 

SMOC1 TGT GAC CAG GAA AGA CAG AG TAG GAC GCA CCA ACA GTA G 

Kif17 ATC CCT AAG CAG CCA TCC TC CCA CTT CTA CAC CCA CAC TTT C 

ELF5 AAC AAG CCT CCA AAG TTC TC GTC ATC CTG TCA TTC TTC TTC C 

IGF1 CGT CTT CAC ACC TCT TCT ACC CAA CAC TCA TCC ACA ATG CC 

Pax6 TGA GGA ACC AGA GAA GAC AG TGA TGT GAA GGA GGA GAC AG 

Rin3 GAG AGG GAG AGG AAG ATG AG AAG GGA AGT GGA CAC ACA G 

Pax9 CTG CCC TAC AAC CAC ATT TAC TCC CTT CTC CAA TCC ATT CAC 

Rin3 AGA GGG AGA GGA AGA TGA GG AAG GGA AGT GGA CAC ACA G 

Patj TGC ATT ACT ACA ACA AGC CAC TCC CTC CAA CTA TCC CAA AAC 

Alox12 CGT TCC ACA CAT CCG TTA C ACC ATC CCC TTC ACA TAC C 

Sox13 AAA ACT CCC CCA ATA CCC C AGA ATT TTC CTC CGT TCA TCC 

Wnt7 TGC CTT CAC CTA TGC CAT C GTA GTA GCC TTG CTT CTC CC 

Bik CCT CAC CAA CCT CAG GGA AAA C AGC AAG AAG ACC AGC AGC AC 
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Immunofluorescent staining  

150*104 cells were seeded on glass slides and left to grow overnight. The next day, and for every 

time point of the differentiation experiment the days after, slides were washed twice in PBS, fixed in 

4% paraformaldehyde at RT per 10 min and perm with 0.1% Triton X-100/PBS for 5 min RT. After 

blocking with 3% BSA/PBS-Tween0.1% for 30 min coverslip were incubated with primary antibody 

overnight in the same composition of the blocking solution. After 3 washing in PBS-Tween were then 

incubated with secondary antibody in 3% BSA/PBS-Tween for 1h RT, washed three times in PBS-

Tween and mounted with Pro long DAPI anti-fade reagent (Life technologies). Images were acquired 

on Confocal Leica SP8 microscope.  

 

Proliferation assay  

20*104 C2C12 cells were seeded in 12-well plates in triplicate for each cell line. The day after and 

every 24h for the next 4 days, cells were washed in PBS, treated with 300 ul of trypsin for 5 min at 

37°C. Trypsin was inactivated with 800ul of complete DMEM and 500ul were used for counting with 

GUAVA cytometer. Concentration were calculated by number of cells counted/volume.  

 

Chromatin Immune precipitation  

For ChIP assay, cells were plated in 15 cm dishes and when reached a confluence of 90% the 

differentiation process was induced. For each time point cells were washed in PBS and fixed in 1% 

formaldehyde for 10 min at room temperature. Fixation solution was stopped with 0.125M glycine for 

5 min RT and cells were then harvested by scraping in 6 ml of cold PBS and centrifuged at 500g, 10 

min, at 4°C. The pellet was resuspended in 800ul ChIP lysis buffer (see ChIP buffer section in the 

additional info for recipes of all ChIP buffers) and sonicated for 15 min (5 sec on/off) at 4°C using 

diagenode bath sonicator. Sonicated samples were diluted 1:1.5 in RIPA-LS without SDS, 

centrifuged at 8000g, 5 min, 4°C and 5% of the sample was removed for the input control and stored 

at -80°C. 120ng of antibody were added to the samples and Dinabeads protein A (Invitrogen) were 

blocked in 0.1% BSA/RIPA, both were incubated on rotator overnight at 4°C. The day after the beads 

were added to the samples and incubated for 2h on rotator at 4°C. The ChIP immune complex 

(beads-antibody-antigen-chromatin) was then washed subsequently with low salt buffer, high salt 

buffer, LiCl wash buffer and TE buffer, two times for each, using a magnetic rack. All the samples 

(including the input) were then resuspended in ChIP Elution buffer, and with 2ul of proteinase K, they 

were left for 2 hours at 55°C and overnight at 65°C for de-crosslinking. DNA was purified into Epoc 

columns by adding PB buffer to each sample, wash twice with PE wash buffer and eluted in 30ul of 

nuclease free water. 2ul of eluted DNA was used for qPCR analysis.  
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Agarose gel electrophoresis 

Both for the cloning strategies and to determine efficiency of chromatin digestion after sonication. 

Approximately 500 ng DNA aliquots were mixed in a ratio of 1:6 with loading dye and run at 80 V for 

2 h in 1x TBE electrophoresis buffer, using 0.8% or 1% agarose gels.  

 

Statistical analysis 

The results are expressed as the mean together with standard error for qPCR data. Other data are 

presented as the median in dot plots or in Whiskers-Tukey box plots. The probability of statistical 

differences between the experimental groups was determined by the non-parametric Mann Whitney 

U-test unless otherwise stated. 
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CHAPTER 3  

GENERATION OF A STABLE CELL LINE OF C2C12 

 

3.1 Introduction 

 

Muscle differentiation is a highly controlled process which involves different step of regulation at gene 

expression and chromatin remodelling levels. Regulation of the PIC complex assembly at specific 

muscle genes, histone modifications and RNA maturation, are some of these steps and since 

phosphoinositides have been found to play key roles in nuclear processes it is intriguing to 

understand their potential role in the regulation of myogenesis. In this chapter will be illustrated the 

generation and characterization of myoblast cell lines (C2C12) modified to express a mutant variant 

of the pre-initiation complex of transcription component, TAF3. Previous studies from our laboratory 

have shown that the PHD finger of TAF3 interacts with phosphoinositides and specifically, a polybasic 

region (PBR) at the C terminus of TAF3 plant homeo domain is important for the interaction. 

Combinatorial mutagenesis of lysine 922, 923, 925, 926 and 928, and arginine 927 completely 

ablates PI interaction with the PHD-TAF3, while maintaining the specificity and interaction of the PHD 

finger with H3K4me3. In contrast, mutagenesis of D890 and W891 residues disrupted the H3K4me3 

interaction but did not significantly alter its interaction with PI suggesting that the PHD finger of TAF3 

interacts independently with PI and histone methylation marks (Figure 10). 
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Figure 10 – Schematic of the pre-initiation complex of transcription and focus on TAF3 PHD domain. 
Overview of the PIC complex with the transcription factor TFIID, composed of TATA-binding protein (TBP) 
and TATA-binding protein associated factors (TAFs), and the transcription factors TFIIA, TFIIB, TFIIF, TFIIE, 
and TFIIH and the RNA polymerase II (A). Focus on the TATA-binding protein associated factor 3 (TAF3) with 
the histone-fold domain (HDF) at the N-terminal and the Plant Homeo Domain (PHD) at the C-terminal and 
zoom of the PHD structure. PHD domain is a binding site for both PI and H3K4me3 (B). Full length mouse c-
terminal PHD-finger. Letters in red indicate the amino acids that allow the bind to phosphoinositides, letters in 
blue indicate the mutation made within the PHD domain of TAF3 to modify its ability to interact with PI (C).  

 

C2C12 cell lines have been used for all the experiments aim to investigate muscle differentiation 

within this work as they are the most widely implemented and well-established in vitro model of 

myogenesis. C2C12 were obtained by Yaffe and Saxel in 1977163 and are the subclone of the C2 

myoblasts originating from the skeletal muscle of C3H mice and then made immortalized so that can 

proliferate indefinitely. This, of course, comes at the cost of a cell lines possibly genetically abnormal 

(it was recently shown that they possibly bear the p19ARF mutation164). But, despite this evidence, 
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many works substantiate the notion that C2C12 cells line represent an outstanding model for muscle 

differentiation. For example, comparative ChIP-seq analyses with MyoD1 indicated extremely strong 

concordance between differentiation of C2C12 cell line and primary myoblasts154. Moreover, the 

benefits of using the C2C12 include the fact that they are relatively easy to maintain and grow, they 

are less costly than other cell lines and they have been well characterized. Furthermore, gene 

expression profiles and genome-wide chromatin modifications mapping show that differentiation 

requires a highly homogenous populations of cells and, it has been found by Asp et al, that C2C12 

cells are considerably less prone to spontaneous differentiation than primary cells165. All these 

findings make C2C12 a more suitable choice for genome-wide analyses and so the purpose of this 

thesis. It has been necessary, in fact, to have a cell lines possible to be easily modified and the 

genetic manipulation of skeletal muscle cells in vitro is notoriously difficult. 

