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Abstract 

Alus represent the most abundant class of repetitive elements in the human genome. Despite 

their abundance, the transcription of these elements is rare, since they are generally 

repressed. However, some Alus are transcribed and have epigenetic characteristics of active 

enhancers. Adenovirus 5 has been reported to induce upregulation of Alus transcription. In 

this thesis, we demonstrate by RNA-seq that the adenoviral small e1a, whose ability to 

reorganize the epigenome of the host cell through interaction with p300/CBP and pRb has 

been characterized, is sufficient to trigger Alus transcription, in virtue of its interaction with 

the chromatin remodeler p400. We thus investigated the molecular mechanism underlying 

this p400 dependency. By employing genome wide ChIP-seq, we uncovered that the 

recruitment of TFIIIB is dependent on the interaction between e1a and p400. The epigenetic 

characterization of the expressed Alus confirmed their enhancer nature as these elements 

uphold enrichment in their upstream region for p300/CBP, p400 and the YAP/TAZ factors. 

Moreover, e1a reprograms the Alus in a state reminiscent of a poised enhancer, with an 

increase in H3K4 mono-methylation (H3K4me1) and a depletion of H3K27 acetylation 

(H3K27ac). As Alus could serve as platform for 3D genome organization, during our analysis of 

genome-wide occupancy of the RNA polymerase III machinery in cell infected by adenoviruses, 

we identified a cluster of genomic regions associated with genes involved in embryonic 

development, that were depleted of TFIIIC upon e1a expression (e1a is a known de-

differentiation factor). This finding led us to further investigate this and will be described in 

the second part of this thesis. TFIIIC associating with Alus linked to embryonic genes agrees 

with the identification of the largest TFIIIC subunit (TFIIIIC220) in several CRISPR-Cas9 

screenings performed on hESCs to unveil genes involved in the maintenance of stemness and 

differentiation capabilities. Human TFIIIC has been shown to deposit H3K18ac on Alus in 

serum-starved conditions and more recently was shown to have specific HAT activity against 

H3K18 (normally acetylated by the p300/CBP HATs). As hESCs are routinely grown in serum-

free medium we, therefore, hypothesized that TFIIIC could play a role in the deposition of the 

H3K18ac mark in hESCs. The findings described in this thesis strengthen this hypothesis. The 

genome-wide comparison of H3K18ac and H3K27ac profiles with the occupancy of p300 
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performed in hESCs, NECs (partially differentiated cells) and IMR90 (fully differentiated cells) 

showed that in undifferentiated cells most acetylated regions are not occupied by p300. Thus, 

we produced ChIP-seq of TFIIIC and detected the regions that were bound by TFIIIC in the 

absence of p300 in hESCs. In these regions H3K18ac and H3K27ac were still enriched, 

supporting the idea that TFIIIC might be involved in the acetylation of at least H3K18. Gene 

Ontology and Cistrome dbToolkit score analysis showed that the TFIIIC-bound regions are 

involved in stemness maintenance and neurodifferentiation. Thus, we suggest that TFIIIC could 

play an important role in hESCs biology.  
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Introduction 

Transposable elements of the human genome 

Since the first publication of the human genome sequence by the ‘human genome project’, it 

has been observed that approximately half of the genome contains a class of mobile genetic 

elements named transposons [Figure 1] [1], which has been described to directly contribute 

to the human genome evolution. Several mechanisms have been unveiled for these elements, 

such as the acquisition of new functions like the creation of new regulatory networks for gene 

regulation [2], [3], the direct modulation of the RNA polymerase II (Pol2) [4] and they 

participation in the folding of the genome in its 3D structure [5]. 

 

Figure 1. Composition of the human genome. Approximately 45 % of the genome is composed of transposable 
elements, of which approximately 25 % are Alus [1]. 

The transposable elements can propagate into the genome through two different 

mechanisms: the “copy and paste” mechanism that consists of the synthesis of an RNA 

intermediate that is retrotranscribed and inserted into a different locus (RNA transposon) or 

the “cut and paste” mechanism in which the element is excised from the locus and inserted 

into a different one (DNA transposon) [Figure 2] [6].  

RNA transposons (or retrotransposons) represent the most abundant transposable elements 

in the human genome. They are classified into 3 categories: retrovirus-like elements (LTR 

retrotransposons), Long Interspersed Nuclear Elements (LINEs) and Short Interspersed Nuclear 

Elements (SINEs) [6]. 
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Figure 2. Representation of the two class of transposable element. Class I: the element is transcribed and 
retrotranscribed. LTR retrotransposons pass through a dsDNA intermediate that is integrated in the genome, 
whereas non-LTR retrotransposon RNA anneals with the target locus that primes the retrotranscription. Class II: 
the element is excised and integrated in another locus. 

The LTR retrotransposons elements (such as the Human Endogenous Retroviruses HERVs) are 

derived from ancient retroviruses and characterised by Long Terminal Repeats (LTR) flanking a 

central region coding for two of the three retrovirus proteins gag and pol (env gene is missing). 

Gag and pol allow LTR transposition. LINEs are non-LTR retrotransposon of about 6-8 kbs in 

length and code for two proteins named ORF1 and ORF2, which are required for the entire 

retrotransposition process. Therefore, LTRs and LINEs are autonomous retrotransposons.  

LINEs transcription is carried out by Pol2. On the other hand, SINEs have smaller sizes, about 

100-400 bp, transcribed by the Pol3 (Pol3) but lacking coding sequences necessary for their 

mobility, thus SINEs retrotransposition depends on LINEs-coded ORF1 and ORF2 [Figure 3]. 

Hence SINEs are non-autonomous retrotransposons [1]. SINEs represent 13 % of the human 

genome and with ~1’600’000 copies they are the most frequent transposable element in the 

human genome. Among SINES, Alus represent the largest class of SINEs with ~1’000’000 copies 

[1].  
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Figure 3. Representation of different classes of retrotransposon. Most transposons fall into one of three classes 
between LTR, LINE, SINE. Autonomous transposons encode for all components necessary for transposition, unlike 
non-autonomous ones. Adapted from [1]  

Structure and evolution of Alus element 

Alus seem to have evolved from the retrotransposition of 7SL RNA (another Pol3-transribed 

gene), given their homology with its sequence. Alus length is about 300 bp and possess a 

dimeric structure composed of a left arm and a right arm. The left arm harbours a type II Pol3 

promoter. A characteristic A5ATACA6 sequence separates the two arms with the right arm 

ending with a poly(A) tail. A canonical or non-canonical Pol3 terminator (4 Ts or a T-rich region 

respectively), is located upstream of a sequence called 3’ trailer unique to each Alu RNAs. Alus 

are flanked by Target-site Duplications (TSD) [Figure 4]. 

 

Figure 4. Schematic representation of Alu.  

The current model of Alus evolution is based on the rise of two different lineages from the 

retrotransposition of a 7SL RNA. One lineage generated Fossil Alu Monomer (FAM) that 

subsequently evolved into Free Right Alu Monomer (FRAM). The other lineage evolved in the 

FLAM-C subfamily of the free-left Alu monomer [7]. At about 65 million years of age, the two 

sequences (FRAM and FLAM-C) had a head-to-tail fusion, giving rise to the Alus and their 

subsequent amplification within the genome [8]. Alus are classified into three subfamilies: 
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AluJ, AluS and AluY. AluJ is the most ancient category and contains about 160’000 sequences, 

all of which are thought to be inactive due to the mutations accumulated. AluS is the most 

common in the human genome with about 551’000 copies and the second oldest family, it 

also contains some functional Alus. AluY is the most recent class and harbours most of the 

active sequences, with AluYa5 and AluYb8 representing the subclasses with the higher 

transposition activity [9]. To date, the active Alus are estimated to be 852 [9], with a 

mobilisation rate of 1 for every 20 new births [10]. 

Transcription of Alus by Pol3  

Alus retrotransposition mostly occurs at random genomic loci but often within gene-rich 

regions [1] : here Alus can be in intragenic or intergenic loci (UTR, exon or intron [11]) an in-

sense or antisense compared to the near gene. Alus inserted in intragenic loci with the same 

orientation of the host gene can therefore be transcribed by Pol2 as a part of the gene 

transcript, whereas intragenic or antisense Alus are thought to be transcribed exclusively by 

Pol3. Since the Pol3-derived Alu transcripts are involved in the retrotransposition phenomena, 

while the Pol2-derived Alus lack retrotransposition potential [12], we will focus on that. 

The left monomer harbours an A and B box, composing a type II Pol3 promoter. A and B boxes 

are recognised by the multi-subunit complex Transcription Factor IIIC (TFIIIC), which in turn 

recruits the Transcription Factor IIIB (TFIIIB) complex on a ~50 bp region upstream of the 

transcription start site. TFIIIB is the main factor involved in the recruitment of the Pol3 and it 

is composed of three subunits, namely TBP, BRF1 and BDP1 [13] [Figure 5].  

 

Figure 5. Assembly of Pol3 machinery on Type II promoter. TFIIIC recognize the type II promoter, to recruit TFIIIB, 
which in turn recruits Pol3. Taken from [14] . 
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Many transcription factors are shared between Pol2 and Pol3 as the Rb transcription factor 

[15], or c-myc [16]. The transcription factor AP-1 was found to bind upstream the TSS of Alus 

and enhances the transcription [11], [17], as well as the transcription factor CEBPB and CTCF 

[11]. In contrast, CGGBP1 acts as a repressor of transcription in response to growth factors 

[18]. Interesting CGGBP1 binding site overlaps with the A box, preventing the recruitment of 

TFIIIC, which is instead recruited during serum starvation [5]. 

Pol3 transcription in general is tightly regulated in a tissue and cell type-specific manner and 

differently modulated, depending on cells growth conditions. Therefore, Alus transcription will 

also be subjected to the same strict regulation [11], [19], [20]. 

Within the cells, abundance of Alus transcripts is generally extremely low due to their weak 

Pol3 promoter and epigenetic modifications which repress Alus transcription [21]. Studies on 

HeLa cells have shown that only ~100 loci are active [20] [22], and of these, only 13 depended 

on Pol3 transcription [23]. Studies on other cell lines or tissue samples emphasised how low 

Alus transcripts derived from Pol3 is a common theme [11], [24]. 

Alus epigenetic environment: DNA methylation 

DNA methylation occurs mainly in the genome at CpG dinucleotides (CpGs) where a methyl 

group is added to the fifth position of the cytosine residue, about 25 % of which were 

estimated to be in Alus [25]. DNA methylation is associated with transcription repression 

predominantly through two general mechanisms: 1) the modification of the cytosine residue 

prevents the recognition of the binding site by transcription factors, 2) methylated CpGs recruit 

the methyl-CpG-binding proteins (MBPs), which interact with transcriptional co-repressor 

complexes able to remodel the chromatin [26] [Fig. 6]. 

 

Figure 6. DNA methylation represses transcription. Two main mechanisms of repression mediated by DNA 
methylation. a) methylation blocks the recruitment of transcription factor. b) methylated DNA recruits MBPs, that 
recruits co-repressors. Adapted from [26] 
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Alus are highly methylated. The subclass AluY harbours the highest levels of DNA methylation 

compared to the AluS and AluJ classes [27]. The involvement of DNA methylation in the 

repression of Alus transcription is supported by several studies carried out on different systems 

[28], [29], [30], [31]. However, one study showed that increased Alus transcription was not 

dependent on DNA demethylation rather by histone modifications [32]. 

