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Abstract 

Deregulated transcription is a well-established hallmark of cancer. However, studies on 

deregulations affecting the transcription complexes and specifically on RNA Polymerase II (Pol 

II) complex, remain elusive. In this work we propose the upregulation (defined as “PolUp” in 

this thesis) of the subunits POLR2A, POLR2C and POLR2D of Pol could constitute a new tumor 

biomarker, given the poor survival rates and increased genomic instability found in cancer 

patients baring at least one of the subunits upregulated. Using the HeLa T-REx inducible cell 

line model overexpressing the single subunit POLR2A,-2C or -2D, we investigated the 

consequences of subunits overexpressions on genome stability and transcription. Our finding 

suggest that each subunit overexpression impacts on DNA damage and transcription uniquely. 

By immunostaining and γH2AX ChIP-Seq we demonstrated that the overexpressions increase 

DNA damage formation and we identified the sites of damage. Furthermore, we hypothesised 

that the increased DNA damage is a result of transcription deregulations arising upon each 

subunit overexpression. We characterize nascent transcription by TT-chem-Seq and specific 

Pol II phosphorylation deregulations by ChIP-Seq and our findings suggest that even if there is 

a general increase in transcription activity, each subunit plays a different role on transcription 

regulation. Indeed, we identified Ser2 hyper phosphorylation and Ser5 hypo phosphorylation 

of Pol II CTD upon POLR2C and POLR2D overexpression, linked to a BRD4 and CDK7 defect, 

respectively. Finally, we were able to specifically target these deregulations with the BRD4 

inhibitor JQ1 and the CDK7 inhibitor THZ1, showing how the mechanism identified to be 

responsible of transcription deregulations could be exploited for therapeutic purposes.   
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1. Introduction 

1.1 RNA Polymerase complexes 

Eukaryotic transcription is carried out by three different RNA polymerase machineries: RNA 

Polymerase I (Pol I), RNA Polymerase II (Pol II) and RNA Polymerase III (Pol III). Pol I is entitled 

to transcribe ribosomal RNAs (28S rRNA, 18S rRNA, and 5.8S rRNA); Pol II is devoted to the 

transcription of the protein coding part of the genome, messenger RNA (mRNA) and also for 

the transcription of long non-coding RNAs (lncRNAs) and small nuclear RNAs (snRNAs); Pol III 

is responsible for the transcription of transfer RNAs (tRNAs), 5S rRNA and small nuclear RNAs 

(snRNAs). RNA Polymerases I, II and III are complexes of 14, 12 and 17 subunits, respectively 

(Cramer et al., 2008; Gerber et al., 2020). Five of the subunits, named DNA-directed RNA 

Polymerase subunits, RPB5-6-8-10-12 are shared among all three polymerase complexes. 

These subunits are encoded by the genes POLR2E-F-H-K-L respectively.  

• In Pol I, RPB5, RPB6, RPB8, RPB10, and RPB12 together with subunits RPA190, RPA135, 

RPAC40, RPAC19, and RPA12.2 form the core of the enzyme. Four other subunits, 

RPA43-RPA14 and the RPA49-RPA34.5 complete the complex (Vannini and Cramer 

2012). The subunits specific to RNA Pol I are encoded by the genes POLR1A-H.  

• In Pol II complex (built up of 12 subunits RPB1-12), RPB1, RPB2, RPB3 and RPB11 share 

sequence homology with other Pol I and III subunits. RPB4, RPB7 and RPB9 and the 

disordered C-terminal domain (CTD) of RPB1 subunit are specific to Pol II (Thomas and 

Chiang 2006). The genes encoding for Pol II 12 subunits are POLR2A-K.  
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• RNA Pol III is constituted of a core of 10 subunits and a peripheral heterodimeric stalk. 

The TFIIF-like RPC4/5 and the TFIIE-like RPC3/6/7 subcomplexes are Pol III specific. The 

subunits specific to Pol III are encoded by POLR3A-K genes (Ramsay et al. 2020).  

Yeast and human Pol II are complexes of 12 different subunits, and the high similarity between 

the two eukaryotic polymerases has enabled many advances on deciphering their structure 

and function. Pol II active centre is formed by RPB1 and RPB2 subunits, which sit at two 

opposite sides of a positively charged “cleft”, the entry point of DNA for elongation, together 

with RPB3, -10, -11, -12 (Hahn, 2004; Patrick Cramer, 2004). RPB1 forms a mobile “clamp” on 

its side of the cleft, which can be in an open or closed state depending on whether the 

structure is devoid or not of DNA and RNA, respectively (Hahn, 2004; Cramer et al., 2008). 