Previously, in our laboratory, C2C12 were knock down for TAF3 and overexpression of WT and KK 

TAF3 was made with retroviral particles which, indeed, did not reconstitute TAF3 expression as 

expected. Therefore, a method of gene transfer by overexpressing green fluorescent protein (GFP) 

with lentiviral vectors was optimized within this work. Dissimilar to other retroviral vectors, in particular 

those derived from gammaretroviruses (which were previously used), lentiviruses (LV) have been 

shown to mediate transfer and expression of transgene into a variety of cells, as well as non-dividing 

cells. LV may also allow for long-term transgene expression, as the transcript silencing generally 

observed with retroviral vectors is less frequent with LV. In addition, in comparison with 

gammaretroviral vectors, gene transfer vectors derived from lentiviruses appear to raise greater 

quality, efficacy and safety concerns. Previously, one of the main issues for development of LV has 

been their derivation from HIV. Now that the safety has been improved, despite specific risks for 

clinical use, the application of lentivirus for in vitro cell lines generation is widely accepted and used. 

However, LV suffer a number of drawbacks as gene transfer vectors, including limited insert size of 

the transgene and regulatory sequences, difficulty in producing high titre of stable vector particles, 

and probability of activating or inactivating the endogenous DNA sequence that is localized near the 

proviral DNA integration site. Additionally, lentiviral genomes are more complex than those of the 

gamma retroviruses making design of LV a greater challenge. 

The mechanism of action of lentivirus is simple. When the particle binds to the cell membrane and 

enters the host cell the viral RNA is released and reverse-transcribed by the reverse transcriptase to 

produce double stranded DNA. This is then stably integrated into the host genome, where it divides 

along with host cell so that the mRNA of the integrated transgene is expressed and the protein of 

interest synthesized (Figure 11).  
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Figure 11 - Overview of Recombinant Lentivirus Particles and Infection of Target Cell.  Producer cells 
(HEK293T) are transfected with plasmids encoding the gene of interest, vesicular stomatitis G protein (VSV-
G) and essential virus proteins gag, pol and env (1). C2C12 were transduced with recombinant lentivirus 
particles in the presence of polybrene to increase aggregation and uptake (2). The virus enters the host cell 
and the capsid is uncoated revealing the RNA genome and viral enzymes. The viral RNA is reverse transcribed 
into DNA which is then integrated into the host genome (3). Transcription and translation result in the 
production of the protein encoded by the transgene (4). (Picture adjusted from Mirus Bio LLC web site).  
 
 

In order to knock down the endogenous TAF3 was used short-hairpin RNA (shRNA), a powerful tool 

of post-transcriptional gene silencing (PTGS) which acts through a process known as RNA 

interference166. In several organisms, introduction of double-stranded RNA has proven to reduce 

gene expression, however, in most mammalian cells this provokes a strong cytotoxic response167. 

This non-specific effect can be avoided by use of synthetic small (21-22-nucleotides) interfering 

RNAs (siRNAs), which can mediate strong and specific suppression of gene expression168. The main 

limitation of this technique is that they only transiently inhibit the mRNA target until they are also 

degraded within the cell, and this severely restricts its applications. To overcome this, has been 

developed a new RNAi system, called pSUPER, which provides a mammalian expression vector that 

directs intracellular synthesis of siRNA-like transcripts without giving unwanted effects. The system 

uses the polymerase-III H1-RNA gene promoter, which produces a small RNA transcript lacking a 

polyadenosine tail and has a well-defined start of transcription and a termination signal (T5). Most 
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important, the cleavage of the transcript at the termination site is after the second uridine, yielding a 

transcript resembling the ends of synthetic siRNAs, which also contain two 3’ overhanging T or U 

nucleotides. The pSUPER RNAi System has been widely used to cause efficient and specific down-

regulation of gene expression169,170, resulting in functional inactivation of the targeted genes. Stable 

expression of siRNAs using this vector mediates persistent suppression of gene expression, allowing 

loss-of-function analysis phenotypes over longer periods of time. 

Once the vector enter the host cell and integrated into the genome, the shRNA is transcribed. The 

initial precursors mimics pri-microRNA (pri-miRNA) and are processed by Drosha and its dsRNA-

binding partner DGCR8.  The resulting pre-shRNA is exported to the cytoplasm by Exportin 5 where 

is cleaved by Dicer that removes the hairpin and creates a 20–25 nt double-stranded siRNA with 2 

nt 3’ overhangs at each end. The antisense strand directs RISC to the complementary mRNA and in 

case of perfect match, RISC cleaves the mRNA leading to target gene silencing (Figure 11). 

 

 

Figure 12 - Schematic representation of RNAi silencing mechanism. Producer cells (PlatE) are transfected 
with plasmids encoding the gene of interest and essential virus proteins gag, pol and env (1). C2C12 were 
transduced with retroviral particles in the presence of polybrene to increase aggregation and uptake (2). Once 
entered the host cell, the vector encoding the shRNA is integrated into the cellular DNA and transcribed by 
host RNA polymerase III into an initial precursors (pri-miRNA). Pri-miRNA are processed by Drosha in pre-
shRNA (3). The resulting pre-shRNA is exported to the cytoplasm by Exportin 5 where is cleaved by Dicer into 
shRNA. The shRNA is then loaded into the RISC and the passenger strand removed from the guide strand. 
The guide strand can then direct the RISC to the complementary mRNA target, where RISC cleaves the 
mRNA, leading to its degradation (4). (Picture adjusted from Mirus Bio LLC web site). 
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3.2 Results 

 

Three stable C2C12 cell lines that express either Empty vector, wild type, HA tagged, TAF3 or a 

mutant of TAF3 that cannot interact with phosphoinositides (HA-KK-TAF3), have been made.  

WT and KK mutant TAF3 CDS fragments were removed from the p3xFLAG-CMV vector and cloned 

into a pLentiviral plasmid. p-Lenti_IRES_GFP vector was digested with EcorV (Figure 13, A), and the 

TAF3 inserts with EcorV and SmaI (Figure 13, B). After blunt end ligation the product were screened 

by digestion with NheI, which not only confirmed insertion, but also the correct orientation as the 

insert would be able to ligate in both orientations during a blunt end reaction (Figure 13, C). A second 

round of screening was also performed using digestion with SalI and finally, vectors were sequenced 

to confirm the correct sequence.  

The final p-Lenti vectors, together with vectors required for viral production (CMV-gag-pol and 

VSVG), were transiently transfected into HEK-293 cells in order to obtain viral particles carrying the 

plasmid and pseudo typed to be able to transform murine cells. Virus was collected at 24, 48 and 72 

hours after transfection, pooled, filtered and used to transduce C2C12 cells. The viral construct 

encodes the expression of GFP downstream of TAF3 through an IRES site (Appendix V). The 

expression of GFP was then used as a surrogate for TAF3 expression as, in most instances, GFP 

reflects expression of the upstream gene. However, the viral plasmid also contains a RNA termination 

sequence, upstream of the 3’UTR. This sequence helps stabilise expression in mammalian cells, 

although, it does lead to a significant decrease in viral titre. Consequently, the initial transduction 

efficiency was extremely low, however after three rounds of sorting based on GFP, an homogenous 

pool of cells expressing GFP were obtained (Figure 13, D). 
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             D 

 
 
 

Figure 13 - Cloning strategy and C2C12 cell sorting. pLentiviral vector was digested with EcorV and a band 
at 9.14 Kb was observed after the single cut digestion (A). The inserts encoding TAF3 CDS WT and KK run 
at 2.9 Kb after the digestion of p3xFLAG-CMV with EcoRV and SmaI (B). After ligation, restriction analysis 
with NheI and SalI was assessed to confirm the correct insertion and orientation of the fragments into the final 
vector. The DNA in lane 1 corresponds to TAF3 WT while in lane 2 is KK (C). In (D) are shown the schematic 
of the lentivirus production and FACS sorting profiles. 
 
 
 

Efficient expression of the transgene encoding HA tagged TAF3 WT and KK or the empty vector 

plasmid, was validated using western blot analysis. Similar levels of the protein amount of HA-TAF3 

WT and KK was found and, as expected, no HA tagged TAF3 protein was present in the empty vector 

control. GFP is expressed in all cell lines suggesting the efficient transduction of both Empty vector 
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and plasmid carrying TAF3 CDS fragments. Finally, actin control confirmed equal protein loading 

within the samples (Figure 14, A). 