A new hemi-methylation pattern, that correlates with nucleosome positioning, was recently 

observed on Alus [33]. Here the antisense strand was methylated at two CHG sites (H=A/T/G). 

Remarkably, the hemi-methylation at CAG sites enhances Alus transcription [33]. 

Alus epigenetic environment: histone modifications 

In addition to DNA methylation, the profile of histone modifications can influence the Alus 

transcription. A key role in the repression of Alus transcription has been observed for the 

trimethylation of histone H3-Lysine 9 (H3K9me3). H3K9me3 is associated with 

heterochromatin where, through the recruitment of HP1, promote the chromatin 

condensation preventing the binding of transcription factors [34]. The inhibition of SUV39H1 

(the enzyme that deposits H3K9me3) in HeLa cells caused a decrease in H3K9me3 at some 

Alus loci, triggering the recruitment of the Pol3 machinery and hence increasing Alus 

expression [32]. 

Transcriptional active Alus are enriched, in a tissue- and cell line-specific manner, with those 

histone modifications typically associated with active chromatin, such as H3-Lysine 4 mono- 

and di-methylation (H3K4me1 and H3K4me2), H3-lysine 27 acetylation (H3K27ac), H3-lysine 9 

acetylation (H3K9ac), H3-lysine 27 mono-methylation (H3K27me1), H3-lysine 36 tri-

methylation (H3K36me3) [19], [35]. Some of these histone modifications are typically found 

at cis-regulatory regions such as enhancers. H3K4me1 and H3K4me2 contribute to the 

recruitment of cohesin complex promoting interaction between the enhancer and the target 

promoter [36]. Moreover, H3K4me1 recruits the SWI/SNF complex [37]. H3K36me3, through 

the recruitment of Dnmt3a and Dnmt3b, promotes the eRNA transcription [38]. H3K27ac 

distinguishes active from inactive enhancers [39]. The deposition of H3K27ac at enhancer 

regions allows the stabilization of BRD4 binding, which promotes the recruitment of the 

Mediator complex [40]. Despite H3K27ac being a well-recognized marker for active enhancers, 
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it has been reported that its depletion did not affect the enhancer activity in mouse embryonic 

stem cells [41].  

Therefore, since enhancers are known to be transcribed [42], it is conceivable that these 

modifications might contribute to the regulation of Alus. The transcription factor AP-1 has 

been observed bound to Pol3-dependent genes [43] and its binding motif to be enriched near 

the TSS of Alus [19]. AP-1 can recruit p300 (one of the major mammalian histones 

acetyltransferases [44]), increasing acetylation and promoting transcription [19].  

Viral infection activates Alus transcription  

Alus transcription, and more generally SINE transcription, is activated in response to many 

stresses, such as viral infection.  

Several studies have reported an increase in SINEs transcription upon infection of mouse cell 

lines [45], [46], [47] . SV-40 caused increase in B2 SINE (the equivalent of Alus in mice) [45], in 

the context of a global activation of all RNA polymerases due to the large T antigen of SV-40 

[46]. Murine Gammaherpesvirus 68 (MHV68) induced mouse B1 and B2 SINE in vitro and in 

vivo to sustain its proliferation [47]. Differently from what was observed for SV40, MHV68 

infection did not increase the pol 3 activity but triggered the B2 SINE transcription 

through serine/threonine protein kinase ORF36. This factor can phosphorylate pRb and, 

through kinase-independent functions, inhibit HDACs [48]. 

In line with what has been observed in mice, infections can cause an increase in the expression 

of SINEs in different human cell lines. Herpex Simplex Virus-1 (HSV-1) induced Alus expression 

in HeLa and HEK293 cells [49], [50]. As observed for the SV-40 infection, HSV-1 induced Pol3 

transcription [51]. The increase in Alus expression in HeLa, HEK293 and fibroblast cell lines has 

also been observed following the infection with Adenovirus-2 (Ad2) and Adenovirus-5 (Ad5) 

[52], [53], [54], [55], [56] . This adenoviral induction in human Alus transcription takes place 

due to the action of the adenoviral protein E1A which sets off a global chromatin remodelling 

which sustains increased Pol3 transcription [57], [58].  
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Adenovirus genome and the E1A protein  

Adenovirus 5 (Ad5) belongs to the class of dsDNA viruses that infect epithelial cells of the 

respiratory tract. Ad5 genome is a linear dsDNA with a length of 36 kb divided into five Early 

Transcription Units (E1A, E1B, E2, E3, E4) that are transcribed before the replication of the 

genome, four Intermediate transcription units (pIX, Iva2, L4 intermediate and E2 late) and one 

Late transcription unit under the control of the Major Late Promoter (MLP) that generates 5 

different mRNAs (L1, L2, L3, L4, L5)[59] [Figure 7]. 

 

Figure 7. Schematic representation of adenoviral genome. 

Once the virus is internalised inside the cell, the viral DNA is delivered into the nucleus, 

following decapsidation, and the transcription of early genes can start. The first gene 

transcribed is E1A which activates the transcription of the other genes and interacts with 

several host proteins to sustain the infection. The proteins coded by the early genes set up the 

environment for viral replication, inhibiting the immune response (E3), the p53-dependent 

apoptosis (E1B) and enhancing the protein synthesis by acting on the mTOR signalling pathway 

(E4) [60].  

The E1A pre-mRNA has two different splice sites at the 5’, allowing the generation of two 

mRNAs encoding for a 243 amino acids protein (called: “small e1a” or “e1a”) and a 283 amino 

acids protein (called: “large E1A” or “E1A”) [61] [Figure 8]. 
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Figure 8. Schematic representation of two splicing variant of E1A. Alternatively splicing of E1A transcript 
generate two variants. Large E1A is 289 amino acids protein, whereas small e1a is 243 amino acids protein. The 
latter lack of CR3 domain, responsible for the interaction with MED23. 

Large E1A proteins, synthesized by different adenoviral strains that infect primates, have four 

highly conserved regions, called CR1-CR2-CR3-CR4, that span from residues 42 to 72, 115 to 

140, 144 to 191, 251 to 288, respectively [62]. These regions play a pivotal role in the 

establishment of interaction between E1A and the host proteins pRBs (Rb, p107 and p130), 

p300/CBP, p400 and the Mediator which are involved in remodelling of the chromatin and 

regulation of genes key in the induction of S-phase. 

Large E1A ability to activate the transcription of viral genes relies on the interaction between 

the CR3 domain and the MED23 subunit of the Mediator. Lack of CR3 domain in small e1a 

abolishes that interaction, resulting in the inability to induce the transcription of the viral genes 

[63], whereas can still induce the S-phase of the cell cycle. Even though E1A is necessary for 

successful viral DNA replication, it is dispensable for the induction of cell cycle of G1-arrested 

cells [64]. 

Interaction e1a-Rb-p300 

As mentioned before, e1a induces the S-phase in G1-arrested cells. This depends on the 

interactions of e1a with the tumour suppressor Rb and the histone acetyltransferase (HAT) 

p300 (or EP300). E1a binds Rb through 10 amino acids in the CR1 domain and the L-X-C-X-E 

motif in the CR2 region [62]. The molecular mechanism that drives oncogenesis depending on 

the interaction e1a-pRb has been characterized: e1a competes with Rb for the same regions 

within the transcription factor E2F, since e1a CR2 has higher affinity for E2F than Rb [65], e1a 

can sequester Rb and then use the CR1 regions to insert an alpha-helix within the same Rb 

pocket occupied by E2F thereby dissociating the two factors [65]. This clever mechanism 

abrogates the formation of the E2F-Rb complex and therefore induces host cell cycle and the 
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transcription of viral genes. In dividing cells preventing the formation of the complex Rb-E2F is 

dependent on cyclin-CDK complexes-mediated phosphorylation of Rb in response to 

extracellular mitogenens [66] [Figure 9]. 

 

 

Figure 9. E1A bypass E2F regulation. 1) In G0-G1 cells hypophosphorylated Rb sequester E2F, preventing the 
transcription activation. 2a) Rb is phosphorylated by Cyclin-CDK complexes, causing the release of E2F. 2b) E1A 
sequester Rb, inhibits its ability to interact with E2F. 3) E2F does not interact with Rb anymore and can activate 
the transcription of target genes. Adapted from [66]. 

The release of Rb from E2F, in addition to the enhancement of transcription of genes involved 

in cell proliferation, causes an increment in the availability of this protein, which is 

accumulated at e1a-repressed genes involved in the immune response, differentiation and 

synthesis of the extracellular matrix [67], [68] [Figure 12a]. 

The residues 1-25 and 54-83 (localized inside the CR1) allow the interaction of e1a with the 

HAT p300 [69]. p300 is a transcriptional coactivator that, through the associations with other 

transcription factors, can be recruited at gene promoters [70] and acetylates lysine in the 

histone tails or on other transcription factors, using its intrinsic acetyltransferase activity. The 

interaction between e1a and the TRAM (transcriptional adaptor motif) domain of p300 inhibits 

the HAT activity, leading to a restricted residual acetyl-transferase activity to specific genomic 

loci [Figure 10]. 
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Figure 10. E1A inhibits p300 HAT activity. 1) p300 is recruited by transcription factors and acetylates H3K18 and 
H3K27. 2) E1A prevents the recruitment of p300 and inhibits its HAT activity. Adapted from[66] . 

Going into more detail, the interaction e1a-p300 causes a global H3K27 and H3K18 

deacetylation, however H3K18ac is found increased at cell cycle genes [67], [71]. Small e1a 

therefore leads the transcription of genes involved in cell proliferation removing the 

endogenous inhibitor (Rb) and causing changes in the epigenetic landscape of the E2F-

regulated genes through the preserved HAT activity of p300 [72] [Figure 11]. 
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Figure 11. Schematic representation of E1A induced transcription. The activation of cell-cycle genes 
transcription depends on the simultaneously remotion of pRb from E2F and deposition of H3K18ac by p300 
caused by E1A. 

E1a represses the transcription of those genes involved in differentiation and immune 

response. Two different mechanisms, involving p300, Rb and two Rb-like proteins (p107 and 

p130), have been identified. The first mechanism involves the recruitment of p107 and e1a on 

genes promoting cellular differentiation [66] [Figure 12a], whereas the second mechanism 

depends on the recruitment of a complex formed by p300-e1a-Rb and p130 on the antiviral 

response genes [65], [66]. The hypoacetylation caused by the inhibition of the HAT activity of 

p300 by e1a, in conjunction with the acetylation of Rb, participates in chromatin condensation 

at these loci, repressing their transcription [67] [Figure 12b].  
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Figure 12. Schematic representation of two models of E1A induced repression. a) Rb (p107) is redistributed to 
repressed genes after the release from E2F. b) The formation of a ternary complex formed by p300-e1a-Rb causes 
hypoacetylation and chromatin condensation. 

In conclusion, the interactions that are established between e1a, Rb and p300/CBP led to a 

global change in the epigenetic landscape of the host cell to sustain an efficient viral 

replication.  