Importantly, a region in RPB1 named trigger loop (TL) is implicated in the stabilization of the 

incoming nucleotide and therefore in transcription fidelity (He et al., 2016; Gamba & Zenkin, 

2018). A small portion of RPB2 and the N-terminal of RPB6 contribute to the structure of the 

clamp (Woychik and Hampsey 2002). From the base of the clamp protrudes the “linker”, 

connecting RPB1 with its CTD (Cramer, 2004), which coordinates transcription progression and 

co-transcriptional events. RPB2 side of the cleft constitutes the “lobe” and “protrusion 

domains”, forming a “wall” blocking the end of the cleft (Hahn, 2004; Cramer et al., 2008).  

Beneath the active centre a “pore” includes a RPB1 loop binding the Mg2+ metal ion (Cramer, 

2004). Generally, Pol II is divided into functional domains defined as the clamp 

(comprehensive of RPB1 mainly and RPB2), the jaw lobe (RPB2, RPB1 and RPB9), the RPB5 jaw 

and the stalk (RPB4, -7) (Figure 1) (Kostek et al. 2006).  
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Figure 1 Structure of RNA Pol II functional domains front view (left) and back view (right) of 

yeast Pol II crystal structure superimposed with electron microscopy (EM) map of human Pol 

II. From the yeast structure are named the regions of the dock, clamp, pore and jaw (Rpb1), 

wall, lobe and protrusion (Rpb2), jaw (Rpb5) and stalk (Rpb4-7) and the CTD linker. From human 

Pol II (yellow) are evident the positions of the pore and clamp head (1), the area where 

DNA:RNA hybrid binds (2), a region in Rpb2 facing the active site (3), the Rpb1 region contacting 

Rpb5 and Rpb9 in the jaw (4), Rpb6 N-terminus (5) and unstructured CTD (6). Adapted figure 

from Kostek et al., 2006 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The latter binds the polymerase core through RPB7 N-terminal domain, called the “tip”. The 

stalk subunits could function in recruiting factors to the CTD and in mediating the interactions 

with transcription initiation factors, thus contributing to promoter specificity (Cramer, 2004). 

Additionally, RPB4 tunes the CTD phosphorylation levels (Allepuz-Fuster et al. 2014) and 

guides nascent RNA co-transcriptional processing, by directly interacting with the nascent 

transcripts and recruiting co-transcriptional factors, thus being important in transcription 

termination (Allepuz-Fuster et al. 2019; Garrido-Godino et al. 2016; Richard et al. 2019, 2021). 

 

1.1.1 RNA Pol II assembly and nuclear import 

Pol II assembly occurs in the cytosol and involves multiple subunit-subunit interactions and 

the formation of three distinct sub-assemblies (Kimura, 2000; Wild & Cramer, 2012). 
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Moreover, some of the RNA Pol II subunits have a similarity with the bacterial enzyme 

(Sweetser et al. 1987), which provides basis for modelling the eukaryotic assembly. Indeed, 

RPB3 subassembly (comprehensive of RPB3, RPB10, RPB11, RPB12 subunits) corresponds to 

the αα bacterial dimer; RPB2 subassembly (RPB2 and RPB9) to the ß subunit; RPB1 

subassembly (RPB1, RPB5, RPB6 and RPB8), to the ß' subunit. In particular, RPB6 as a homolog 

of ω bacterial subunit is proposed to help in the formation of RPB1 subassembly. Then, the 

peripheral RPB4/7 stalk should be added as a preassembled complex to Pol II core (Wild & 

Cramer, 2012).  Pol II subunits lack a nuclear localization signal (NLS), therefore additional 

factors are required for their nuclear import. In yeast, Iwr1 binds the active cleft between the 

two largest subunits of Pol II and is responsible for Pol II nuclear import (Czeko et al. 2011). 

Since it binds the active cleft, it could represent a way to ensure that only correctly assembled 

Pol II is imported in the nucleus (Wild and Cramer 2012). However, yeast strains depleted of 

Iwr1 are still viable, suggesting that there might be additional import pathways (Czeko et al. 