Given that the KK mutation targets a polybasic region that might also act as a nuclear localization 

sequence, the localization of both WT and mutant KK was assessed by immunofluorescence using 

an antibody against the HA tag (see material and methods for more information). Sample were 

processed as explained in the material and methods section and picture taken with Leica Sp8 

confocal microscopy. As expected, no staining was observed in the EV control cell line but strong 

nuclear signal was observed in both HA-WT and KK TAF3 overexpressing cells (Figure 14, B), 

although the amount of staining differed in individual cells. This is due by the fact that they were not 

single cell selected, which would have made the expression of the exogenous protein more 

homogeneous. 
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Figure 14 - Cell line characterization. Western blot analysis, samples for WB were prepared as described in 
material and methods. Abundance of HA-TAF3 and GFP proteins after lentiviral transduction was determined 
by immunoblotting using anti-HA and anti-GFP antibodies. Actin was blotted as loading control (A). 
Immunofluorescence analysis using anti-HA show a strong expression of HA-tagged WT and KK TAF3 at a 

nuclear level, scale bar represents 50 μm (B). 
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Previous results in our laboratory shown that TAF3-KO cells are unable to survive. Therefore, 

endogenous TAF3 was only silenced by the expression of a short-hairpin RNA (shRNA) targeting the 

3’ UTR region (missing in the overexpression construct) cloned into a pRetroSUPER vector. This 

vector is derived from the Murine Embryonic Stem Cell virus (pMSCV) and contains the pSUPER 

shRNA expression cassette. Upon transfection into PlatE cells line, pRetroSUPER expresses a 

transcript containing the viral packaging signal, the H1-shRNA cassette and the puromycin resistance 

gene. Virus was collected at 24, 48 and 72 hours, pooled, filtered and used to transduce C2C12 

which were then selected with 4 ug/ml of puromycin. The efficiency of TAF3 KD, as well as the 

overexpression rate of the GFP-selected cells, was assessed by quantitative RT-PCR (Figure 15). 

This analysis shown that the transduction resulted in a 70% depletion of endogenous TAF3. HA-

TAF3 overexpression was approximately 10-fold higher than endogenous TAF3 expression as 

assessed by qRT-PCR (Figure 15).  

 

 

 

Figure 15 - Schematic and characterization of the TATA-binding protein associated factor 3 silencing. 
Schematic of the transfection and retroviral production for shRNA silencing of TAF3 in C2C12 previously 
overexpressed with EV, HA-WT-TAF3 or HA-KK-TAF3. In the graph the quantitative RT-PCR analysis of 
knock-down and overexpression of HA-TAF3 in C2C12 cell lines. mRNA levels were normalized to the mRNA 
levels of GAPDH and are shown relative to the expression levels in cells transduced with Empty Vector (first 
column in dark green). Error bars indicate the standard deviation of three biological replicates. 
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CHAPTER 4  

 

THE BINDING OF PHOSPHOINOSITIDE WITH TAF3 IMPACTS MUSCLE DIFFERENTIATION 

 

4.1 Introduction 

 

Upon shifting to low grow factor conditions, C2C12 cells differentiate into multinucleate myotubes. 

This transformation is due to a loss of proliferative capacity and activation or silencing of myogenic 

regulators such as Pax7, MyoD, Myf-5, Myogenin and MRF4. 

Despite many progress in understanding the molecular basics of myogenesis, given the complexity 

of this process, many aspects still need to be completely elucidated. Lots of studies have 

demonstrated that tissue-specific and selective gene transcription can be regulated by core promoter 

components171. Of particular interest, TAF3 regulates specific gene expression as part of the Pre-

Initiation complex of transcription and is involved in the regulation of muscle differentiation. In fact, 

depletion of TAF3 inhibits C2C12 differentiation172.  

Moreover, it has been proposed that during myogenesis occurs the replacement of the canonical 

TFIID complex of transcription, with the alternative TRF3/TBP2, which is necessary for the activation 

of muscle-gene expression by MyoD121. However, further work established that TRF3/TBP2 is 

actually not required for skeletal myogenesis173, and it is not expressed in muscle cells174. Indeed, 

during myogenic differentiation TFIID-TBP continues to provide the general transcription factor (GTF) 

machinery for MyoD to activate gene expression. TAF3 appears a candidate GTF component that 

mediates interactions between MyoD, permissive chromatin (enriched in H3K4me3) and pre-initiation 

complex of transcription, as proposed by Deato and coworkers120. 

 

4.2 Results  

 

To better elucidate the role of TAF3 in muscle differentiation and, mostly, the possible involvement 

of phosphoinositides in TAF3 activity regulation; Ctrl, TAF3 KD, WT and KK mutant myoblasts were 

cultured in low mitogen conditions for 4 or 6 days to induce differentiation.  

Cells were monitored using a bright-field microscope at 10X magnification which already showed a 

substantial difference in the appearance between the different cell lines, TAF3 KD and KK mutant in 

fact, did not achieve terminal differentiation. While pLenti empty-vector Ctrl cells showed clearly 
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visible myotubes, these were hardly observed when TAF3 was knocked down (pLenti empty-

vector_TAF3KD). Reconstitution of depleted endogenous TAF3 with HA-WT-TAF3 led to substantial 

differentiation and observation of myotubes, as in the control (Figure 16, A). Interestingly, although 

HA-KK-TAF3 was expressed to a similar level as WT-TAF3 it did not reconstitute myoblast 

differentiation and the generation of myotubes. This suggests impaired activation of the skeletal 

muscle program when PI are unable to bind to the PHD domain of TAF3. Cells were then investigated 

for possible differences in their grown rates. As illustrated in Figure 16, B, KK_TAF3 expressing cells 

appear to grow slower than wild type cells. This difference may suggest a role for PI modulation of 

TAF3 in the control of proliferation, but it may also impact on the differentiation process as it is known 

that cell-cell contact induces myoblast to differentiate. To understand if the inhibition of differentiation 

was a consequence of inhibited proliferation, differentiation experiments were performed with KK-

TAF3 expressing cells plated with an increased percentage of confluence compared to the WT 

(+20%, +40%, +60%; Shown in the Appendix I). The results shown no differences in the 

differentiation potential between the samples suggesting that the lower ability to differentiate of the 

KK is not due to the less ability to proliferate but probably for other molecular reasons. 
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Figure 16 - TAF3 knockdown and overexpressed KK-TAF 3 C2C12 show a lower myogenic potential 

and proliferative rate. Image continues in the following page. 
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Figure 16 - TAF3 knockdown and overexpressed KK-TAF 3 C2C12 show a lower myogenic potential 
and proliferative rate. Differentiation experiment of C2C12 EV Shx Ctrl, EV ShTAF3, and overexpressed 
WT-ShTAF3 and KK-ShTAF3 C2C12 cell lines at day 0 and day 4 monitored by bright-field microscopy at 10X 
magnification, scale bar represents 100μm (A). Analysis of growth-rate of EV ShTAF3, overexpressed WT-
ShTAF3 and KK-ShTAF3 C2C12 cell lines; cells were grown for up to 4 days, medium was replaced every 
two days and each day cells were trypsinised and counted. Error bars indicate the standard deviation of three 
biological replicates (B). 

 
 
 

I next examined whether the knock down of TAF3 and the overexpression of WT and KK impact on 

Myosine Heavy Chain (MHC) expression, a key marker of terminal differentiation that is expressed 

in multinucleate myotubes. Compared to control, the expression of Myosin Heavy Chain in cells 

knocked down for TAF3 was significantly reduced. The number of nuclei in MHC-positive cells with 

respect to the total number of nuclei was less (Figure 17, A), but also the myotube size (number of 

nuclei per myotube) was considerably smaller. When TAF3 KD cells were reconstitute with WT-TAF3 

overexpression, the expression of MHC strongly increases with a higher number of MHC-positive 

myotubes larger in size. At the contrary, the reconstitution with KK-TAF3 clearly reduces the 

proliferative capacity as the number of nuclei per field was significantly lower (as already assessed 

with the proliferation assay) (Figure 17,B). 
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                                     A 
 

 
 

                       FIGURE 17 – Myosin heavy chain staining representing the loss of ability of ShTAF3 and KK-TAF3 C2C12 cell line to differentiate into myotubes.   
                                     Image continues   at the following page.
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                                              B 

 
 

Figure 17 - Myosin heavy chain staining representing the loss of ability of ShTAF3 and KK-TAF3 C2C12 

cell line to differentiate into myotubes. Confocal microscopy images showing immunocytochemistry 

analysis of the myotube marker myosin heavy chain (Red). Nuclei are stained with DAPI (Blu) and the merged 

images are in the last row. The experiments were performed three times and a representative result is shown. 