Interaction e1a-p400 

As mentioned before, e1a binds p400, homologous to the yeast SWI2/SNF2 nucleosome 

remodelling complex, through the residues 26-35 and this interaction is necessary to cause 

cell transformation [73]. Small e1a interacts in two different ways with p400: indirectly through 

interaction with TRAPP and directly in a competitive manner with TAP54 [66] [Figure 13].  
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Figure 13. Schematic representation of primary structure of p400. Adapted from [66]  

P400 and TRAPP have been identified also in other complexes with HAT activity, such as the 

TIP60/p400: it consists of 17 subunits with a molecular weight of about 1.7 Megadalton with 

p400 that in addition to having the remodelling activity, represents the scaffold of the entire 

complex [74], [75] [Figure 14]. The TIP60 complex is involved in the maintenance of chromatin 

accessibility where TIP60 can be recruited by H3K4me1, an enhancer mark [76], and it is 

involved in the acetylation and deposition of H2A.Z, a histone variant that makes the 

chromatin more accessible [77], [78]. 

 

Figure 14. Representation of TIP0 complex. TIP60 complex is the unique complex that exhibit chromatin 
remodelling and histone-modifying activities. The ability to replace H2A with H2A.Z rely on SWR-C-like module, 
while the HAT activity resides in the NuA4-like module. Adapted from [74]. 

The TIP60/p400 complex is also involved in heterochromatinization and repression of 

transcription [79], [80]. TIP60 has been also observed to be responsible for silencing HERV 

elements [81].  

The mechanism that explains the involvement of the interaction between e1a and cell 

transformation is not fully understood, and several hypotheses have been proposed. It has 

been reported that p400 bound and inhibited the transcription factor E2F. Hence, e1a could 

sequester p400 away from E2F, in a manner like observed with Rb [82]. The interaction e1a-

p400, with p300 and Rb, could be part of a multiprotein complex that can lead to chromatin 

condensation [67]. The complex e1a-p400 can also inhibit the ubiquitination of the 
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transcription factor Myc, promoting the interaction between p400 and Myc at Myc-target gene 

promoters and consequently activating their transcription [83].   

Less is known about the role of the interaction between e1a and p400 compared to the one 

with Rb and p300, however, it appears that the formation of this complex, along with other 

proteins such as TIP60, may also lead to a modification of the cellular epigenetic profile to 

support viral replication. 

Aim of the research 

Alus constitute about 11% of the human genome and, although their transcription is generally 

epigenetically silenced, some elements are actively transcribed in a cell type-dependent 

manner and possess epigenetic features of active enhancers. Alus transcription is triggered by 

different cell stresses, such as heat shock [84], [85], cancer progression [86] and virus 

infection[52], [53], [54], [55], [56]. Adenovirus-5 infection is known to trigger Alus over-

expression in different cell lines, but the underlying molecular mechanism is still poorly 

understood. This phenomenon occurs in a context where the adenoviral protein E1A activates 

Pol3 transcription possibly acting on TFIIIC. Small e1a causes a cellular epigenetic alteration at 

promoters and enhancers (which are enriched in Alus [87]), interacting with key chromatin 

regulators, such as p300/CBP, Rb and p400, and might indeed be a putative candidate for Alus 

transcription regulation.  

We hypothesised that e1a could potentially be regulating Pol3 activity via an epigenome 

reprogramming of human IMR90 primary fibroblasts, therefore regulating Alus expression. To 

test this, we infected IMR90 cells with Ad-5 replicative mutants, expressing wt small e1a or 

different small e1a protein uncapable of interacting with their main host partners (p300, Rb 

and p400). We then performed gene expression profiling (RNA-seq) of cells infected with these 

mutant (compared to the wt) and captured the Alus expression profile at single locus 

resolution. We then associated our RNA-seq data with chromatin-immunoprecipitation and 

sequencing (ChIP-seq) of several Pol3 factors, histone modifications and regulators to fully 

characterize the regulatory epigenome possibly affecting Alus transcription. 
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Methods  

Cell culture and viruses 

IMR90 primary human fetal fibroblasts were purchased from the American Type Culture 

Collection (ATCC). Cells were grown in Dulbecco’s modified medium supplemented with 10% 

fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C in 5% CO2. 

Ad5 dl1500 containing a 9-bp deletion removing the 13S E1A mRNA 5’-splice site was 

described. The ΔE1A deletion mutant dl312 was isolated as previously described. Small e1a 

binding mutants (e1a_RB_b-, e1a_p300_b-, e1a_p400_b-) were constructed as in, and 

incorporated in the dl1500 background. dl1500 and e1a binding mutant constructs were 

cloned into shuttle plasmid pAd-lox. LoxP recombination between HAdV-C5 backbone ψ5 and 

the shuttle plasmid pAdLox, as well as propagation of viruses, were performed as described in 

[88]. 

Virus infection 

IMR90 cells were grown to confluence in 60 mm Petri dishes and incubated for two more days 

in the same medium to arrest cells in G1/G0. Before the infection, the medium was collected 

(conditioned medium) and cells were incubated with mock or the indicated Ad5 mutant for 1 

h in PBS. Cells were washed with PBS and transferred back to the conditioned medium for 24 

h. To achieve a comparable amount of wild-type and mutant e1a protein expression, the 

infection was performed at 40 MOI for dl1500 and dl312, 160 MOI for e1a_RB_b-, 60 MOI for 

e1a_p300_b- and 6 MOI for e1a_p400_b-.  
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Total RNA-seq library preparation 

Cells were collected in TriZOL (Thermofisher) and total RNA was extracted with Direct-zol RNA 

MiniPrep Plus (Zymo research) and treated with DNAseI (Thermofisher); subsequently, the 

enzyme was inactivated adding 2 mM EDTA and heating at 65°C for 10 minutes. 

1 µg of total RNA from cells infected with dl1500, dl312, or mock-infected was processed using 

a Ribo-Zero rRNA Removal Kit (Epicentre) to remove the rRNA. The RNA-seq libraries were 

prepared using the Illumina TruSeq stranded RNA library Preparation kit. The sequencing was 

performed using a HiSeq4000 Illumina Sequencer, obtaining 100-base-long paired-ends reads, 

with a sequencing depth of ~60 million reads per sample. The experiment was conducted in 

duplicate. 

1 µg of total RNA from cells infected with dl1500, e1a_RB_b-, e1a_p300_b-, e1a_p400_b- or 

mock-infected was processed using the RiboCop rRNA Depletion Kit (Lexogen). The RNA-seq 

libraries were prepared using the Illumina TruSeq stranded RNA library Preparation kit. The 

sequencing was performed using a NovaSeq Illumina sequencer, obtaining 150-base-long 

paired-ends reads, with a sequencing depth of ~100 million reads per sample. The experiment 

was conducted in duplicate. 

RNA-seq analyses 

The alignment of the reads was performed to the GRCh38 human reference genome using 

STAR [89]. Only uniquely mapped reads were considered for downstream analyses and 

subjected to counting with the featureCounts tool of the SubRead Python package [90]. The 

Alus RNA profiling was performed as describe in [91] with some modifications to reduce false 

positives. These involved the additions of parameters to set the cut-off value for the ratio of 

the expression coverage between the Alu body and its upstream and downstream region and 

the addition of a parameter to control the fraction of Alu body sequence that should be 

covered by reads to enable the identification of shorter and processed Alu transcripts; 

identified Alus were filtered for an expression coverage of at least 1000 nt, corresponding to 5 

pair-ended reads of length 100 nt. The union of these Alus constitutes the whole list of 

expression-positive Alus (epAlus). Differentially expressed Alus were identified with DESeq2 
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package [92]. Alus with log2 fold-change ≥0.5 or ≤-0.5 and an adjusted p-value < 0.05 were 

considered differentially expressed. 

Alu proximity to protein-coding genes 

GENCODE annotation v24 (human genome assembly GRCh38/hg38) was used to analyse Alu 

distance to protein-coding genes. RepeatMasker tracks were downloaded from the UCSC 

Genome Browser for human genome assembly hg38. Alus that are positioned outside of 

protein-coding genes (intergenic Alus) and Alus that map to introns or exons of annotated 

genes in an antisense orientation (antisense Alus) were selected to obtain the 

intergenic/antisense Alus subset (802571 Alus). The expression of intergenic/antisense Alus 

was considered only for the elements belonging to the single, comprehensive list of epAlus, 

whereas the remaining intergenic/antisense annotated Alus were used as a control for 

unexpressed Alus. The presence of an Alu within protein-coding genes was analysed using the 

“intersectBed” function of the BEDtools program package v2.29.1 [93] and custom R scripts. 

Enrichment analyses were performed using a two-tailed Fisher’s exact test. The transcription 

start site (TSS) position of protein-coding genes was extracted as the first or last nucleotide 

(forward or reverse strand, respectively) of the “gene” feature in the gtf annotation file. The 

distance of Alu elements to the TSS was analysed using the closest tool from BEDtools [93] and 

custom R scripts. Gene expression was calculated as the average expression (TPM) across all 

samples. The difference in distribution of gene expression was determined to be statistically 

significant using a two-sided Wilcoxon rank-sum test. A two-tailed Fisher’s exact test was used 

to analyse the difference between the fraction of the set of all of expression-positive Alus and 

the fraction of the set of all unexpressed Alus within each genomic range.  

ChIP-seq analysis 

ChIPs of TFIIIC (GTF3C2) and BDP1 were performed using procedures and antibodies described 

in [5] and references therein [94], [95]. All data was aligned to the hg38 human genome 

reference (GRCh38) and processed as in [5]. The average ChIP signal and heatmap profiles 

were visualized using the tools plotHeatmap from the deepTools package v3.5.1 [96]. 
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TF binding motif analysis 

The Analysis of Motif Enrichment (AME) from MEME suite [97] was used to analyze DNA 

sequences upstream of expression-positive Alus (200 bp). The Jaspar 2020 collection was used 

as motif database [98] and the DNA sequences of 200 bp upstream of 20000 random 

unexpressed Alus were used as a control. 

Western blot 

Cells infected with the adenovirus-based vectors were detached by scraping from a 60 mm 

plate and lysed in EBC buffer (50 mM Tris-Cl pH 8.0, 120 mM NaCl, 0.5% NP-40) with Roche 

cOmpleteTM protease inhibitor cocktail. Samples were prepared in Laemmli buffer and heated 

for 5 minutes at 65C. Protein extracts were resolved in an SDS-polyacrylamide gel and 

electrotransferred to a polyvinylidene difluoride (PVDF) membrane. Blocking was performed 

in 5% skim milk in TBS-Tween 0.1% for 10 minutes. Extracts were probed with antibodies 

against E1A (anti-e1a MAb M73) [99], Ku86 H-300 (sc-9034; Santa Cruz) and p400 (Thermo 

Fisher A300-541A) at manufacturer recommended dilutions for 1 hr at room temperature or 

O/N at 4C. Membranes were washed 3 times with TBS-Tween 0.1% for 10 minutes at room 

temperature. Incubation with secondary antibodies was performed using anti-mouse or anti-

rabbit IgG antibodies (Bio-Rad) in TBS-Tween 0.1% buffer with 5% skim milk for 1 hr at room 

temperature. Membranes were washed three times with TBS-Tween 0.1% for 10 minutes at 

room temperature before visualization with the Pierce ECL Western Blotting substrate (Thermo 

Fisher). 

siRNA p400 Knockdown 

Dharmacon SMART ON-TARGETplus pool siRNA against human EP400 (L-021272-05-0005) and 

D-001810-10-05 ON-TARGETplus Non-Targeting Pool were used to carry out EP400 knockdown 

in IMR90 cells. Cells were seeded in the absence of antibiotics and culture for 16h prior to 

transfection with lipofectamine (Lipofectamine 3000, Invitrogen). siRNAs were used at 30 nM 

and cells were left in culture for 24 h in the presence of the siRNA, followed by adenoviral 

dl1500- and e1a_p400-b- and mock-infection for other 24h. The knockdown efficiency was 
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evaluated by RT-qPCR (EP400_forward: GTGTTCGAGCGGTCACTTCT, EP400_reverse: 

CTGAACTCCTGTGGCTTGGG) after total RNA extraction (Trizol) and reverse transcription of 500 

ng of RNA to obtain cDNA. Knockdown efficiencies of p400 were around 50-60% depletion in 

different experiments.  