2011). Since RPB1 and RPB2  are not able of passively diffusing, contrary to smaller subunits, 

including RPB3, it has been proposed that Iwr1-independent pathways may sustain cell 

viability and that in Iwr1-depleted cells there might be specific pathways for different 

subunits, implicating that Pol II could enter the nucleus not as a whole (Gómez-Navarro and 

Estruch 2015). Cytosolic assembly of Pol II depends on a wide range of factors, among which 

GPN family of small GTPases (which share a unique Gly-Pro-Asn motif) GPN1, GPN2 and GPN3 

(Boulon et al. 2010; Carre & Shiekhattar, 2011; Wild & Cramer, 2012; Forget et al., 2010; 

Forget et al., 2013; Martino et al., 2018; Zeng, F. et al., 2018).  In the model proposed by 

Niesser and colleagues it is suggested that GPN-loop GTPases together with the other factors 
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Figure 2 Class II genes transcription. An unphosphorylated Pol II is firstly recruited by initiator 

factors. Then, CTD becomes hyperphosphorylated at Ser5 (towards the 5’end of the gene) and 

Ser2 (towards the 3’end) during elongation, until Pol II reaches the termination site, the 

nascent transcript is cleaved and the polymerase is dephosphorylated and released from DNA. 

Adapted from Kuehner et al., 2011. 

function in the cytosolic assembly of Pol II. Once assembled, the enzyme is recognised mainly 

by Iwr1 and imported into the nucleus (Niesser et al. 2016).  

 

1.2 RNA Pol II transcription 

Messanger RNAs (mRNAs) and long non coding RNAs (lncRNAs) are transcribed by RNA Pol II, 

which works in concert with transcription activators or repressors. Among those, specific 

transcription factors (TF) bind regulatory elements, promoters and enhancers, and either 

through direct protein-protein interaction or through a remodelling action on chromatin have 

an impact on the assembly of the transcription machinery (Soutourina 2018). Transcription is 

a tightly regulated process, which can be divided in three main phases: initiation, elongation 

and termination (Figure 2) 
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1.2.1 Transcription initiation 

The first layer of regulation consists in the formation of the pre-initiation complex (PIC), which 

is a multiprotein assembly of general transcription factors (GTFs, TFIIA, -B, -D, -E, -F, -H), Pol 

II, Mediator complex and a large number of co-activators, co-repressor and chromatin 

remodelers (Figure 3) (Gupta et al. 2016). Transcription initiates at the transcription start site 

(TSS), located at the 5'-end of a gene. Upstream and downstream the TSS lays the core 

promoter, which main function is to recruit and bind the PIC elements. Together with the core 

promoter, in order to increase transcription low basal activity, TFs bind other regulatory 

elements, enhancers (Haberle and Stark 2018). Although generally all the PIC factors assemble 

at protein coding genes core promoters, there can be differences in PIC composition at 

different Pol II transcribed genes or among different cell types, depending on the core 

promoter elements composition (Schier and Taatjes 2020).  

Seven core promoter elements have been identified, usually located around -50bp and +50bp 

of the TSS. In a simplistic view, eukaryotic promoters can be divided into two different types: 

the ones containing a functional TATA-box and the so called TATA-less promoters (Tora and 

Timmers 2010). First, the well-known TATA-box core promoter element, which is recognised 

by the TATA binding protein (TBP) subunit of TFIID, the first GTF starting the PIC formation 

(Kornberg, 1999; Thomas & Chiang, 2006). A second core promoter element is the initiator 

(Inr), which can function either alone or together with TATA-box and/or other core promoter 

elements. Downstream many TSS in TATA-less promoters in Drosophila and more rarely in 

humans, is the downstream promoter element (DPE). Both Inr and DPE, which usually are 

found together, are recognised by the (TBP associated factors) TAFs subunits of TFIID (Burke 

and Kadonaga 1997; Haberle and Stark 2018). In addition to the DPE, the motif ten element 
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(MTE) and the downstream core element (DCE) are also found downstream the TSS, and the 

TAF1 component of TFIID contacts this elements, thus being a crucial player in the 

establishment of downstream promoter contacts (Thomas & Chiang, 2006; Haberle & Stark, 

2018). Notably, TAFs are also found in the Spt–Ada–Gcn5–Acetyl transferase (SAGA) complex, 

which is a transcriptional co-activator (Gupta et al., 2016, Helmlinger & Tora, 2017). Finally, 

the last two core promoter elements are constituted by the upstream and downstream TFIIB 

recognition element (BREu, BREd, respectively), which consensus sequences are indeed 

recognised by TFIIB (Thomas & Chiang, 2006; Haberle & Stark, 2018). Indeed, the plethora of 

core promoter elements represents another layer of gene regulation.  

According to the sequential assembly pathway, once TFIID recognises via its TBP and TAFs 

subunits the different core promoter elements, TFIIA and TFIIB join the complex, recruiting 

next Pol II and TFIIF to the PIC (Thomas and Chiang 2006). TBP bends the double helix to 90° 

(Liu, Bushnell, and Kornberg 2013), thus wrapping the DNA around the polymerase. In TATA-

box promoters, TFIIA binds the upstream region of the core promoter and TBP with a 

conserved 12-stranded β-barrel domain, therefore stabilizing the complex (Sainsbury, 

Bernecky, and Cramer 2015). TFIIB maintains different contacts with RPB1 and RPB2 Pol II 

subunits, DNA and TFIIF as well, thus helping in Pol II recruitment and complex stabilization 

(Kornberg, 1999; Woychik & Hampsey, 2002; Thomas and Chiang, 2006; Xin Liu et al., 2013). 