Scale bars represent 40 μm (A). Fusion index was calculated by measuring the fraction of nuclei incorporated 

into MyHC-stained myotubes on the 4th day of differentiation from 5 random fields per cell line. Errors bars 

indicates the standard deviation of three experimental replicates. ** P<0.05 (B). 

 
 
 
Given that myogenic program is largely controlled by changes in gene transcription, the expression 

of key players of this pathway were monitored in the different cell lines under control and 

differentiating conditions. Quantitative RT-PCR analysis showed in figure 18 presents reduced 

expression of the early markers Pax7, Myf-5 and MyoD prior to the beginning of the muscle 

differentiation and throughout all subsequent stages. 
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Figure 18 - Loss of myogenic potential is associated with altered expression of early differentiation 
markers. The graph represent mRNA analysis of early markers of myogenesis. Samples were prepared on 
day 0, 2 and 4 and quantitative RT-PCR was performed for Pax7, MyoD and Myogenin genes. mRNA levels 
were normalized GAPDH levels and are shown relative to the expression levels of EV_ShTAF3. Errors bars 
indicates the standard deviation of three experimental replicates. *** p<0.001, ****p<0.0001.  
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CHAPTER 5 

 

LOSS OF PHOSPHOINOSITIDE-TAF3 BINDING RESULTS IN ALTERED TRANSCRIPTOMIC 

PROFILE 

5.1 Introduction 

 

Previously in our lab were made microarrays to investigate the changes in gene expression during 

muscle differentiation. Microarrays consist of oligonucleotide probes that are arrayed onto glass, 

silicon, or plastic substrates. During measurement, fluorescently labeled DNA is washed over the 

array and the probes hybridizes to their complementary sequence. By knowing the sequence behind 

each probe and imaging the fluorescence intensity at each probe, a quantitative readout is obtained. 

Microarrays allowed the first wave of gene expression studies, but they also had several limitations 

including the fact that only known sequences could be assayed (preventing novel transcript detection) 

and the dynamic range of detectable signal is limited due to high background levels of noise. These 

limitations were overcome with the advent of next generation sequencing (NGS) technologies such 

as RNA sequencing (RNA-seq). RNAseq uses massively parallel sequencing technologies to profile 

the transcriptome175. A typical RNA-seq protocol involves three major steps: (1) RNA preparation, 

which consists of isolating and purifying RNA molecules from cells. (2) library preparation, in which 

RNA molecules are converted into complementary DNA (cDNA) that is fragmented into short 

sequences. Then adapters sequencing (short synthetic nucleotides that serve as bar codes) are 

added to each fragment of cDNA, follow by amplification. (3) sequencing of the amplified cDNA 

fragments using a high-throughput sequencing platform, such as Illumina (FIG.). Following 

sequencing, digital reads that pass quality control filters are assembled, or stitched back together. A 

variety of methods exist for transcriptome assembly, including mapping back to a reference genome 

(or transcriptome) and de novo assembly. Generally following mapping, gene level expression is 

quantified by counting the number of uniquely mapped reads (as opposed to read that map to multiple 

locations) overlapping the exons of a gene. Read counts are subsequently normalized to account for 

various biases, such as gene-length and sequencing depth, to enable within sample and between 

sample comparison of genes. RNA-seq overcame many of the microarray limitations as it requires 

no prior knowledge of specific gene sequences to design probes and it generates an extremely 

dynamic and digital signal (mapped reads) with minimal background noise. Therefore, RNA-seq has 

emerged as the standard assay for transcriptomics.  
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Given that qPCR results, illustrated in chapter 4 of this manuscripts, showed changes in gene 

expression of key markers of myogenesis within the KD and KK cell line, changes of the whole 

transcriptome were investigated by RNAseq (Figure 19).  

 

 
 

Figure 19 – RNA sequencing overview. Schematic of a typical RNA-seq protocol. The steps involve: RNA 

isolation, library preparation and sequencing using a high-throughput sequencing platform (A). The data 

analysis starts with the alignment of the raw reads to the genome analysis of counts with genomic features 

which can be then used for different analysis such as differential expression analysis or gene ontology analysis 

(B). 
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5.2 Results 

 

A total of 16 samples have been sequenced with double biological replicate for each group. Based 

on data quality control and pre-processing, clean reads and the ratios of cleans reads in raw reads 

were obtained for each sample and Q20 and Q30, the percentage of bases with Phred values >20 

and >30, were also evaluated respectively. After the sequencing reads alignment to the mouse 

reference genome, the mapping rate of each sample exceeding 97.5% was obtained. The correlation 

and principal component analysis176 showed internal consistency of replicate samples in the same 

group. 

Moreover, statistical analysis shown in the volcano plot illustrates a comparable expression of WT 

samples with KK at day 0 (Figure 20, A) and at day 4 (Figure 20, B). Each dot on the plot represents 

a gene locus plotted as a function of its fold change and p-value. To overcome small and large 

number distortions, values are Log transformed for better visualization177,178. The red dots represent 

genes with 2-fold changes in either direction and corresponding p-values. A balanced gene 

expression differences are found in the volcano plots comparing WT and KK at both time point (day 

0 and day 4). Taken together these results indicate that the RNA sequencing data were of high quality 

with sufficient sequencing depth for the analysis. 

 

  A                                                                                                 B  

 

Figure 20 - RNA sequencing validation. Volcano plot of differentially expressed genes between WT_shTAF3 
and KK_ShTAF3 at Day0 and Day4. Up-and downregulated genes are reported as green and red dots, 
respectively. Not DEGs are represented as grey dots. 
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The transcriptomic pattern in each group were compared. According to the transcriptome assembly, 

there were 24506 annotated transcripts. A total of 1071 and 581 significantly dysregulated genes 

were identified between Ctrl vs. KD at day 0 and day 4 respectively. And 2094 and 3082 genes were 

found dysregulated at day 0 and day 4 respectively between WT vs. KK. These numbers were found 

by calculating the differential expression and analysing the significance of each gene with a padJ 

<0.05. The significantly regulated genes are show in heat map in figure 21, B. 

General graph in figure 21, A show the number of induced and suppressed genes in the different cell 

lines compared to the Shx control. About 600 genes are suppressed and less than 500 induced when 

TAF3 is knockdown. More then 1000 are the genes upregulated with TAF3-WT and the number goes 

down again with the KK in which the induced genes are approximately 700. Notably, more then 1000 

genes are downregulated with KK-TAF3 (Figure 21, A). 

The expression patterns of significantly regulated genes are show in figure 21, B. Heat maps where 

made with Pheatmap Rstudio package, using Euclidean distance as a case of Minkowski metric179. 

First hierarchical clustering was done of both the rows and the columns of the data matrix. Then the 

columns/rows of the data matrix were re-ordered according to the hierarchical clustering result, 

putting similar observations close to each other. A colour scheme was applied for the visualization 

indicating in red genes that are up-regulated and in blue down-regulated. 

The clustering analysis showed a similarity between TAF3 KD and TAF3 KK, suggesting that KK, 

and therefore the loss of the binding of phosphoinositides with TAF 3, brings to a loss of function of 

TAF 3. Very surprising, there is even a higher alteration of the transcriptomic profile within TAF3-KK 

suggesting that the mutation not only reduces the activity of TAF3 in the regulation of gene expression 

during myogenesis, but also may effect as dominant negative. 

The number of common genes that are up or down regulated in the three conditions compared to the 

control at day 0 or day 4 are shown in the Venn diagrams (Figure 21, C). 