Reverse Transcription and Real-Time PCR 

RNA extracted from infected cells (500 ng) was reverse-transcribed using SuperScript III 

Reverse Transcriptase (Thermo Fisher) with random hexamer primers. The Real Time PCR 

reaction was performed using 20 ng of cDNA and the PowerUp SYBR Green Master Mix 

(Applied Biosystems), in a 20 μl final volume with 300 nM primer concentration. Runs were 

performed using a 7500 Real-Time PCR System (Applied Biosystems). Expression levels were 

normalized using U1 snRNA as internal control and the ΔΔCt method was used to evaluate 

expression relative to mock-infections (U1_forward: AGGGCGAGGCTTATCCATTG, U1_reverse: 

GCAGTCGAGTTTCCCACATTTG). Data are presented as an average of two replicates ± standard 

deviation. Expression levels of Alus (AluSp_qRT_fw: TCACTCTGTCGCTTCCCAGTTG, 

AluSp_qRT_rev: TTAAAACTCTGCTCTGTTCACGCAG, AluSc_qRT_fw: 

GCTAGAGTCAACCTCACCTGC, AluSc_qRT_rev: TTAAGCCGCCAGAACGAGC for siRNA knockdown 

experiments were calculated using ΔΔCt (siEP400-siCTRL) method for each infection and 

compared to respective non-siRNA infections relative to mock.  
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Results  

Small e1a is sufficient to induce Alus transcription 

To investigate whether the presence of small e1a alone can induce upregulation of Alus 

transcription we infected G1-arrested IMR90 with a Human Adenovirus C5 (HAdV-C5) mutant 

named dl1500, that, due the presence of a 9-bp deletion in the 5’ splice site expresses only 

small e1a. As negative control we employed a mutant called dl312 which does not express E1A 

or any other viral proteins [100]. As an additional control we performed a mock-infection. The 

changes in Alus expression at single locus resolution was assessed through RNA-sequencing 

with a sequence depth of 60 million paired end (PE) reads, to overcome the low abundance of 

Alus transcripts. To evaluate the effect of e1a on Alus expression alone, without transcriptional 

changes due to other transcribed loci that may harbour embedded Alus, we considered only 

the Alus transcripts from independent Pol3 transcription units, excluding intragenic Alus in 

sense orientation. On the 802431 Alus considered, only 1805 were detected in at least one 

replicate (we named them “expression positive Alus” or epAlus), with an overall overlap 

between the duplicates in each condition >75% [Figure 1]. 

 

Figure 1. Detected Alus transcripts for each experimental replicate. A total of 1783 Alus were detected in dl1500 
infected cells, 974 Alus in dl312 infected cells and 973 Alus in mock-infected cells. The overall overlaps between 
replicates in each condition is >75%. 

In response to dl1500 infection, and therefore the e1a expression, the Alu transcriptome 

expanded significantly, with the detection of 666 more Alus (~37% of the total epAlus) 
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compared to the dl312 and mock infection, whereas only 22 Alus were detected (~1%) [Figure 

2].   

EpAlus detected in mock- and dl312 infected cells presented a partially overlap, which may 

result from the interaction between cellular and viral factors, such as receptors and nucleic 

acids [101]. 

 

 

Figure 2. E1a expression causes an expansion of the Alu transcriptome. Venn-diagram showing the Alu 
transcriptome overlaps between dl1500, dl312 and mock-infected cells.  

The global Alus induction triggered by e1a is evident in [Figure 3], where we detected a ~4-

fold increase in reads associated with Alus after the dl1500 infection. Among the 953 Alus that 

were expressed followed dl1500 or dl312 infected cells, 384 were upregulated (FDR < 0.05) 

whereas 1 Alus was downregulated (FDR < 0.05). These data show how the viral protein e1a 

alone can derepress Alus. In agreement with previous studies[11], [19], just the 0.12% of the 

intergenic/antisense Alus were constitutively expressed in IMR90. Following the dl1500 

infection, there was an increase to the 0.22%. Despite the increase in expression, induction by 

e1a remains a phenomenon that was limited to a few Alus. 
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Figure 3. E1a induce an upregulation of Alus transcription. The graph shows the Alu-metagene profile of the 
average normalized number of reads (count per million, CPM) over the Alu region in the different conditions. 

AluS was the most represented subfamily between the epAlus, whereas AluJ and AluY were 

underrepresented [Table 1]. This could be explained since AluJ, the ancient Alus subfamily, 

given the amount of mutation accumulated, is not able to be efficiently transcribed, while AluY, 

the youngest subfamily, is subjected to stricter repression due to its capacity for 

retrotransposition. 

 AluJ AluS AluY No famiy Tot 

Annotated 213441 (26.6%) 484941 (60.43%) 100903 (12.57%) 3146 (0.39%) 802431 

Expressed (dl1500) 

Subfamily enrichmentb 

P-valuec 

187 (10.49%) 

0.39 

<2.2 x 10-16 

1499 (84.07%) 

1.39 

<2.2 x 10-16 

96 (5.38%) 

0.43 

<2.2 x 10-16 

1 (0.05%) 1783 

Expressed (dl312) 

Subfamily enrichment 

P-value 

155 (15.91%) 

0.60 

<2.2 x 10-16 

748 (76.8%) 

1.27 

<2.2 x 10-16 

70 (7.19%) 

0.43 

<2.2 x 10-16 

1 (0.1%) 974 

Expressed (Mock) 

Subfamily enrichment 

P-value 

153 (15.72%) 

0.59 

<2.2 x 10-16 

750 (77.08%) 

1.28 

<2.2 x 10-16 

69 (7.09%) 

0.56 

<2.2 x 10-16 

1 (0.1%) 973 

Table 1 Subfamily distribution of epAlusa. (a) For each Alu subfamily is reported the absolute number of 
intergenic/antisense Alus and their percentage. In the first row, the subfamily distribution of annotated Alus is 
reported. The other rows report the subfamily distribution of Alus expressed in dl1500-, dl312- and mock-infected 
IMR90 cells. (b) For each sample, the subfamily enrichment was calculated as the ratio between the percentage 
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of each subfamily out of all expressed Alus, and the percentage of each subfamily out of all annotated Alus. (c) 
The p-value for subfamily enrichment was calculated using a two-tailed Fisher’s exact test. 

TFIIIB is recruited at derepressed Alus 

Alus transcription relies on a type II promoter of Pol3, so the recruitment of TFIIIC and TFIIIB is 

required. Therefore, given the strong Alus induction we investigated whether e1a could affect 

the occupancy of TFIIIC and TFIIIB. To answer this, we studied the genome-wide localization of 

TFIIIC and TFIIIB in mock and dl1500 infected cell through ChIP-sequencing (ChIP-seq). The 

genome-wide occupancy of TFIIIC was tested using an antibody targeting TFIIIC110 (the second 

largest subunit), whereas the occupancy of TFIIIB was determined using an antibody against 

Bdp1 (one of the subunits of TFIIIB). We identified four different cluster of loci, divided 

according to the presence or absence of TFIIIB/TFIIIC following the dl1500 infection. Cluster 1 

was characterized by an increase in Bdp1 enrichment that it was not associated with changes 

in TFIIIC occupancy, differently from what was observed in cluster 2 where there was also an 

increase in TFIIIC enrichment. These two cluster were enriched for the presence of tRNAs. 

Cluster 3 and cluster 4 were characterized by the presence of TFIIIC and absence of Bdp1, with 

a decrease in TFIIIC enrichment in cluster 4. These two clusters were strongly enriched in Alus 

[Figure 4a and Figure 4b]. Interestingly, the Genomic Regions Enrichment of Annotation Tool 

(GREAT) analysis associated the cluster 4 loci to genes involved in embryonic lethality [Figure 

4c]. The removal of TFIIIC from these loci in an e1a-dependent manner, could be part of the 

mechanism that led the transformation of cells caused by e1a. 
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Figure 4. Genome-wide localization analysis of TFIIIC and TFIIIB in mock- and dl1500-infected cells. (a) Heatmap 
of TFIIIC and Bdp1 spanning ±1 kb across TFIIIC-bound sites in mock- and dl1500-infected cells. Clusters 1 to 4 
were by combinatorial clustering of the two factors across all the regions bound. (b) On the left is reported the 
word cloud analysis of repetitive elements identified in the four clusters. The font size is proportional to the 
enrichment of the term. On the right are reported the results of the sitepro analysis [102] of TFIIIC and Bdp1 
enrichment (normalized read tags) for each cluster. The enrichment is shown spanning ±1 kb. (c) Bar plots of the 
GREAT gene ontology (GO:Human Phenotypes) enrichment for TFIIIC-bound regions of cluster 4. 

Focusing our analysis on the epAlus, we observed that e1a did not act on the recruitment of 

TFIIIC on epAlu promoters, since TFIIIC was already present and these loci. Furthermore, since 

Alus were sorted by expression level, a higher TFIIIC occupancy level was observed for those 

epAlus that were more highly expressed, both in the presence and absence of e1a [Figure 5a]. 

As expected, there was no TFIIIC enrichment when a random set of Alus, was considered. 

Differently from what observed for TFIIIC, Bdp1 did not occupy epAlus in absence of e1a, 

whereas in dl1500 infected cell the occupation of Bdp1 on epAlus increased. This became more 

evident when we considered only the most expressed Alus among the upregulated ones 
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[Figure 5a and Figure 5b]. In Figure 5c is reported the genome browser view of three Alus 

associated with their expression profile and the ChIP-seq tracks for TFIIIC and Bdp1. Taken 

together, the data show that e1a led to the recruitment of Bdp1 (as a representative subunit 

of TFIIIB) on the upregulated Alus, but did not act on TFIIIC occupancy, since this factor was 

already bound at the epAlus promoter, independently of the e1a presence. 