TFIIB is also important for the correct positioning of template DNA in the active site of Pol II, 

for directing newly synthetized RNA to the exit tunnel and for the TSS selection. The latter is 

also a function of the heterodimer constituted by RAP74 and RAP30 subunits of TFIIF 

(Sainsbury et al. 2015). The dimerization module of the two subunits directly contacts Pol II 

(He et al. 2016), therefore TFIIF has the additional role of stabilizing the complex formed so 
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far and facilitate the recruitment of TFIIE and TFIIH (Woychik and Hampsey 2002). TFIIH is 

constituted of ten subunits and seven of them form the core of the GTF. Among those, worth 

to mention are the xeroderma pigmentosum group B and D complementing protein (XPB, -D) 

ATPases. The other three subunits constitute the CDK activating module (CAK), which 

comprises CDK7 (Rimel and Taatjes 2018). TFIIH helicases unwind the transcription start site 

allowing transcription to proceed (Kornberg 1999): XPB activity is required for promoter DNA 

unwinding, while XPD functions mainly in Nucleotide excision repair (NER) pathway (Rimel and 

Taatjes 2018). TFIIE and TFIID promote the integration of the CAK functional domain of TFIIH 

in the PIC, favouring the phosphorylation of Pol II CTD by said domain, through establishing 

interaction with Pol II stalk (RPB4/7) and directing the CTD allowing its phosphorylation 

(Compe et al. 2019; Chen et al. 2021). The core of TFIIH, is crucial to position DNA in the active 

site of Pol II. These last GTF entering the PIC are released once elongation factors (EFs) are 

recruited. In fact, same regions of Pol II are engaged in binding both TFIIE and the EF DRB-

sensitivity inducing factor (DSIF), suggesting that the first could be substituted by the latter 

during transcription (Compe et al. 2019).  

In summary, promoter is firstly recognised in a closed complex (CC) conformation by TFIID, -

A, -B, followed by TFIIF-Pol II and finally TFIIE and TFIIH. Subsequently, in the presence of ATP, 

DNA is unwound and TFIIF-Pol II and TFIIE, -H stabilize the formation of an open complex (OC), 

allowing the formation of an initially transcribing complex (ITC) (Figure 3) (Sainsbury et al., 

2015; Hantsche & Cramer, 2017). In the OC, DNA is unwound forming the transcription bubble. 

Here, the ATP-dependent translocase activity of XPB helicase opens between 11 to 15 bp 

around the TSS, inducing enough torsional strain to position the template DNA in the active 

site of Pol II, where Pol II clamp slightly closes and RNA synthesis initiation occurs (He et al. 
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2016). The template DNA is stabilised by interaction with GTFs (Gupta et al., 2016; Rimel & 

Taatjes, 2018). While the upstream edge of the transcription bubble is fixed by interactions 

with PIC elements, the downstream edge expands the bubble and first RNA synthesis takes 

place. Only when nascent RNA reaches a critical length, around 12-13 bp, the bubble collapses, 

since TFIIB is released, and template strand is exposed and can reanneal (Xin Liu et al., 2013; 

Sainsbury et al., 2015). In the active site of Pol II a stable 8bp DNA:RNA hybrid is formed 

(Bernecky et al. 2016). The moment when TFIIB dissociates signs the “promoter escape” phase 

of transcription initiation, that is going to be followed by promoter proximal pausing (PPP). 

Importantly, to achieve promoter escape the CTD of RPB1 has to be phosphorylated on Ser5 

of the heptad repeats by the CAK module of TFIIH (Fuda et al., 2009; Chen et al., 2018). 
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Figure 3 PIC formation and promoter escape Transcription activators bound to enhancer regions 

and chromatin modifiers (a, b) promote transcription initiation by allowing the interaction 

between Mediator complex and GTFs, which assemble at promoter regions together with Pol II 

forming the PIC (c). Subsequent CTD Ser5 phosphorylation marks promoter escape and first RNA 

synthesis while Pol II proceeds into elongation phase (d). Adapted figure from Soutourina, 2018. 
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1.2.1.1 Mediator Complex 

As previously mentioned, additional factors are required for the correct formation of the PIC 

and transcription initiation. Among those, the Mediator complex (Kornberg, 1999; Hantsche 