 Moreover, a subset of genes were found similarly regulated by WT and KK cell line and represented 

in the heat map shown in the Appendix II. 
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                                A 

 
 

 
B 

 
Figure 21 - Impaired binding of phosphoinositide to TAF3 results in a strongly altered transcriptomic 

profile. Figure continues at the following page. 
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                 C 

                
 

Figure 21 – Impaired binding of phosphoinositide to TAF3 results in a strongly altered transcriptomic 
profile. Graph showing the number of induced and repressed genes in ShTAF3 and WT and KK-TAF3 cell 
lines at day 0 compared to the control (A). Heatmap show the  expression patterns of significantly regulated 
genes in EV-Shx control, ShTAF3 and overexpressed WT and KK-TAF3 cell lines at day 0 and day 4 of muscle 
differentiation respectively. Heat maps where made with Pheatmap Rstudio package the colour scheme 
indicates in red genes that are up-regulated and in blue down-regulated (B). Venn diagram showing the 
overlap of deregulated genes among the three cell lines (green ShTAF3, red WT-TAF3, blue KK-TAF3) 
compared to Shx control. According to differentially expressed genes (DEG) analysis, 24506 significantly 
dysregulated genes were identified (C).  
 
 

Expression of key genes involved in the muscle differentiation process were then selected from 

transcriptomic output at day 0 and day 4 and represented in the heat maps in figure 22. Data show 

a strongly altered expression of myogenic markers in the KK-TAF3 overexpressed cell lines. In 

particular, confirming the qPCR data, the expression of Pax7, MyoD and Myogenin was found 

strongly down-regulated in TAF3 KD and KK overexpressed cell lines compared with EV-Shx control 

and TAF3-WT both at day 0 and day 4. Other early markers of myogenesis such as Myf-5, and the 

members of the MEF2 family are down regulated in the KK-TAF3 overexpressed clone. 

And as expected, the different isoforms of the late markers Myosin heavy chain (Myh 1,4,6,7) were 

strongly downregulated at day 4 with a suppression of the expression of the other late marker myosin 

light chain (Myl). 

On the other hand FoxO1, a member of the forkhead transcription factor O (FoxO) family, which acts 

as negative regulator of skeletal muscle differentiation180, is strongly overexpressed with knock down 

of TAF3 and slightly increased with the KK-TAF3. 

Of particular interest is the gene encoding for Desmin, the muscle-specific member of the 

intermediate filament (IF) family which plays a crucial role in myogenesis progression, seems to be 
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TAF3-regulated, as its expression decrease with TAF3 KD but is not phosphoinositides dependent 

at day 0. This suggests that the binding of phosphoinositides to TAF3 regulates only a subset of 

genes involved in myogenesis.  

 

 

 

 
 

Figure 22 – Transcriptomic analysis reveals altered expression of key markers of myogenesis. Gene 
encoding for proteins involved in muscle differentiation and found to be differentially regulated within the 
different cell lines t day 0 and day 4, were subjected to hierarchical clustering and represented in heat map 
format. Genes that are upregulated are represented in red while the downregulated in blue.  
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RNAseq validation by qPCR analysis of selected markers 

In order to validate the RNAseq data results, 12 specific genes with diverse regulatory patterns and 

cell functions were identified, and the gene expression assessed by qRT-PCR. The details of these 

genes are shown in tables 11 and 12. Six genes including PatJ, Rin3, Elf5, Bik, Alox12 and Sox13, 

were significantly up-regulated in WT cells and down-regulated in KK-cells at day 0 while Rab38, 

Smoc1, RorC, Igf-1, Wnt7 and Pax6 were up-regulated in KK. 

Specifically, PatJ is a protein with multiple PDZ domains which mediate protein-protein interactions 

organizing multimeric complexes. This protein localizes to tight junctions and, in Drosophila, has been 

found to be a scaffolding protein which tethers several members of a multimeric signaling complex. 

Its alteration has been found associated with several disease such as papilloma virus induced-

cancer181 and stroke182. The protein encoded by Rin3 is a member of the RIN family of Ras interaction 

proteins, which bind to the RAB5 small GTPases and functions as a guanine nucleotide exchange 

for RAB5B and RAB31. Up regulation of this protein has been associated with endosomal 

disfunction183. Elf5 gene encodes for a protein which is a member of a subclass of an epithelium-

specific transcription factor family and it plays a key role in the regulation of the later stages of terminal 

differentiation of keratinocytes184. The protein encoded by Bik has a pro-apoptotic activity as it shares 

a critical BH3 domain with other death-promoting proteins, such as BID, BAK, BAD and BAX. Since 

the activity of this protein is suppressed in the presence of survival-promoting proteins, it can be a 

target for anti-apoptotic proteins185. Alox12 gene encodes for a member of the lipoxygenase family 

which acts on different polyunsaturated fatty acid substrates to generate bioactive lipid mediators 

including eicosanoids and lipoxins. Sox13 is a member of the SOX (SRY-related HMG-box) family of 

transcription factors involved in the regulation of embryonic development and in the determination of 

cell fate.  

 

 
Figure 23 – Graph of selected genes overexpressed in WT-TAF3 cell line. 
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Table 11 – Selected genes upregulated in WT-TAF3 cell line.  

Ensemble ID Symbol Base Mean log2FoldChange Padj 

ENSMUSG00000061859 Patj 1486.933964 4.037007247 2.85E-13 

ENSMUSG00000044456 Rin3 1587.118346 4.286362424 9.64E-15 

ENSMUSG00000027186 Elf5 72.16101124 2.130087979 7.18E-05 

ENSMUSG00000016758 Bik 28.9043476 3.164547122 0.01019539 

ENSMUSG00000000320 Alox12 27.52771822 4.530584749 0.01286425 

ENSMUSG00000070643 Sox13 109.6942814 3.447100292 1.17E-07 

 

IGF-1, as mentioned before, play a critical role in muscle differentiation regulating growth and 

development. Rab 38 was found strongly up-regulated in the KK-TAF3 cell line. This protein is 

involved in the vesicle-trafficking and it plays a role in the maturation of phagosomes.  

Smoc1 is a regulator of osteoblast differentiation and plays essential roles in development. The 

protein encoded by RorC is a DNA-binding transcription factor and is a member of the NR1 subfamily 

of nuclear hormone receptors. The specific functions of this protein are not known; however it may 

be essential for lymphoid organogenesis and may play an important regulatory role in thymopoiesis. 

In addition, studies in mice suggest that the protein may inhibit the expression of Fas ligand and IL2. 

Wnt-1 is a member of the WNT gene family, which consists of structurally related genes that encode  

signaling proteins. These proteins have been implicated in oncogenesis and in several 

developmental processes, including regulation of cell fate and patterning during embryogenesis.  

Pax 6, as Pax7, contains a conserved paired box and homeobox domain. Both domains are known 

to bind DNA and function as regulators of transcription. 

 

 
Figure 24 – Graph of selected genes overexpressed in WT-TAF3 cell line. RT-PCR analysis of selected 
genes shown 
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Table 12 – Selected genes upregulated in KK-TAF3 cell line.  

 

Ensemble ID Symbol Base Mean log2FoldChange Padj 

ENSMUSG00000030559 Rab38 31.58199202 -9.573722091 4.84E-06 

ENSMUSG00000021136 Smoc1 669.6868031 -2.650627939 0.00038463 

ENSMUSG00000028150 Rorc 189.4709584 -2.745709128 3.29E-06 

ENSMUSG00000020053 Igf1 3266.865872 -2.380404187 9.16E-12 

ENSMUSG00000030093 Wnt7a 0.698451737 -4.766229007 0.0004589 

ENSMUSG00000027168 Pax6 54.14412428 -1.909461726 0.00238374 
 

 

 

Gene ontology analysis 
 

Gene Ontology (GO) enrichment analysis was performed using the PANTHER database at the 

www.PANTHERdb.org website (PANTHER 9.0). Gene lists were analysed with the 

Overrepresentation tool. The Bonferroni correction for multiple testing was applied, and the corrected 

p-value (q-value) of 0.05 was considered the cut-off for significantly overrepresented terms.   

 

According to molecular function annotations in response to the overexpression of KK-TAF3 

compared to WT, several GO terms including binding (GO:0005488), cargo receptor activity 

(GO:0038024), catalytic activity (GO:0003824), molecular function regulator (GO:0098772), 

molecular transducer activity (GO:0060089), structural molecule activity (GO:0005198), transcription 

regulator activity (GO:0140110), translation regulator activity (GO:0045182) and transporter activity 

(Go:0005215) were found enriched. Most of them were enriched in the terms of binding (Figure 25 

in dark gray) such as chromatin and co-factor binding or lipid carbohydrate derivative binding and 

cytoskeletal protein binding as well as in terms of catalytic activity (blue part in figure 25). suggesting 

that TAF3 KK can affect a wide range of biological events. 
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Figure 25 - Gene ontology analysis, molecular function enrichment. Molecular function enrichment in KK-
TAF3 cell line is shown in the pie chart made with Panther 9.0. The top 9 molecular function are listed and the 
most enriched (binding) is selected and analysed on the right pie chart. Protein binding is the most enriched 
within the GO:0005488 category.  