 

Figure 5. TFIIIC and Bdp1 localization across epAlus in uninfected and dl1500 infected cells. (a) In the upper part 
of the panel is represented the average ChIP-seq enrichment profile (normalized read tags) of TFIIIC and Bdp1 in 
either mock- or dl1500 infected cells, across the 1805 epAlus and across of a random set of Alus with a similar 
size. Below are reported the heatmaps of TFIIIC and Bdp1 enrichment at the same Alus, sorted in accordance 
with the degree of transcription in dl1500 infected cells (top, higher expression; bottom, lower expression). (b) 
Enrichments profiles (normalized read tags) of TFIIIC and Bdp1, in either mock or dl1500 infected cells, at 
differentially expressed Alus whose expression in dl1500 infected cell falls in the first quartile (Q1 DE epAlus), 
sorted in accordance with the degree of transcription in dl1500 infected cells (top, higher expression; bottom, 
lower expression). (c) Genome browser views of TFIIIC and Bdp1 ChIP-seq and RNA-seq data of three highly 
expressed Alu elements. Yellow arrows represent the position and orientation of repetitive elements as 
evidenced by the RepeatMasker track. The chromosomal coordinates of each annotated Alu are shown above 
each view. Bigwig tracks are normalized for the library size. 
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epAlus have unique epigenetic features 

Alus generally show epigenetic features that repress their expression [103]. We investigated 

whether epAlus presented unique epigenetic signatures and how e1a influenced them. We 

took advantage of public datasets of MNase-seq [104] and ATAC-seq [105] performed on 

IMR90 to analyse the chromatin organization of epAlus. Through DANPOS [106] we analysed 

the MNase-seq data to determine the nucleosome enrichment across the Alus. As shown in 

Figure 6a, epAlus and a random set of Alus are occupied by two nucleosomes. Despite the 

similar occupancy across the Alus, epAlus presented a more open chromatin upstream of the 

TSS compared to a random set of Alus [Figure 6b].  

Figure 6. Chromatin accessibility around Alus. (a) Nucleosome density has mapped by MNase digestion across 
epAlus and random Alus in IMR90 cells using the DANPOS score [106]. The plot has been produced using NucMap 
[104]. (b) Heatmap of ATAC-seq signal around across the 1805 epAlus and across of a random set of Alus with a 
similar size. Ranking is according to enrichment of ATAC-seq reported as -log10 of the Poisson p-value. 

EpAlus have histone modification patterns that resemble enhancers [19]. We performed ChIP-

seq for H3K18ac, H3K27ac and H3K4me1, features of active enhancers and H3K9ac feature of 

active transcription, to learn whether these marks changed following dl1500 infection [Figure 

7]. In mock-infected cells, epAlus, compared to a random set of Alus, presented a strong 

enrichment in H3K27ac and a limited presence of H3K9ac and H3K18ac. H3K4me1 was neither 
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enriched in epAlus nor in a random set. The dl1500 infection triggered changes in the H3K27ac 

and H3K4me1 profile in epAlus, the former being depleted while the latter increased upstream 

of the TSS and in the body of the epAlus. H3K18ac and H3K9ac changes were less evident and 

not specific. These data suggest that epAlus had enhancer-like characteristics and e1a could 

act on their epigenetic profiles, depleting H3K27ac and causing the deposition of H3K4me1 

setting epAlus in a state that resembles that of poised enhancers [35] . 

 

Figure 7. Histone modification enrichment profiles of epAlus in uninfected and dl1500 infected cells. Shown in 
the upper graphs are the average ChIP-seq enrichment (–log10 of the Poisson P-value) profiles of (from left to 
right) H3K18ac, H3K9ac, H3K27ac and H3K4me1 across the 1805 epAlus in either mock- or dl1500-infected IMR90 
cells. Reported below the plots are the heatmaps of the same histone modification enrichments, with epAlus and 
random Alus ranked according to enrichment expressed as –log10 of the Poisson P-value. 

p300 and Rb are two known e1a interactors important for the e1a-mediated reprogramming 

of host epigenome due to their genome-wide redistribution upon dl1500 infection [67]. We 

therefore asked whether p300 and Rb could potentially being implicated in Alus induction by 

e1a. To answer this, we implemented ChIP-seq of p300 and Rb in dl1500-infected IMR90 

(compared to mock) to verify their possible occupancy at epAlu loci [Figure 8]. We found that 

p300 and Rb occupied the same region upstream of the Alu and, as observed for TFIIIC, e1a 

did not affect their occupancy at these loci. Furthermore, the enrichment of these factor in 

mock and dl1500 infected cell was higher for those Alus which were more induced by e1a. 

Importantly, the p300 and Rb presence was characteristic of epAlus, since when a random set 
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of Alus was considered, we found no enrichment. These data showed that the behaviour of 

p300 and Rb on epAlus was comparable to what observe for TFIIIC, being present 

independently of e1a expression. Nevertheless, they marked the Alu loci that will be 

upregulated by e1a. 

 

Figure 8. Chromatin regulator enrichment profiles of epAlus in uninfected and dl1500 infected cells. Shown in 
the upper part of the panel are the average ChIP-seq enrichment profiles (–log10 of the Poisson P-value) of p300 
(left) and RB1 (right) in either mock- or dl1500-infected IMR90 cells across the 1805 epAlus and across 
random Alus. Reported below the plots are heatmaps of p300 and RB1 association to the same Alus, sorted 
according to their expression level in dl1500-infected cells (top, high expression; bottom, low expression). 

epAlus loci are bound by enhancer-associated factors 

Since the expressed Alus have enhancer-like characteristics and harbour several transcription 

factors binding sites [11], [19], we implemented in silico prediction of possible transcription 

factors binding signature on epAlus. We performed Analysis of Motif Enrichment (AME) [107] 

on the 200 bp upstream of epAlus, unveiled that AP-1 was the most represented motif. Other 

binding motifs identified were those for the TEAD proteins family, NFIX, CTCF, ZBTB7A, ETV6, 
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BLHAHA15 and CEPBE [Figure 9a]. AP-1, CTCF and CEBPB were already known to occupy the 

loci of expressed Alus [11], [19]. The analysis of published ChIP-seq through the Cistrome 

Toolkit [108] allowed us to search proteins that were found enriched on the epAlus identified 

in this study in other ChIP-seq experiments [Figure 9b]. As illustrate in Figure 9b, higher 

enrichment was observed for components of the Pol3 transcription system (POLR3D, POLR3A, 

GTF3C2, TBP, POLR2H and GTF3C5). In addition, our analysis also showed enrichment for 

components of the ChAHP complex (ADNP, CHD4 and CBX3) recently been shown to bind Alus 

that were bound by TFIIIC following serum-starvation in T47D and known to counteract the 

CTCF binding in many B2 SINEs. Another transcription factor motif enriched in epAlus was 

RCOR1, a corepressor interacting with ZMYM2 [109]. ZMYM2 is a known interactor of TFIIIC as 

well as ADNP at SINEs loci, which controls their transcription [110]. We also identified 

transcription factors expected to be recruited at the predicted binding motifs, such as YAP1 

and BRD4, that are interactor of TEAD [111]; the AP-1 subunits JUN and FOSL1; CEBPB whose 

binding site is the same of CEBPE. The data generated by motif analysis showed a wide range 

of putative transcription factors that could potentially regulate the expression of epAlus.  

 



32 
 

Figure 9. In silico prediction of transcription factors bound to epAlus. (a) TF binding motifs enriched in the 200 
bp upstream of the TSS of epAlus with (right column) their corresponding P-values adjusted for multiple testing 
with Bonferroni correction. (b) Cistrome ToolKit analysis. GIGGLE score is reported [112] for epAlus and random 
Alu sets. Giggle score is calculated by using the genome coordinates of the two sets of Alus to retrieve which 
factors bind those intervals among all curated experiment in the Cistrome database[108] . 

Given the results of the AME analysis, we focused our attention on the regulation of these loci 

in IMR90 cells, by analyzing published ChIP-seq data for YAP1, FOS, BRD4 and CEBPB [113], 

[114], [115], [116], [117]. As shown in Figure 10a, these factors resulted enriched upstream of 

the epAlus, whereas no enrichment was found in a random set of Alus.  We did not have 

information about the behaviour of these factor in dl1500 infected cells, but as unveiled 

previously (for p300 and Rb) YAP1, FOS, BRD4 and CEBPB could be bound to Alus that had a 

higher transcriptional potential. 
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Figure 10. Enhancer associated factors enrichment profiles of epAlus in IMR90 cells. (a) Heatmaps of ChIP-seq 
of YAP1, CEBPB, FOS and BRD4 at the 1805 epAlus and at random Alus based on data from [113], [114], [115], 
[116], [117]. Ranking is according to enrichment of YAP1 reported as –log10 of the Poisson P-value. (b) Genome 
browser views of TFIIIC, Bdp1, H3K27ac and p300 ChIP-seq data and representative RNA-seq data of two 
differentially expressed Alus elements obtained in this study either in mock- or dl1500 infected cells, along with 
the views of publicly available ChIP-seq data for FOS, YAP1 and BRD4 in IMR90 cells. The chromosomal 
coordinates of each annotated Alus are shown under each view in correspondence of the position of the e1a-
induced Alus. 

The putative epAlus transcription factors identified previously are known to bind enhancer 

regions [117], [118], [119], [120]. To investigate more on the enhancer-like epigenetic features 

of epAlus, we focused our attention on the histone variant H2A.Z. The deposition of this 

histone variant depends on p400, an e1a interactor [73]. To overcome the lack of H2A.Z and 

p400 ChIP-seq data in IMR90 cells, we took advantage of published ChIP-seq collected in the 

K562 cell line [114], [116]. We found 3764 epAlus in K562 and these showed enriched for both 

H2A.Z and p400, while a random set Alu showed no enrichment [Figure 11b]. The enrichment 

was still present when we considered the epAlus detected in IMR90 [Figure 11a] suggesting 

the existence of a set of Alus commonly expressed in all cell lines. Taken together these data 

showed that epAlus were likely enriched by enhancer-associated factors. 
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Figure 11. Enrichment of EP400 and H2A.Z at epAlus. (a) Heatmaps of ChIP-seq enrichment of EP400 (left) and 
the H2AZ histone variant (right) in K562 cell[114], [116] across either the 1805 IMR90 epAlus or random Alus. 
Ranking is according to enrichment of EP400 in K562 cells reported as -log10 of the Poisson P-value. (b) Heatmaps 
of ChIP-seq enrichment of EP400 (left) and the H2A.Z histone variant (right) in K562 cells across either the 
3764 Alus detected as expressed in K562 cells or random Alus. Ranking is according to enrichment of p400 in 
K562 cells reported as -log10 of the Poisson P-value. 

The interaction e1a-P400 is necessary for Alus upregulation 

Our previous analysis showed that potentially many transcription factors could be bound to 

epAlus but failed to explain the direct molecular mechanisms that drive the induction of Alus 

transcription upon adenovirus infection. Since we observed that p300, Rb and p400 occupied 

epAlus, we asked if any of these factors could be necessary for epAlus transcription. To answer 

this question, we infected IMR90 cells with dl1500 (wt e1a) and mutants viruses harbouring 

e1a mutations that specifically impaired its ability to interact with p300/CBP (e1a_p300_b-), 

Rb (e1a_Rb_b-) or p400 (e1a_p400_b-)[67] and we performed RNA-seq to define the Alus 

transcriptome. Previous studies shown that these e1a mutants have different stability or lower 

expression levels [67]. To obtain a comparable amount of e1a expressed across all the samples, 

we first identified the proper MOI for the different mutants by evaluating e1a protein levels 

through Western blot and e1a mRNA expression in our RNA-seq [Figure 12a and Figure 12b]. 