& Cramer, 2017), highly conserved from yeast to human, with 25 and up to 30 subunits, 

respectively. It consists of four different modules: the Head, Middle and Tail and CDK8 module, 

which only associates transiently with the complex (reviewed in Soutourina, 2018). The main 

role of this complex is to mediate the crosstalk between TFs bound enhancers and promoters 

and Pol II in the PIC (Ramasamy et al. 2023). Therefore, the Mediator complex is recruited at 

enhancers by TFs and directly interacts with PIC components at core promoters, stabilizing the 

complex and positively regulating transcription (Figure 3) (Plaschka et al., 2015; Haberle & 

Stark, 2018). This is achieved through extensive interactions between the Mediator complex 

subunits and GTFs and Pol II  (Gupta et al., 2016; Schier & Taatjes, 2020). More precisely, 

Mediator together with TFIID help recruiting Pol II to the PIC, in fact structural studies show 

how Mediator and Pol II interact through contact sites on RPB1, RPB3-11 and the RPB4/7 stalk 

(Abdella et al. 2021; Chen et al. 2021; Rengachari et al. 2021; Richter et al. 2022). Mediator 

and TFIID also help in recruiting and stabilizing TFIIH, thus promoting the phosphorylation of 

RPB1 CTD on Ser5 by the CAK module (Abdella et al. 2021; Chen et al. 2021; F. X. Chen et al. 

2018; Fuda et al. 2009; Haberle and Stark 2018; Rengachari et al. 2021; Robinson et al. 2016; 

Soutourina 2018) 

 

1.2.2 Elongation 

1.2.2.1 Elongation factors and promoter proximal pausing 
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After promoter escape, the polymerase synthesises RNA for 20 to 60bp, where Pol II pauses, 

dissociates from PIC elements and finally engages in a functional elongation complex (EC) 

(Gupta et al. 2016). Pol II pausing is restricted to higher eukaryotes, indeed unicellular 

organisms and yeast do not show promoter proximal pausing (Booth et al., 2016). Pausing of 

Pol II is important to ensure the correct recruitment of additional factors involved in co-

transcriptional RNA processing (Schier and Taatjes 2020). In fact, CTD phosphorylation also 

serves as a recruiting signal for capping enzymes, splicing and termination factors (Ghosh et 

al., 2011; Maita & Nakagawa, 2020; Schier & Taatjes, 2020). Furthermore, it also stimulates 

the histone-lysine N-methyltransferase (SETD1A), which maintains the trimethylation of 

histone H3 Lys 4 (H3K4me3) levels, that promotes transcription activation (Ebmeier et al. 

2017). 

The transition from the initiation complex (IC) to EC is achieved when GTFs are exchanged 

with EFs (Ehara et al., 2017; Vos et al., 2018; Compe et al., 2019). Conformational changes 

following DNA unwinding in the transcription bubble and first RNA synthesis enable the EF 

DSIF to contact the polymerase (He et al. 2016; Bernecky et al. 2016). DSIF is composed of two 

EFs: SPT4 and SPT5. The latter is formed by an N-terminal acidic domain, known as NusG N-

terminal (NGN) domain, a carboxy terminal region and multiple Kyprides, Ouzounis, Woese 

(KOW) domains, while SPT4 is a small zinc finger protein (Hartzog and Fu 2013).  KOW domains 

and NGN maintain multiple contacts with Pol II subunits as well as RNA, with KOW5 stabilising 

the strongest interaction with the polymerase (Bernecky et al. 2017). SPT5 C-terminal region, 

similarly to Pol II CTD, is phosphorylated by either TFIIH and the positive-transcription 

elongation factor b (P-TEFb), in order to help in capping complex and topoisomerase 1 (TOP1) 

recruitment (Chen et al., 2018; Haberle and Stark, 2018). DSIF has both a repressive and 
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activating function on elongation and the latter is favored when its CTR is phosphorylated by 

P-TEFb (Hartzog and Fu 2013). 

Negative elongation factor (NELF) is a complex of four subunits (NELFA, -B, -C, -E) that 

stabilizes Pol II pausing thus avoiding premature transcription termination (Chen et al. 2018). 

In particular, NELFA/C dimer binds to RPB1 in the funnel region and stabilizes a DNA:RNA 

hybrid, non-productive for further elongation, in the active site (Vos et al. 2018). Consistently 

with the model stating that initiation factors are substituted by elongation factors during IC to 

EC transition, TFIIS association with Pol II is mutually exclusive with NELF (Vos et al. 2018).  