 
 

 

Gene ontology analysis show a strong alteration in many pathways involved in myogenesis. In 

particular, there is an increased expression of components of the WTN network, of inflammation and 

genes found in the Huntington disease (Figure 26, graph in green). This would suggest that the KK 

mutant induces inflammation and alteration of the segment polarity pathway which results in an 

altered outcome typical of the Huntington disease. Moreover, the epidermal grow factor receptor 

(EGFR) which is generally down-regulated during early human myoblast differentiation186, is instead 

up-regulated in KK-TAF3 myoblast. Surprisingly, there is also an increased enrichment of the integrin  

signaling pathway which acts as integrator of grow factor  signaling in hypertrophy187. 

On the other hand (Figure 26, graph in pink) there is a decrease of most of the pathways involved in 

muscle maintenance and regeneration such us the interleukin and muscarinic acetylcholine receptor 



 

82 
 

pathways which are known to promote myogenesis and boosts myocyte insulin efficacy188, or the 

thyrotropin-releasing hormone pathway that has been found efficient in the treatment of the spinal 

muscular atrophy189. Taken together these results suggests that KK mutant, and therefore the ability 

of phosphoinositide to bind TAF3, effect a wide range of key pathway of myogenesis. As a 

confirmation of the fact that nuclear phosphoinositides can act as key signalling molecules.  
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                       KK-dependent increased genes                                                              KK-dependent decreased genes                                                             

 
                      Figure 26 - Gene Ontology analysis shows alteration in muscle regenerative pathways. The graphs show the significantly enriched GO pathways that increase  
                                        (green) or decrease (pink) when KK-TAF3 is overexpressed compared to the EV-Shx control.
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CHAPTER 6 

 

Phosphoinositides may impact on genome TAF3 binding and localization 

 
6. 1 Introduction 

Transcription factors are important regulators of cell fate and differentiation and the knowledge about 

where they are bound in the genome is crucial for understanding their function. Therefore, altered 

mRNA expression levels of Pax7, MyoD and Myogenin and the general alteration of the transcriptomic 

profile that has been found, could be associated to changes of the relative abundance of TAF3, and 

therefore Polymerase II at specific genomic regions or modification of the chromatin state. Is now well 

establish that changes in the chromatin landscape occur during myogenesis. In particular, genes that 

are up-regulated in myotubes showed considerable enrichment for PolII and active histone marks 

(H3K4me3) in cycling myoblasts. This allow early genes involved in myogenesis to adopt features of 

active chromatin in order to have maximal expression during the differentiation process165.   

In particular, since TAF3 bind H3K4me3 through its PHD finger domain, the enrichment of this histone 

modification tail has been investigated within Pax7 and MyoD loci.  

A common method used to investigate the genome binding profile of specific proteins or histones tails 

is the chromatin immune precipitation (ChIP). As mentioned in the material and methods section, this 

technique imply the cross-linking of the proteins to the DNA in order to stabilize the binding. The cells 

are then lysate and the DNA is then fragmented either enzymatically or by sonication. Thus, using a 

specific antibody against the protein of interest, is possible to pull it down together with the fragment 

of DNA where the protein is bind. After de-crosslinking with proteinase K, the chromatin is purified 

through a DNA purification column and the amount of genome sequences is analysed either by real-

time PCR to detect specific regions of interest or can be sequenced for a global genomic binding 

pattern (Figure 27). 
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Figure 27 - Schematic of Chromatin immuno precipitation. C2C12 cell lines were treated with formaldehyde 
which cross-links the proteins to the DNA. Chromatin was then sonicated and the protein of interest pulled down 
with the associated DNA-fragment. After isolation of the protein of interest with magnetic beads, DNA and 

proteins were de-cross linked and a specific genome sequences can be analysed by real-time PCR 
(ChIP-qPCR) or all the fragments can be sequenced for a global binding patter of the protein of interest 
(ChIP-seq). 
 

 

6.2 Results 

 

Chromatin immune precipitation was performed at basal conditions (day 0). The level of HA-TAF3 

binding to the Pax7 promoter was minor, as a confirmation of the low expression of Pax7 gene 

compared to other markers in physiological condition. But, interestingly, the enrichment of TAF3-WT 

VS KK varies along Pax7 gene: in the regulatory sequence (figure 28, A - red rows) and 100pb 

upstream the promoter of Pax7 there is a higher enrichment of WT-TAF3 which goes down to allow 

KK-TAF3 to bind further at 500 and 1000 bp upstream the promoter. 

At the MyoD promoter region, was found a major enrichment of both WT and KK TAF3 as the % of 

INPUT was higher and which corelates with the physiological expression of MyoD in myoblast. But 

has been found a lower enrichment of TAF3 within the promoter region compared sites upstream the 

promoter with a slightly higher presence of WT compare to KK. This difference between WT and KK 

strongly increases to the site 900bp upstream the promoter. Surprisingly, while the expression of 

myogenin is suppressed in KK-TAF3 cell line there is not a significant difference between the 
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enrichment of WT and KK TAF3 at the promoter of this gene. As control, the amount of WT and KK 

TAF3 at the GPDH promoter was tested and found equal (Figure 28, C).  

As HA-TAF3, also Polll enrichment was generally very low across the Pax7 gene but, interestingly, 

consistent with being transcriptionally downregulated by TAF-KK, a decrease of RNA Pol II signal 

within the gene body of Pax7 was found in the TAF3 KK overexpressed cell lines compared to the WT 

(Figure 29, A). Of particular interest, the enrichment of Pol II varies between EV-ShTAF3 (Knocked 

down for TAF3) and the KK-rescued. 

This may suggest that the binding of phosphoinositides can act as positive or negative regulator of 

Pol II recruitment depending on the localization within the gene locus. For example, 100 bp upstream 

Pax7 promoter there is an increased binding of Pol II in the EV_ShTAF3 cell line, suggesting tha here, 

the binding of phosphoinositides to TAF3 may act as dominant negative. At the contrary, 500 pb 

upstream the promoter the effect is the opposite, suggesting that phosphoinositides just impact TAF3 

activity but don’t act as dominant-negative. This effect was found also at the MyoD gene (Figure 29, 

B). 

Given that changes in gene expression during myogenesis are also the result of chromatin 

modifications, for example, when p38 is activated it mediates the recruitment of the Ash2L and 

SWI/SNF chromatin remodelling complex which increases H3K4me3 at myogenic genes, chromatin 

immune precipitation for the histone mark H3K4me3 was made. ChIP-qPCR analysis of this histone 

mark at promoters of Pax7 and MyoD shows concordance with the corresponding gene expression. 

In fact, there is an increased amount of H3K4me3 throughout these genes in the WT-TAF3 cell lines 

compared to the KK (Figure 30, C). Therefore, these data suggest that the binding of 

phosphoinositides to TAF 3 may regulates the recruitment of methyltransferases at specific gene 

promotes and the loss of phosphoinositide binding results in the decrease of methylated histone mark. 

This in turn keep the chromatin in a closed state with consequent impaired transcription.  

This data shown are preliminary results and further analysis are need for a better investigation.  
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Figure 28 – Chromatin immune precipitation (ChIP) using anti-HA (TAF3) antibody. The graphs show quantitative PCR on DNA purified from ChIP-HA 

TAF3 using promoter primers for selected genes transcribing early markers of differentiation: Pax7 (A), MyoD (B) and Myogenin (C) at basal condition (Day 0). 