We found that the mutant e1a_Rb_b- was less prone to be transcribed and this was reflected 

in the less amount of e1a detected in the protein extract [Figure 12b]. Despite this was a not 

optimal condition, we proceeded with the RNA-seq, since e1a_Rb_b- has been shown to 

repress host genes more than the wild-type [67]. 
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Figure 12. Expression of e1a in IMR90 cell infected with dl1500 and viruses expressing e1a mutants. (a) 
Expression profiles, shown as Integrated Genome Browser views, of the E1A gene in IMR90 infected with dl1500 
(e1a-wt) or its interaction mutants. In grey is highlighted the CR3 coding region, absent in small e1a transcript. 
(b) Western blot showing protein levels of wild type e1a and e1a interaction mutants obtained from virus 
infections of IMR90 cells at the MOIs used for the experiment in Figure 13. Ku86 was used as a loading control. 

Two biological replicates were used for the RNA-seq analysis. The identification of Alus 

differentially expressed in the different infections was conducted comparing the four 

conditions with a mock-infected sample and reporting the result as a heatmap [Figure 13a]. 

We observed a different effect of e1a_p400_b- compared to e1a_p300_b- and e1a_Rb_b- 

despite this last mutant showing an increase in the total number of Alus up-regulated [Figure 

13a]. This could be explained by Rb having a negative modulatory effect on the Alus 

transcription induced by e1a. In contrast, the infections with the e1a_p400_b- mutant caused 

a striking reduction of Alus transcription, less evident with the e1a_p300_b- mutant [Figure 

13a] in line with what has been reported for p300/CBP having a stimulatory effect on the 

transcription of Pol3 genes [121]. The effect of p400 was very surprising as 90% of the e1a-

induced Alus were no longer activated, whereas transcription of other Pol3 genes such as 

7SLRNA, 7SKRNA, U6 snRNA, RNAse P RNA, tRNAGly, were not affected by this mutant [Figure 

13c]. These results were further validated by RT-qPCR on two different epAlus [Figure 13b]. 

Taken together these results clearly showed that the Alus upregulation depended on the 

interaction between e1a and p400. 
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Figure 13. Dependence of Alus transcription to e1a-host proteins interaction. (a) Heatmap showing increased 
(red) or decreased (blue) expression of Alus triggered by wt e1a or e1a mutants defective in interaction with RB 
(e1a_RB-b−), p300 (e1a_p300-b−) or p400 (e1a_p400-b−), as compared to mock-infected cells. Boxed above each 
heatmap are the numbers of differentially expressed Alus (log2 fold-change ≥ 0.5 or ≤ –0.5 and an adjusted P-
value < 0.05). The experiment was performed in two biological replicates. (b) Expression levels of two 
individual Alus as measured by RT-qPCR (upper graphs) and RNA-seq (lower views). Fold changes estimated by 
RT-qPCR are relative to the expression in mock-infected cells, after normalization to U1 snRNA gene expression. 
Primers were chosen to target the unique sequence of Alus within the 3′ trailer region. RT-qPCR data relative to 
each independent experiment are represented as dots. Indicated by horizontal bars are the means ± standard 
deviation between the replicates. RNA-seq data (lower subpanels) are presented as genome browser views of 
the same Alus analysed in the upper plots. Orange boxes represent the orientation of repetitive elements as 
evidenced by the RepeatMasker track. The chromosomal coordinates of each annotated Alu are shown in the 
upper part of each subpanel. Bigwig tracks are normalized per CPM. (c) Genome browser views of the expression 
of RN7SL1, RPPH1, RNU6-9 and RN7SK genes. Expression profiles are based on RNA-seq analysis of IMR90 cells 
infected as indicated on the left.  

Based on our findings, Bdp1 was recruited on differentially expressed Alus and epAlus in an 

e1a-dependent manner [Figure 5] and the global induction of Alus transcription depended on 

the e1a-p400 interaction. We therefore asked whether the Bdp1 recruitment could also 

depend on the interaction between e1a and p400. To answer this, we performed Bdp1 ChIP-
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seq in dl312-, dl1500- and e1a_p400_b- infected cell [Figure 14a and Figure 14b]. We found 

that infection with e1a_p400_b- revealed a decrease Bdp1 recruitment on differentially 

expressed Alus and epAlus compared to dl1500 virus. To understand whether the mechanism 

was dependent on p400 displacement by e1a (to allow the Bdp1 recruitment) or if p400 was 

required to activate transcription, we employed siRNA knock down of p400 prior infection with 

dl1500, e1a_p400_b- viruses compared to mock and evaluated the expression of same two 

Alus previously validated by RT-qPCR [Figure 13b]. Knock down of p400 was confirmed by RT-

qPCR and by Western Blot [Figure 14c]. p400 depletion did not triggered Alus upregulation in 

mock and e1a_p400_b- infected cells, providing evidence that p400 was necessary for Alus 

transcription induced by e1a as Alus induction is abolished in dl1500 infected cell that were 

depleted of p400 [Figure 14d]. Taken together these data showed that e1a-dependent Alus 

induction relied on the presence of p400 and its availability to interact with e1a. 

 

 

Figure 14. Dependence of Alus transcription to p400 chromatin remodeller. (a) Heatmap and enrichment 
profiles (normalized read tags) of Bdp1 ChIP-seq occupancy at differentially expressed Alus (DE epAlus) and 
epAlus in IMR90 infected with dl312, dl1500 and p400-b− viruses. (b) Genome browser views Bdp1 ChIP-seq data 
of two highly dl1500-induced Alus as evidenced by the RepeatMasker track. The chromosomal coordinates of 
each annotated Alu are shown above each view. Bigwig tracks are normalized for the library size. (c) In the upper 



38 
 

panel is shown the western blot of p400 KD in IMR90 fibroblasts treated with scramble siCTRL or siRNA smart 
pool against EP400. Arrow indicates the band corresponding to EP400. In the panel below is represented the RT-
qPCR measuring the expression of EP400 transcript upon treatment with siRNA smart pool against EP400. Levels 
of EP400 in IMR90 fibroblasts treated with scramble siCTRL are set to one. (d) RT-qPCR for measuring expression 
of two epAlu loci (the same as in Figure 13b) comparing mock-, e1a_p400-b— and dl1500-infection in conditions 
of absence of silencing RNA (non-siRNA) or presence of siRNA against p400 (siEP400) compared to a scramble set 
of siRNA control (siCTRL). Standard error bars are indicated, as result of two biological replicates. 
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Discussion  

Adenoviral infection has been known to cause an increase in Alus transcription [55]. The data 

we collected so far has shown that the adenovirus-5 small e1a was sufficient to induce the 

transcription of many Alus displaying enhancer features associated with YAP/TAZ and AP-1 in 

IMR90 fibroblasts, in virtue of its interaction with the chromatin remodeller p400. E1a 

reprogrammed these loci to a state reminiscent of that of poised enhancers, displaying lack of 

H3K27ac but enrichment of H3K4me1. This effect was framed in a context in which e1a led a 

major reorganization of the host epigenome, to set up the best environment for viral 

replication [67], [68] . The e1a interactions with p300/CBP and Rb are the most studied and 

are responsible for the reprogramming of the transcription profile of the host cells [67]. 

Despite the interaction with p400 is known to promote the transformation of host cells [73], 

and to stabilize Myc through the formation of p400-Myc complexes on Myc target genes [83], 

it remains poorly studied. To date it is not known if Myc is also involved in Alus induction, but 

N-Myc, a member of Myc proteins, has been reported to interact with TFIIIC and colocalize 

with it at several loci [122] whereas c-Myc, together with Gcn5 and TRAPP, activates Pol3 

transcription of tRNAs and 5SRNA genes [16]. TRAPP is a p400 interactor in the Tip60/p400 

complex and an e1a interactor [66]. Considering this, Myc proteins could potentially 

participate in Alus induction. P400 is a chromatin remodeller that is involved in deposition of 

the histone variant H2A.Z, whose enrichment we observed on those Alus that were actively 

transcribed in IMR90 cells agrees with a previous study [19]. E1a-p400 interaction could also 

promoting the H3K4me-dependent recruitment of the Tip60/p400 [76]. Our in silico analysis 

of epAlus also identified another putative chromatin remodeller, CHD4, a component of the 

ChAHP complex, a known interactor of TFIIIC and enriched at SINE loci [110]. Alus are thought 

to be a source for the de novo birth of enhancer, and this is reflected in in their epigenetic 

features [19], [35]. Our results agree with the enhancer-like nature of Alus previously 

described [19]. Indeed, e1a led epAlus to acquire a state reminiscent of that of a poised 

enhancer. The presence of p300 upstream of epAlus was also consistent with the enhancer-

like features of these elements. The depletion of H3K27ac, suggested that at these loci p300 

HAT activity was inhibited by e1a, as observed in other genomic regions. Poised enhancers are 

typically associated with those genes involved in cellular differentiation [123] and epAlus 
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epigenetic remodelling could be linked to cellular dedifferentiation caused by e1a [124]. 

YAP/TAZ coactivators have been reported to be involved in this process, since e1a causes a 

genome-wide loss of these factors at enhancer that are involved in differentiation [124]. In our 

analysis we found YAP/TAZ associated with epAlus loci in uninfected IMR90 cell, probably 

through the interaction with the TEADs family of transcription factors, whose binding motifs 

was enriched upstream of the epAlus. It was also reported that p400, p300 and BRD4 (that we 

also found to be enriched in uninfected IMR90 cells at epAlus) interact with YAP/TAZ 

coactivators. We had not investigated the role and the possible redistribution upon dl1500 

infection of YAP/TAZ but is reasonable to hypothesize their involvement in the enhancer 

manipulation directed by small e1a. Possibly related to this unexplored mechanism are the 

interaction between p400 and YAP/TAZ and the enrichment of BRD4 at the epAlus, which is 

reported to mediate YAP/TAZ-dependent transcriptional activation [111]. In our analysis we 

found also an enrichment of the binding motifs, upstream at epAlus, as well as enrichment in 

ChIP-seq data, for the enhancer-associated transcription factors CEBPB and AP-1, in agreement 

with what observed in previous study [19]. CEBPB and AP-1 could exploit a role in transcription 

of epAlus through the recruitment of p300/CBP however the involvement and modulation of 

AP-1 at these loci requires further investigation since large E1A has been reported to abrogate 

the transcriptional activation activity of c-fos competing for p300/CBP binding [125]. YAP/TAZ 

and AP-1 have been observed to co-occupy enhancer regions associated with cancer 

progression [111]. These results suggest that Alus upregulation could be part of a program to 

control enhancer functions of the host cell by e1a. Another point to be clarify is which isoform 

of transcription factors were involved in the Alus induction. CEBP family members have binding 

sites almost identical, therefore ChIP studies are necessary to identify which isoforms were 

involved in Alus transcription. Notable, we observed CEBPB enrichment at IMR90 epAlus. 