DSIF together with the negative elongation factor (NELF), forms part of the paused RNA Pol II 

complex, which requires further action of EFs to finally engage in productive elongation 

(Haberle and Stark, 2018). Recently, also TFIID has been implicated in PPP, indicating a role for 

the PIC in the establishment of Pol II pausing, whilst DSIF and NELF being fundamental for its 

maintenance (Fant et al. 2020). 

P-TEFb, constituted by the kinase/cyclin pair CDK9 and CCNT1 (Cyclin T1), has the crucial role 

of smoothing the PPP release into productive elongation (Fuda et al., 2009). P-TEFb is recruited 

by the transcriptional cofactor BRD4 (Bromodomain containing 4) or the super elongation 

complex (SEC) (Moon et al. 2005; Yang et al. 2005; Zhou et al. 2022) and through its kinase 

subunit CDK9 phosphorylates both DSIF and NELF and Pol II CTD at Ser2, releasing Pol II from 

pausing (Buratowski, 2009; Vos et al., 2018; Haberle and Stark, 2018). The general 

transcription factor P-TEFb is usually not bound to chromatin and present in an inactive state, 

bound to 7SK snRNA and HEXIM1, MEPCE and LARP7 (Chen et al. 2004). P-TEF-b components 

are released as monomers and are activated through the function of either BRD4 or SEC (Chen 

et al. 2014; Zhou et al. 2022). Normally, BRD4 activity as a positive regulator of transcription 
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is linked to increased rates of Pol II release in positive elongation and increased Ser2 

phosphorylation of the CTD (Altendorfer et al. 2022; Arnold et al. 2021). However, in the lack 

of BRD4 or inhibition with JQ1 there are evidences suggesting that a compensatory 

mechanism, possibly relying on HEXIM1 disassociation from the P-TEFb inhibitory complex, 

may be triggered resulting in increased RNA synthesis and Ser2 phosphorylation (Arnold et al. 

2021; Bowry et al. 2018; Song et al. 2020). Worth to mention that BRD4 is an activator of MYC 

dependent transcription and therefore it has been proposed as a good target for cancer 

therapy, especially since a specific inhibitor, JQ1, has been found to efficiently target BRD4 

(Kotekar et al. 2023; Singh and Alauddin 2023). Upon its phosphorylation by P-TEFb, NELF can 

dissociate from chromatin and DSIF becomes a positive elongation factor, reinforcing the 

productive elongating form of Pol II, in which template DNA can easily enter the central cleft  

(Chen et al. 2018). Following the PPP release, transcription improves and Pol II moves towards 

the 3’end of the genes (Figure 4) (Jonkers and Lis 2015). Importantly, promoter proximal 

pausing offers the opportunity for further gene expression regulation, like gene attenuation 

(Wagner et al. 2023). In fact, not all Pol II successfully escapes promoter to engage in 

productive elongation, as more evidence shows that it can also undergo premature 

termination, mediated by the activity of the Integrator complex and specifically by the RNA 

endonuclease activity of its subunit 11 (INTS11), that cleaves nascent RNA thus promoting Pol 

II termination (Baillat et al. 2005; Elrod et al. 2019; Wagner et al. 2023).  

1.2.2.2 Elongation and splicing 

As previously mentioned, RNA Pol II pausing is crucial to ensure the recruitment of factors 

involved in mRNA processing pathways such as capping, splicing and 3’ end processing (Peck 

et al. 2019). The process of splicing of introns out of mRNA and joining of exons occurs co-
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Figure 4 Promoter proximal pausing and release After promoter escape and brief RNA synthesis, 

Pol II pauses facilitated by the action of negative elongation factors DSIF and NELF. Upon the 

recruitment of P-TEFb and phosphorylation of DSIF, NELF and Pol II CTD on Ser2, Pol II is released 

into productive transcription, where phosphorylated DSIF functions as a positive elongation 

factor. Adapted figure from (Jonkers and Lis 2015) 

transcriptionally, while Pol II is actively transcribing in the elongation phase, with the 

spliceosome assembling on the nascent RNA and recognising specific sequences along the 

introns known as splice sites (ss) (Dujardin et al. 2013). Since elongation and splicing are 

coupled events, elongations rates can affect splicing and cause alternative splicing events, for 

example exon skipping or intron retention (Fong et al. 2014; Mimoso and Adelman 2023; 

Tellier et al. 2020), but also splicing itself can affect transcription, since depletion of 

components of the spliceosome can cause Pol II accumulation and slow down transcription 

(Dujardin et al. 2013; Fong and Zhou 2001; Lin et al. 2008), or it can cause premature 3’ end 

processing and transcription termination (Rodríguez-Molina et al. 2023).  
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1.2.3 CTD phosphorylation 