Transcriptionally active GAPDH promoter is used as control. No IgG control was need as the EV_Shx cell line was used as negative control. The enrichment is 

show as % of input and representative experiment of five independent biological replicates is shown.  
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Figure 29 – Chromatin immune precipitation (ChIP) using IgG isotype control and anti-Polymerase II antibody. The graphs show quantitative PCR on 

DNA purified from ChIP-Pol II using promoter primers for Pax7 (A) and MyoD (B) genes. Transcriptionally active GAPDH promoter is used. The enrichment is 

show as % of input and representative experiment of three independent biological replicates is shown.  
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Figure 30 – Chromatin immune precipitation (ChIP) using IgG isotype control and anti-H3K4me3 antibody. The graphs show quantitative PCR on DNA 

purified from ChIP-H3K4me3 using promoter primers for Pax7 (A) and MyoD (B) genes. Transcriptionally active GAPDH promoter is used. The enrichment is 

show as % of input and representative experiment of three independent biological replicates is shown.
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CHAPTER 7 

FINAL DISCUSSION 

Discussion 

In this thesis, the development of four new stable cell lines of C2C12 were instrumental in performing 

the core experiments which aim to demonstrate phosphoinositide’s direct role in modulating the 

activity of the TBP-associated factor 3 (TAF3) in gene expression control and chromatin regulation 

during post-natal muscle differentiation. 

Phosphoinositides are lipid signaling molecules involved in many, essential, nuclear processes. 

Since the discovery of Cocco87 it has been found that over 40% of nuclear phosphoinositides can 

exist in a non-membranous state. They can, in fact, accumulate within nuclear speckles or lipid islets 

but also held soluble in the nucleoplasm by nuclear proteins. Therefore, besides the well-established 

nuclear PLC pathway, which leads to the formation of diacylglycerol (DAG) and Inositol 

trisphosphate, nuclear PI act as signaling molecules also by the direct interactions with protein 

domains. Within the interaction, the acyl chains of phosphoinositides is hidden deep in the 

hydrophobic core of the protein while the headgroup is exposed to the nuclear matrix. This creates a 

unique platform, granting phosphoinositides an extraordinary signaling capacity.  

Many are the protein domains found to bind phosphoinositides. Of particular interest, at a nuclear 

level, is the Plant Homeo Domain (PHD), a zinc-finger domain which has been found in many nuclear 

proteins including TAF3, a co-activator of the basal transcription complex which regulates gene 

expression in a tissue-dependent manner. The ability of TAF3-PHD domain to recognize both 

phosphoinositides and histone modifications suggests direct cross talk between PI signaling and 

chromatin regulation. Previous studies demonstrated that while 43% (11,000 genes) of protein-

coding genes are bound by TAF3, the transcription of only 119 genes is affected by TAF3 knockdown,  

whereas after doxorubicin treatment thousands of genes are affected119. A similar effect was 

observed during differentiation190. This strongly suggests that signal-induced regulation of TAF3 is 

essential for TAF3 to modulate gene transcription and phosphoinositides can be a relevant signal. Is 

now well know that TAF3 plays a crucial role in muscle differentiation, and its depletion strongly 

attenuates myogenesis in C2C12120. 

To better understand the role of phosphoinositides in gene transcription regulation through the 

modulation of the activity of TAF3, C2C12 cell line overexpressing either WT TAF3 or KK mutant, 

unable to bind phosphoinositides, were made. The newly created cell lines were characterized and 

investigated for possible differences in their grown rates and the mutant KK-TAF3 cell line was found 

to grow slower than the wild type. The lower proliferative capacity can be associated to alterations of 
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the cell cycle. It has been shown that the interaction of TAF3 with H3K4me3 directs TFIID to some 

p53 related genes regulating p53 functions in response to genotoxic stress119. p53 is involved in cell 

cycle regulation ranging from a rapid activation of cell cycle control genes to a delayed induction of 

proapoptotic genes. Moreover, under normal unstressed conditions, p53 has been shown to promote 

muscle differentiation in vitro191,192, while under stress inputs, an enhanced p53 activity has been 

shown to correlate with skeletal muscle atrophy in vivo. Given that our GO analysis shown an 

increased expression of p53 related genes when KK is knock-down and a decreased of the inhibitory 

p53 feedback loop (Figure 26), this could mean that the loss of binding of phosphoinositides to TAF3 

alters the binding pattern of p53 to specific gene loci. It has been found that, under stress conditions, 

p53 binds directly to the myogenin promoter reducing the amount of this protein in G1-arrested cells 

and leading to a decreased expression of late but not early differentiation markers193. Moreover, since 

it has been found that stress-induced p53 directly binds nuclear PIPKIα and its product 

PtdIns(4,5)P2 and this interaction promotes the binding between p53 and small heat shock proteins, 

which stabilize nuclear p53194; can be that TAF3 and mostly PtdIns(5)P bint to it regulates p53 

expression and stability during myogenesis.  

 

 

 

 

The differentiation potential analysis of our model, by real-time PCR, showed reduced expression of 

the early markers Pax7, MyoD and Myogenin prior to the beginning of the process and throughout 

all subsequent stages when TAF3 is KD or mutated but not in the WT. The expression of the late 
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marker of differentiation Myosin heavy Chain (MyHC) was, as well, strongly reduced: the number of 

MyHC positive cells was less and they were unable to fuse into myotubes when TAF3 was knocked 

down. The phenotype was rescued with the overexpression of TAF3 WT but not with KK-TAF3, 

suggesting that the binding of phosphoinositides to TAF3 is necessary for its activity in transcription 

control during myogenesis. Transcriptomic analysis confirmed a strongly altered gene expression 

pattern not only in genes involved in myogenesis but also in a wide range of  signaling pathways.  

A possible explanation for these alterations, could be that the TAF3 wild type and mutant proteins 

have different abilities to interact with TFIID and therefore to differentially regulate the assembly of 

the Pre Initiation complex of transcription (PIC) complex. 

In eukaryotes, as polymerase II does not bind directly to promoter regions rather it relies to the pre-

initiation complex of transcription and the activity of transcription factors (TFs); gene expression is 

tightly regulated by the assembly and activity of this complex. As mentioned in the introduction, the 

complex is composed of the TATA Binding Protein (TBP), which directly bind the DNA, and 13 TBP-

associated factors (TAFs), which together form the TFIID. The ability of TAFs to interact with 

regulators of transcription and histone modification tails allow the complex to respond to stimulation 

and to regulate transcription195.  

It was shown that knockdown of TAF10 in mice hepatocytes results in the disassembly of TFIID and 

block of embryonic liver development196. Therefore, it is possible that the loss of TAF3 and/or its 

inability to bind phosphoinositides could alter the assembly of TFIID. Therefore, I have analysed the 

expression of some TFIID components from the RNAseq data and while the expression of TAF5, 6, 

10 and 12 is not significantly altered, TAF9 strongly decreased in KK cell line (Appendix III). But a 

deeper investigation with immunoprecipitation would give more insights on the possible disruption of 

the transcription complex in case TAF3 is KD or unable to bind phosphoinositides.  

Another possible explanation of the impairment of myogenesis in PI-binding mutant rescued C2C12 

cell line may be due to different abilities of these two proteins to be recruited to their target promoters 

of muscle specific genes. Thus, chromatin immune precipitation (ChIP) was performed. Although 

during the cloning procedures TAF3 was tagged with an HA tag, that would allow to pull it down more 

easily, as antibodies against HA are known to work better compared to ones that directly bind TAF3, 

ChIP protocol needed an extensive optimization. Nevertheless, preliminary ChIP results show a lower 

enrichment of HA-TAF3 KK and Polymerase II at Pax7 and MyoD promoters which correlate with the 

low gene expression of this markers. Surprisingly, the enrichment of HA-TAF3 WT and KK at the 

myogenin promoter was, instead, similar between the two cell lines despite the gene expression of 

this marker was suppressed in the KK cell lines. This suggests that PI regulate TAF3 recruitment 
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only of a select cluster of genes, consistent with the observation that the loss of specific TAFs function 

always affects a defined subset of gene197. 

Immunoprecipitation and pull-down experiment with PtdIns(4,5)P2-coupled beads shown that 

PtdIns(4,5)P2 forms a complex with the active form of RNA pol II through a direct interaction with the 

transcription factor nuclear myosin 1 (NM1). In vivo transcription and pull-down assays showed that 

NM1 requires association with PtdIns(4,5)P2 to form a complex with the active form of RNA pol II in 

order to maintain transcription104. Also the binding of PtdIns(3,4,5)P3 and PtdIns(4,5)P2 to NR5A1 

(Steroidogenic Factor 1, SF-1) which structurally engulfs the acyl chain groups, leaving the polar 

phosphate head solvent-exposed, creates an interaction surface and increase coactivator 

recruitment to SF-189. Therefore, it is possible that the binding of phosphoinositides to TAF3 not only 

regulates its own activity during transcription but that TAF3 could act as PI-presenting factor and 

stimulate polymerase anchoring and activity.  