CEBPB enrichment at epAlus was also reported in other cell lines [126]. Another interesting 

point is the observation that the transcription factors binding sites were upstream of the Alus 

body. Alus promoter could synergize with the upstream flanking region to sustain the Alus 

transcription [11]: this observation could in part explain the small number of transcribed Alus, 

since most of them (even the Alus that are found in an epigenetic context that makes the 

chromatin accessible) were not associated with these upstream flanking regions.  
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Previous studies showed that the Alus transcripts accumulation might contribute to the 

remodelling of the cell transcriptome [127], [128]. However, this phenomenon has been 

observed in a context of artificial Alus over-expression, that led to the production of higher 

number of transcripts compared to the one triggered by the e1a. Thus, is not possible to 

precisely determine if the Alus upregulation has a role in cell transformation.  

The e1a ability to increase the transcriptional activity of TFIIIC and TFIIIB was already partially 

associated with its interaction with Rb [129], [130]. Despite our ChIP-seq data showed an e1a-

dependent recruitment of Bdp1 (TFIIIB), we observed that the abolishment of e1a-Rb 

interaction caused an increase of Alus transcription. ChIP-seq against Rb performed in IMR90 

cells, showed that the tumour suppressor was stably bound to many tRNA genes [131], 

suggesting its plausible role in steps following TFIIIB recruitment. 

The most relevant genome-wide TFIIIC redistribution following dl1500 infection occurred in a 

subset of regions enriched in Alus that showed decreased TFIIIC levels upon e1a-expression. 

These Alus did not overlap with epAlus, thus the TFIIIC modulation at these loci did not affect 

their transcription. Notably, these genomic regions were associated with genes involved in 

embryonic development and therefore it is possible that the depletion of TFIIIC from these 

regions might contribute to cell de-differentiation induced by e1a [132]. The possible role of 

TFIIIC in differentiation pathways has also been reported by several CRISPR-Cas9 screening 

performed in human embryonic stem cells (hESCs) [133], [134], [135]. Based on these data we 

hypothesized that TFIIIC and Alus might play a role in hESCs maintenance and differentiation, 

and this question will be addressed in the following chapter of my thesis. 
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Chapter2 
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Introduction  

Alus involvement in development and stemness 

As pointed out above, expressed Alus are tissue- and cell- specific and have epigenetic marks 

typically associated with enhancer regions. Human embryonic stem cells (hESCs) have a 

specific pattern of expressed Alus, that are enriched on active enhancers bounded by 

transcription factors associated with stemness, such as OCT4 and NANOG [19]. Alus 

transcription was also associated with the formation of chromatin loops [87], [136]. Alus 

transcribed as enhancer RNA (eRNA) and promoter upstream antisense RNAs (uaRNA) foster 

the specific pairing between enhancer and promoter through the formation of enhancer-

promoters RNA interaction (EPRI) in hESCs and other cell lines [87]. Alus-derived eRNAs can 

also participate in the formation of R-loops (DNA:RNA hybrids) to mediate enhancer-

promoters interaction (EPI) [136]. R-loops in hESCs are enriched in key cell lineage-specific 

transcription factors genes, such as the already mentioned NANOG and OCT4 [137]. 

 

Figure 1. Schematic representation of EPRI (a) and EPI (b). Adapted from [87], [136] 

Alus has been reported to be platforms to remodel the human 3D genome structure [5],  [138], 

[139]; Alus flanking NANOG locus, interacting with the transcription factors AhR, lead to the 

formation of a chromatin loop during the differentiation process, causing a downregulation of 

NANOG transcription [138]; TFIIIC has also been shown to bind Alus and its occupancy 

dramatically increase upon serum starvation in several cells line, enabling their H3K18ac and 

promoting the formation of chromatin loops [5]. TFIIIC-mediated chromatin looping has been 

reported also in hESCs H9 [139]. In this cell line, about half of TFIIIC-bound regions identified 

by ChIP-seq are Alus, associated with genes involved in stemness maintenance. Interesting, in 
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IMR90 cells (which are fibroblasts from human fetal lungs) [Chapter 1, Figure 4], we identified 

a cluster of genomic regions enriched in Alus-bound by TFIIIC which were associated with 

genes involved in embryonic development and that was depleted for TFIIIC upon dl1500 

infection.  

The epigenetic profile of stem cell 

The main properties that characterize stem cells are the ability to self-renewal and to 

differentiate into specialized cell types. The capacity to differentiate depends on their 

plasticity: totipotent cells can differentiate in any cell; pluripotent cells can differentiate in any 

cell except the placenta and multipotent cells can differentiate in some cellular types [140]. 

These properties have made stem cells of great interest in regenerative medicine and cancer 

treatment. Nowadays two multipotent states are generally considered: hESCs and human-

induced pluripotent stem cells (iPSCs). Whereas the first is derived from the inner cell mass of 

the blastocyst, the latter is obtained by somatic cell reprogramming. Given the origin of iPSCs, 

they pose clinical problems due to their partially differentiated phenotype [141].  

The differentiation process requires changes in gene expression profile, which are triggered by 

alterations in the epigenetic landscape of the cell [142]. Pluripotent cells have a hyperdynamic 

chromatin state characterized by a lower level of H3K27me3 and a higher level of H3K4me1, 

but with a lower H3K27ac indicating that many genomic regions could be acting as “poised” 

enhancers [143], [144]. Despite a lower level of H3K27ac, hESCs chromatin shows high levels 

of H3K9ac, H3K18ac, and other acetylation marks: the general level of hyperacetylation is 

reflected in the accessible state of the chromatin of pluripotent cells [145]. The potential to 

differentiate in different cell types is also reflected in the enrichment in hESCs of bivalent 

promoters, i.e. the simultaneous presence of H3K27me3 and H3K4me3 [146]. 

The maintenance of an open state also contributes to the wide distribution of the histone 

variant H2A.Z. During differentiation, chromatin became less accessible, with a progressive 

increase in H3K27me3 and H3K4me1. This phenomenon is coupled with an increment of 

p300/CBP HAT activity during myogenic cell differentiation [147] that lead to the enrichment 

of H3K27ac and H3K18ac but for more cell type specific loci. 
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Canonical acetyltransferase: p300/CBP 

The acetylation of lysine on histone tails is one of the main post-translation modifications 

(PTM) to modulate the chromatin state and is generally associated with transcription 

activation. The canonical lysine acetyltransferases are well characterized and grouped into 

three main families: the MYST family, the GNAT family and the p300/CBP family. These families 

share a common acetyl-CoA binding site, whereas diverge in the domain that defines the 

substrate specificity. GNAT and p300/CBP members may have a bromodomain, whereas MYST 

members may contain a chromodomain. 

 

Figure 2. Schematic representation of different KAT families. In the figure are represented examples of the three 
main classes of KAT and a non-canonical KAT. Tip60 is an example of MYST family. p300 is an example of p300/CBP 
family. GCN5 is a typical KAT of GNAT family. TFIIIC220 is an example of a non-canonical KAT, as we will discuss in 
the next paragraph. Adapted from [148] 

P300 and CBP are homologous proteins with high sequence similarity and an overlapping 

structure, commonly referred to as p300/CBP complex. P300 has a molecular weight of ~ 300 

kDa and is composed of several domains. The acetyltransferase core is composed of the HAT 

domain, the bromodomain, the PHD domain and the RING domain, which interact with the 

auto-inhibitory loop (AIL) inside the HAT domain and has a negative action on the HAT activity. 

The acetylation state of the AIL regulates the HAT activity of p300: following the interaction 

with a transcription factor, the hypo-acetylated AIL can insert in the HAT domain of a second 

p300 molecule and undergoing in-trans autoacetylation [149] , explaining how p300, in 

addition for being at H3K27ac sites, is also present at poised enhancer enriched in H3K27me3. 

Furthermore, the ability of the hypo-acetylated p300 to form liquid droplets close to 
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H3K27me3 suggests that a pool of p300 with reduced HAT activity is compartmentalized at 

poised enhancers [150].  

P300/CBP is the main HAT for the acetylation of histone H3 for lysine-18 and lysine-27 in mouse 

embryonic fibroblasts (MEFs) since are responsible for over 90% of the acetylation [44]. 

Furthermore, the expression of small e1a, following the adenovirus infection of human 

embryonic fibroblasts, causes a global hypoacetylation of H3K18 and H3K27 [67], [71]. Since 

p300/CBP complex plays a major role in the modulation of H3K27ac and H3K18ac during the 

differentiation process, in differentiated cells and its catalytic activity seems to be limited in 

hESC [147], it is likely that other HATs could be involved in the deposition of H3K27 and H3K18 

acetylation in embryonic stem cells. 

Non-canonical acetyltransferase: TFIIIC 

Besides the three major families of canonical KAT, other proteins have been reported to 

possess a lysine acetyltransferase activity [148]. These non-canonical KATs do not have the 

conserved classical domains but show structure similarity. Among the non-canonical KATs, 

there are some general transcription factors (GTFs) such as the protein hTAFII250, (the largest 

subunit of TFIID), which showed HAT activity against H3 and H4 in vivo [151]. Also, TFIIB has 

been found to have autoacetylation activity but did not possess HAT activity in vitro [152]. 

Another GTF, the Pol3 transcription factor TFIIIC have been shown to hold acetyltransferase 

activity specifically against H3K18 [5], [153] . 

TFIIIC is a complex interacting with the Pol3 internal promoter sequences named A and B-box 

which is conserved among eukaryotes. The yeast TFIIIC complex is composed of the subunits 

τ131, τ95, and τ55, forming the subcomplex τA, and of τ138, τ91 and τ60 forming the 

subcomplex τB [154]. The orthologs of human subunits are TFIIIC220, TFIIIC110, TFIIIC90 

forming τB and TFIIIC102, TFIIIC63, and TFIIIC35 forming τA. The τA subcomplex recognizes the 

A-box of the Pol3 promoter, whereas τB subcomplex interacts with the B box. Once bound 

TFIIIC recruits TFIIIB which in turn recruits the Pol3 [155]. Besides the binding to Pol3 promoter, 

TFIIIC binds the so-called “extra TFIIIC” sites (ETCs) without the involvement of the 

transcription machinery [156] and participates in the organization of 3D chromatin structure 

[157]. 
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The subunits TFIIIC220, TFIIIC110, and TFIIIC90 are involved in the HAT activity of the TFIIIC 

complex. The HAT activity of these subunits has been characterised in vitro through the 

recombinant expression of these proteins [153], [158], [159]. In vivo has been shown that, in 

a condition of serum starvation, there was an increase of co-occupancy of TFIIIC and H3K18ac 

on Alus close to Pol2 promoters, but lacking p300 occupancy [5]. The knockdown of TFIIIC220 

in different cell lines caused a decrease in the global H3K18ac [5], [153]. These observations 

suggest that TFIIIC and its newly identified HAT activity could have a more prominent role than 

previously thought. 

Aim of the research  

The application of stem cells and induced pluripotent Stem Cells (iPSC) in regenerative 

medicine and oncology is an actual topic but presents some caveats due to a not full 

understanding of the epigenetic regulation of “stemness” and their differentiation process. 

During myogenic cell differentiation there is a significant increase in the HAT activity of 

p300/CBP [147]  (the major lysine acetyltransferase responsible for the acetylation of H3K18 

and H3K27 [44]). Thus far, studies on the different histone acetyltransferase active in hESC 

have not been conducted, so is unknown if p300/CBP represent the major player in the H3K18 

and H3K27 acetylation, or if there are other HATs capable of acetylating the same residues. 