CTD is a low complexity domain belonging to the RPB1 subunit. It consists of heptad repeats 

of YSPTSPS residues, which vary from 26 in yeast to 42 in flies and 52 in humans. In mammals, 

of the 52 repeats 21 are consensus and 31 non consensus. The consensus repeats are 

phosphorylated on Tyr1, Ser2, Thr4, Ser5, Ser7, while the two Prolines can undergo cis and 

trans isomerization (Heidemann et al., 2013; Zaborowska et al., 2016). In the non-consensus 

repeats, Lys, Arg and Thr can be found at position 7, and when post translationally modified 

can further influence modifications of neighbouring residues (Zaborowska et al., 2016; 

Burkholder et al., 2019). Ser5 (pSer5) and Ser2 (pSer2) phosphorylation are the most abundant 

in almost all the heptads repeats with Tyr1, Thr4 and Ser7 being two times less frequent. It is 

also unusual to find the same heptad repeat modified at different residues, indicating that 

multiply phosphorylated repeats represent Pol II intermediates in specific transcription stages 

(Schüller et al., 2016; Suh et al., 2016).  

While Pol II engages in active transcription, towards the 3’-end of the genes, the levels of pSer5 

decrease in favour of pSer2 (Buratowski 2009). CTD kinases are often promiscuous: CDK7 can 

phosphorylate both Ser5 and Ser7 (pSer7) and P-TEFb has been found to phosphorylate also 

Ser5, especially in the presence of pSer7 (Czudnochowski et al., 2012; Harlen & Churchman, 

2017). However, recent studies have shown how Tyr1 phosphorylation (Tyr1P) by ABL1 kinase 

directs P-TEFb preference for Ser2 upon Ser5 (Mayfield et al. 2019). CTD phosphorylation is 

fine-tuned during transcription to ensure the occurrence of co-transcriptional processes such 

as RNA splicing, capping and 3’-end processing (Ghosh et al., 2011; Maita & Nakagawa, 2020). 

Indeed, not only the positioning of post-translationally modified marks is important, but also 

their correct removal by phosphatases is pivotal for transcription and co-transcriptional 
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events (Eick & Geyer, 2013; Heidemann et al., 2013; Genes Robles & Coin, 2019). Interestingly, 

studies in yeast have highlighted the involvement of RPB4 subunit in recruiting CTD 

phosphatases Fcp1 and Ssu72, keeping the phosphorylation levels under control (Allepuz-

Fuster et al. 2014). 

Noteworthily, CTD as a low complexity domain (LCD) can undergo length-dependent liquid-

liquid phase separation (LLPS), both in a phosphorylated and unphosphorylated form 

(Boehning et al. 2018). It has been suggested that Pol II recruitment to promoters may be 

achieved through the CTD engagement in phase separated compartments together with TFs 

and transcription activators (Harlen and Churchman 2017). Unphosphorylated CTD is 

sufficient to undergo phase separation, by CTD-CTD interactions, forming Pol II hubs near gene 

promoters. Then, Ser5 phosphorylation disrupts the established interactions, enhancing 

transcription initiation and CTD interaction with other LCD containing factors (Boehning et al. 

2018). Indeed,  CCNT1 can undergo phase separation with CTD, favouring its phosphorylation 

by CDK9 (Lu et al. 2018). These features confer CTD the control of Pol II clustering and mobility, 

directing it to the right droplet (enhancer or splicing droplet) during transcription stages, 

according to its phosphorylation state (Guo et al. 2019).  

 

1.2.4 Transcription termination 

Efficient transcription termination is important to prevent transcribing Pol II from interfering 

with DNA elements downstream the transcription termination site (TTS) and to ensure that 

Pol II is recycled for subsequent rounds of transcription (Kuehner et al. 2011). This last step of 

the process is tightly linked to processing of Pol II transcripts and once again, Pol II CTD proves 

to be paramount in regulating mRNA processing and transcription termination events 
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(Buratowski, 2009; Eick & Geyer, 2013; Harlen & Churchman, 2017). Nascent RNA processing 

occurs via three different pathways, which are gene class specific: the polyadenylation (PolyA) 

dependent pathway (Figure 5), used for mRNAs; the Nrd1-Sen1-Nab3 (NNS) pathway and the 

Integrator-dependent pathway, used for small non-coding RNAs (Eick and Geyer 2013).  