 

 

 

The low enrichment of PolII at Pax7 and MyoD genes could be correlated with the loss of TAF3 

binding and therefore impairment of the transcription complex assembly. Interestingly, recent studies 

suggested that the process of RNA polymerase II recruitment to promoter genes and therefore the 

Pre-Initiation Complex (PIC) assembly, does not rely on TATA-TBP mediated recognition as the TBP 

binding to the TATA box occurs only at the final step of the PIC formation117. These finding present 

an important paradigm shift and raises question about how the complex of transcription is assembled. 

Nevertheless, is well known that TFIID promoter binding also strongly rely on histone modification 

marks. For example, it has been found that the PHD finger of TAF 3 directly bind H3K4me3 and this 

interaction direct global TFIID recruitment to active genes119. Chromatin immune precipitation 
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analysis of the histone tail H3K4me3 in our model show a decrease of this mark at Pax7 gene body 

upstream the promoter and at MyoD promoter. Quiescent satellite cells express Pax7, a pioneering 

transcription factor that recruits the histone methyltransferase complex Wdr5-ASH2L-MLL2 to 

myogenic gene promoters. This, and the subsequent anchoring of MyoD, starts a cascade of events 

in which transcription factors and chromatin modifying enzymes establish a permissive epigenetic 

state and facilitates the transition of muscle specific genes from a transcriptionally repressed to an 

activated state. A recent work shows that MLL1 is required for PAX7 expression and satellite cell 

self-renewal in mice198. In our transcriptomic data, MLL1 expression is down regulated in the KK-

TAF3 cell line at day 0 and surprisingly upregulated at day 4. This suggests that TAF3, and in 

particular the binding of phosphoinositides to TAF3 may regulates MLL1 expression and the lack of 

this protein in myoblast do not allow the physiological opening of the chromatin and therefore the 

anchoring of the transcription factors to myogenic gene promoters. However, chromatin association 

studies have shown that while TAF3 and TFIID complexes are constitutively associated with 

H3K4me3, knockdown of TAF3 does not strongly affect constitutive gene expression119, suggesting 

that other induced regulators may influence TAF3’s role as a transducer of cellular inputs to control  

differential transcriptional outputs. Nevertheless, only by chromatin immune precipitation sequencing 

(ChIPseq) would be possible to have a deeper understanding of the global binding of TAF3 through 

all the genome and would provide information of PI-regulated genes that are critical for myogenesis. 

 

 

Interestingly, at the contrary of what happens at the promoter, the regulatory sequence of Pax7 

presents an higher amount of H3K4me3 in the KK-TAF3 cell line compared to the WT. Since 

Kolanowsky et al., described an existing mechanisms of spatial gene expression regulation in 
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myoblasts199, can be possible that phosphoinositide could recruit the transcription machinery in 

specific subnuclear localization in which gene expression is regulated. For example, it has been 

shown that nuclear lipid islets serve as a structural platform that facilitates the formation of Pol II 

transcription factories. In fact, it has been show that Pol II transcription is dependent on the integrity 

of PtdIns(4,5)P2 nuclear lipid islet, and an enzymatic reduction of PtdIns(4,5)P2 levels results in a 

decrease of the Pol II transcription activity. Furthermore, about half of nascent transcripts localise to 

NLIs, and transcriptionally active transgene loci preferentially colocalise with NLIs. This suggest that 

the ability of TAF3 to bind phosphoinositides, could allow the recruitment of the transcription 

machinery to specific sub-nuclear compartments such as nuclear speckles or lipid islets where other 

actors of transcription such us polymerase II, protein spicing factors, histone modification enzyme 

localize. At the contrary, the re-localization is not possible when TAF3 do not bind phosphoinositides 

and therefore transcription is inhibited. 

 

 

 

Moreover, is necessary to understand the regulation of the nuclear phosphoinositide metabolism 

during myogenesis and a possibility is to investigate the role of PIP4KIIβ, the kinase that 

phosphorylates PtdIns5P on position 4 leading to PtdIns(4,5)P2 formation. This protein in fact, is 

highly expressed in muscle tissue and it regulates the expression of muscle-specific genes. In 

particular, during the differentiation of C2C12 myoblast into myotubes there is a decrease of nuclear 

PIP4KIIβ activity within the nucleus due to its translocation to the cytoplasm. A deeper understanding 

of the role of this kinase and its products in myogenesis would better explain how PI metabolism 

transduces extracellular signals within the nucleus. Therefore, C2C12 myoblast cell line that had the 

Auxin inducible Degron (AID) knocked into the last exon of the endogenous PIP4KIIβ gene enabling 

drug (Auxin) mediated reversible degradation of PIP4KIIβ were made (Appendix IV, A). C2C12 cells 

are tetraploid and, in order to make this methodology function, all the alleles require tagging with the 
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AID degron. Cells were therefore selected as single colony and the system tested but this method of 

selection probably altered their phenotype and differentiation potential. In fact, despite the Auxin-

mediated degradation of PIP4KIIβ slightly increase differentiation markers as expected the level of 

expression was too low to be considered acceptable (Appendix IV, B) and further investigation are 

needed to address the point.  

 

 

 

Conclusion and future perspectives 

 

Taken together, the results presented in this manuscript shown phosphoinositides as modulators of 

TAF3-mediated transcription during post-natal muscle differentiation, suggesting PIs, or the enzymes 

involved in their regulation, as key players in this process. Thus provides new insights about the 

unique nature and mechanisms of action of phosphoinositides within the nucleus: the ability of this 

molecules to participate in a non-membrane signaling mechanisms and to directly bind nuclear 

protein is, in fact, just an emerging evidence. But it represents an extraordinary field of study providing 

clinical opportunities for new biomarkers and therapeutics, not only for muscle diseases, but for the 

many pathology that involve gene control. 

Moreover, has been found the TATA-binding protein associated factor 3, known to play a pivotal role 

in muscle differentiation, is an interesting transducer of phosphoinositide signal into transcription and 

chromatin remodelling cues. TAF3 plays a significant role in muscle differentiation and it does appear 

to be a key intermediator between the master regulator of myogenesis, Pax7, MyoD and permissive 

chromatin (H3K4me3) regulating the assembly of the pre-initiation complex of transcription. 

 

Inevitably, time limitations restricted the ability to explore some of the observations that emerged 

during its course and several important questions still need resolving. 
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In particular, further analysis is needed in order to investigate how PI interaction regulates the global 

genomic location of TAF3, polymerase II and histone modifications tails (Histone methylation and 

acetylation) by using ChIP-sequencing.  

 

Moreover, a deeper understanding of the role of PIP4KIIβ in regulating satellite cell function and 

muscle biology in vivo is needed. For this purpose, given that the auxin inducible system did not 

work, I cloned the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 vector 

to generate PIP4KIIβ KO C2C12 cells (Appendix VI). Unfortunately, time constrain didn’t allow to 

generate the cell line with the deletions that induce translational frameshift mutations but the 

generation of this cell line will provide a model for understanding the impact of PI metabolism and in 

particular the role of PtdIns(5)P and PtdIns(4,5)P2 in muscle differentiation. 

Finally, repair constructs for the generation of C2C12 cell line expressing modified endogenous TAF3 

have been cloned (Appendix VII). CRISPR/Cas9 system mediates double strand breaks at specific, 

localized point of the genome (defined by previously designed RNAguides). A repair construct 

carrying either WT or KK mutant sequences is directed to the final exon of TAF3 where they become 

incorporated into the genome allowing the endogenous expression of TAF3 WT or KK. Also in this 

case, time limitation didn’t allow the generation of the cell line but this would be a model closer to 

physiological condition in which phosphoinositides binding to TAF3 could be investigated.  

 

Moreover, studies using live-cell imaging tools will examine the complexities of phosphoinositides a 

crowded chromatin environment and of dynamic regulation to reach a deeper understanding of the 

involvement of phosphoinositides in the controlled transcription of DNA. 
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Appendix I – Investigation of the possible impact of KK-TAF3 lower proliferation rate on cell differentiation. 
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Appendix II – Similarly regulated cluster in WT and KK TAF3 cell lines.  
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Appendix III – TAFs and TFs gene expression 
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Appendix IV 

A. Generation of PIP4K2b Auxin inducible Degron (AID) system 
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Appendix V – Lentiviral vectors used for overexpression of WT and KK-TAF3 (A and B), and EV 

control ( C ) 
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Appendix VII – Endogenous TAF3 tag and mutation 
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