Recently TFIIIC220 has been identified as a HAT specific against H3K18 [5], [153]. Moreover, its 

activity seems to increase in cells grown in serum-free media [5]. Interestingly the most 

common medium used for culturing iPSC and hESCs cells (mTeSR and E8) are serum-free [160]. 

Given these results It is possible to hypothesize, that p300/CBP activity against acetylation of 

H3K18 and H3K27 in stem cell might be reduced, and TFIIIC could potentially make up and play 

a major role in the acetylation of H3K18ac. To investigate this, we generated ChIP-seq data of 

TFIIIC genome-wide occupancy in human embryonic stem cells (hESC) H9 and compared this 

to published datasets for genome-wide distribution of H3K18ac, H3K27ac, p300 and TFIIIC in 

hESCs, IMR90 and hESCs-derived neuroectodermal cells. 
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Methods 

External Data Sourses 

ChIP-seq data for p300, H3K18ac, H3K27ac in H1, H9, IMR90 and NEC cells were taken from 

GEO: GSE16256, GSE17917, GSE43152, GSE24447. Chip-seq data for TFIIIC in H9 was from 

GSE195499, while TFIIIC ChIP-seq data in IMR90 were from GSE120162. 

ChIP-seq data analysis 

ChIP-seq data analysis was carried out as previously described [72]. Minor modification were 

from [161]. The average ChIP-seq signal and heatmap profiles were visualized using the tools 

plotHeatmap from the deepTools package v3.5.1 [96]. Bed intersection was carried out using 

the “intersectBed” function of the BEDtools program package v2.29.1 with default parameters 

of 1-bp overlap and custom R scripts. 

Cistrome ToolKit analysis (GIGGLE score) 

Peaks were used for calculating GIGGLE score [112] by using “all peaks” and “chromatin and 

transcription factor regulation” options in toolkit analysis of Cistrome Data Browser [108] 

(accessed on 29 December 2022). 

Gene ontology (GO) analysis 

g:profiler [162] (accessed on 29 December 2022) was used  with default parameters to detect 

GO terms enrichments and associations of peaks with genes. Lists of genome coordinates 

derived from downstream analysis of ChIP-seq data were analysed with g:profiler using default 

parameters. 
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Results  

H3K18ac and H3K27ac do not overlaps with p300 occupancy in hESCs 

To understand the relationship between p300 and the deposition of the epigenetics marks 

H3K18ac and H3K27ac during hESCs differentiation, we analysed ChIP-seq data of these factors 

in cell lines with at different differentiation states. We compared H3K18ac and p300 ChIP-seq 

data derived from H1 hESCs and IMR90 cells and for each cell line we ranked the significantly 

enriched H3K18ac peaks and plotted the p300 signal for the same regions [Figure 1a]. We 

determined that only 20% of H3K18ac regions were occupied by p300 in H1 hESCs, whereas 

IMR90 presented 75% of overlapping [Figure 1c]. The same analysis was performed with ChIP-

seq data of H3K27ac and p300 collected in Neuroectodermal cells (NECs; these cells are less 

differentiated than IMR90) and H9 hESCs, ranking the H3K27ac regions from high to low 

[Figure 1b]. The overlap between H3K27ac and p300 occupancy was ~25 % in H9 hESCs and 

~50% for the partially differentiated NECs [Figure 1d] 
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Figure 1. (on previous page) p300 is less associated with H3K18ac and H3K27ac in hESCs than in differentiated 
cells. (a) Heatmaps of the enrichment of H3K18ac ChIP-seq performed in H1 hESCs and IMR90 cells. Regions are 
independently ranked from high to low acetylation. The same regions are represented in the heatmaps associated 
with the ChIP-seq enrichment of p300. Color bar scale with increasing shades of colors stands for higher 
enrichment (-log10 of the Poisson P-value). (b) Heatmaps of the enrichment of H3K27ac ChIP-seq performed in 
H9 hESCs and NECs. Regions are independently ranked from high to low acetylation. The same regions are 
represented in the heatmaps associated with the ChIP-seq enrichment of p300. (c) Fraction of H3K18ac peaks 
occupied (+p300) or not (-p300) for the indicated cell lines represented in (a). (d) Fraction of H3K27ac peaks 
occupied (+p300) or not (-p300) for the indicated cell lines represented in (b). 

Taken together this data show that genome-wide H3K18ac or H3K27ac better colocalize with 

p300 with increasing differentiation. In addition, about the ~75-80% of H3K18 and H3K27 

acetylation in hESCs was found without p300 binding, therefore suggesting that other HATs 

might be involved in the depositions of these marks in hESCs. 

TFIIIC220 as a putative H3K18 HAT in hESCs 

TFIIIC220, the largest subunit of TFIIIC, shows HAT activity against H3K18 in vitro and in vivo, 

which is increase upon serum starvation in T47D cells. Since hESCs are generally growth in 

serum-free media and given the observed discrepancy between p300 occupancy and H3K18ac 

and H3K27ac from hESCs to differentiated cells [Figure 1], we decided to perform TFIIIC ChIP-

seq in H9 hESCs and compared it with H3K18ac and H3K27ac ChIP-seq data. In H9 hESCs, 

H3K18ac colocalized with TFIIIC but not p300 in ~1760 regions. In these regions H3K27ac was 

also less represented than H3K18ac [Figure 2a]. The Gene Ontology analysis revealed that 

these loci were enriched in genes involved in the maintenance of pluripotency in hESCs (GO: 

Wikipathways, [Figure 2b, upper panel]) and in neurogenesis (GO: Cellular component, [Fig.2b, 

bottom panel]). As exemplified by the genomic loci CHD1, HELLS and KLF4, TFIIIC and H3K18ac 

were lost upon differentiation, nevertheless there was an increase in p300/CBP occupancy and 

H3K18ac at a marker of differentiated fibroblast, like the COL6A3 gene [Figure 3]. These results 

supported the hypothesis that TFIIIC could have a role in maintaining the pluripotency of 

hESCs. Furthermore, the association of TFIIIC with genes involved in the neuronal 

differentiation, suggested a potential involvement of TFIIIC in the neuronal development. The 

Cistrome Toolkit analysis [112] was employed to search all the available ChIP-seq on the 

CistromeDB for other putative transcription factors and chromatin regulators occupying the 
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TFIIIC-bound regions devoid of p300 in H9 hESCs [Figure 2d, left]. We found that in addition to 

some components of the Pol 3 machinery, many factors implied in neuronal biology resulted 

to be significantly enriched. We found two components of ChAHP complex (CHD4 and ADNP), 

involved in the regulation of 3D chromatin shape and associated to neuronal development 

[163]; components of complexes PCGF1-PRC1 (RNF2, KDM2B, RYBP and PCGF1) and PRC2.2 

(EZH1/2, and JARID), both regulators of neurogenesis and generally of cell differentiation 

[164]. ChAHP and PRC2 complexes are also known interactors of TFIIIC [5], [165]. The cistrome 

Toolkit analysis on the regions where H3K18ac colocalized with TFIIIC, showed enrichment for 

many factors involved in the Pol2 transcription such as POLR2A (the major subunit of Pol2), 

BRD2, BRD4, NELFA and NELFE [Figure 2d, right]. Taken together these data suggested that 

TFIIIC might participate in the transcription of genes associated with stem cell pluripotency 

through the acetylation of H3K18, while at the same time occupying genes required for 

neuronal development prior to differentiation.  
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Figure 2. TFIIIC binds close to promoters of stem cells genes and neuronal genes. (a) Average levels and 
heatmaps for H3K18ac, TFIIIC, p300 and H3K27ac in H9 hESCs. The panels on top of the heatmaps show the 
enrichment of the indicated factors at TFIIIC peaks, as seen in the corresponding heatmaps (medium panels). 
Note that H3K18ac and H3K27ac loci positive for TFIIIC are devoid of p300. The lower panels are heatmaps 
showing the enrichment of the indicated factors for random set of peaks. (b) g:Profiler analysis[162] of TFIIIC 
peaks in H9 hESCs, showing GO terms enriched for cellular component and Wikipathways. The p-value for 
enrichment is shown as a colour code. (c) Genome browser examples of H3K18ac and H3K27ac peaks in H9 hESCs, 
NECs and IMR90 fibroblasts: stem cell-associated genes such as CHD1, HELLS, KLF4, and the fibroblast- expressed 
marker COL6A3 gene are shown. These stem cell loci are devoid of p300 but associated with TFIIIC in H9 hESCs 
(the grey bars indicate TFIIIC peaks within the promoter regions of these genes). In contrast, COL6A3 is associated 
withp300/CBP in IMR90 cells. At the promoters of KLF4 and HELLS, the TFIIIC peaks is also visible in serum-starved 
IMR90 cells (-S). (d) GIGGLE score analysis[112] for all TFIIIC peaks (left) and TFIIIC peaks overlapping H3K18ac 
peaks (right) in hESCs. 
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Discussion 

The ChIP-seq datasets analysed in this study suggest the p300/CBP in likely not be the only 

HAT involved in H3K18ac and H3K27ac deposition. An increase in the co-localization of these 

factors was instead observed in NECs and IMR90. The observation that in hESCs TFIIIC co-

mapped with many H3K18ac sites where p300 was absent suggested that TFIIIC could be in 

part responsible for the acetylation, in virtue of its reported HAT activity [5], [153].  

TFIIIC, in addition to be required for Pol3 transcription, it is also involved in chromatin 

organization [5]. This last property, in addition to the HAT activity, supports the hypothesis that 

TFIIIC is involved in the transcriptional modulation of those genes that are involved in neuronal 

differentiation. Interestingly, we found that in hESCs TFIIIC occupied-regions associated with 

neurogenesis lacking H3K18ac, whereas this acetylation was present in regions associated with 

genes involved in the maintenance of pluripotency in hESCs. Notably, CRISPR-Cas9 screening 

[133], [134], identified TFIIIC220 as an important gene for the maintenance of pluripotency. 

The results obtained in our work therefore suggest that TFIIIC might be involved in the 

modulation of the transcription of those genes involved in neurodifferentiation and 

pluripotency, through its HAT activity in addition to its role in 3D genome organization. 

The results presented in this study are correlative and do not exclude the presence of other 

enzymes with HAT activity responsible for the acetylation of H3K18. Further studies are 

required to determine the role of TFIIIC220 HAT activity in hESCs. In vitro assays identified 

mutations of the catalytic domain of TFIIIC220 that reduced the acetyltransferase activity 

[151]. The small molecule embelin has been identified as a TFIIIC220 inhibitor [151] but lacks 

specificity since is a recognized PCAF inhibitor [164]. The establishment of an hESC line 

expressing a mutant TFIIIC220 lacking HAT activity could unveil the role of TFIIIC220 in the 

maintenance of pluripotency and in neuronal differentiation.   

In conclusion, our study suggests that p300/CBP are not the only HATs involved in deposition 

of H3K18ac and H3K27ac in hESCs. The identification of new players in hESCs epigenetic 

modulation could open new therapeutic avenues in cancer and developmental disorders.  
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