In the PolyA-dependent pathway, Pol II pauses downstream the polyadenylation site (PAS) 

AAUAAA to allow cleavage of the nascent transcript (Buratowski 2009). Therefore the product 

of the cleavage is adenylated upstream the cleavage site, while the downstream product is 

degraded (Kuehner et al. 2011). In mammals the factors involved are human cleavage and 

polyadenylation specificity factor (CPSF) and cleavage stimulatory factor (CstF). CPSF 

recognises the PAS and induces Pol II pausing. Then, CPSF associates with CstF (CPSFCF) 

stimulating CPSF mediated cleavage and release (Kuehner et al. 2011). In metazoans, CPSF 

processing endonuclease CPSF73 cleavage at protein coding genes is required for termination 

(Eaton et al. 2018). To be efficiently released, Pol II requires the action of XRN2 (Rat1 in yeast) 

3’-5’ exonuclease. Human Senataxin (SETX), the mammalian homolog of Sen1, contributes to 

PolyA dependent termination by resolving DNA:RNA hybrid structures formed during 

termination and promoting XRN2 function (Figure 5) (Skourti-Stathaki et al., 2011; Mayer et 

al., 2018). The collision between the nuclease and Pol II would promote termination (Kuehner 

et al. 2011). This is also known as the “Torpedo” model (Buratowski 2009). On the contrary, 

the allosteric model proposes that EC undergoes conformational changes that result in 

displacing the EFs and decreased Pol II processivity (Mayer et al. 2018). Recently, it has been 

agreed on a unified model of the allosteric and torpedo models, in which termination is 

dependent on XRN2 (Eaton et al. 2020; Rodríguez-Molina et al. 2023). 
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Figure 5 PolyA dependent Transcription termination is dictated by Pol II pausing downstream 

the PAS and the concerted action of termination factors, which cleave and polyadenylate the 

nascent transcript and resolve the DNA:RNA hybrid thus displacing Pol II from the double helix. 

Adapted figure from Kuehner et al., 2011. 

 

 

 

 

 

 

 

 

 

 

1.3 RNA Polymerase complexes and cancer 

RNA polymerase complexes work in concert with transcription activators and repressors. 

Sequence-specific DNA binding transcription factors (TFs) bind regulatory elements and 

interact via protein-protein interaction with the polymerases, in order to regulate the 

assembly of the transcription machinery and ensure the smooth course of transcription 

(Martinez-Rucobo et al., 2015; Plaschka et al., 2015; Ehara et al., 2017; Bernecky et al., 2017; 

Soutourina, 2018). The activity of TFs is controlled as well by coactivators and corepressors, 

that are multiprotein complexes with multiple enzymatic functions. Coactivators and 

corepressors  actions can be summarised in two categories: i) bridging sequence-specific DNA 

binding TFs with the general transcription machinery, like for example the case of the 

Mediator complex (Allen and Taatjes 2015); ii) altering chromatin accessibility, as for example 

through nucleosome remodeling by the ATP-dependent complex hSWI/SNF, or post-
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translational modifications of histone tails like acetylation by histone acetyl transferases 

(HATs) associated with transcription activation, deacetylation by histone deacetylases 

(HDACs) associated with repression, or methylation associated with both activation or 

repression depending on the site and the complex responsible (Näär et al. 2001; Peterson 

2002; Rosenfeld et al. 2006; Spiegelman and Heinrich 2004).  

In 2000 a seminal review work by Hanahan and Weinberg defined the six hallmarks of cancer 

as alterations in the physiology of the cell that represent novel capabilities acquired by cancer 

cells during tumorigenesis: self-sufficiency in growth signals, insensitivity to antigrowth 

signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis and tissue 

invasion and metastasis (Hanahan and Weinberg 2000). In the subsequent years, also genome 

instability, among others, emerged as new hallmark of cancer together with deregulated 

transcription (Negrini et al., 2010; Hanahan & Weinberg, 2011). Because of their role as major 

regulators of gene expression, many transcription factors, activators and repressors, are 

deregulated (altered gene expression) or mutated in cancers and are well-established 

oncogenes/tumour suppressor genes (Bywater et al. 2013). Among them, worth to mention 

the retinoblastoma (RB) tumour suppressor gene and its binding partner E2F1 (and other E2F 

genes). RB binds E2F in its phosphorylated form (pRB) and represses E2F transcriptional 

activity. Indeed, RB is phosphorylated by cell cycle dependent kinases (CDKs) and in this way 

its action and its repression on E2F is controlled through the cell cycle, tightly regulated to 

control cell proliferation. Cancers commonly bear a disruption of this pRB-E2F regulation 

(Johnson, 2000; Manickavinayaham et al., 2020); TP53, commonly referred to as the guardian 

of the genome, is a tumour suppressor gene involved in response to stress signals including 

replication stress, metabolic stress, and DNA damage. It promotes the transcription of genes 
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involved in cell stress response and it is a central node in cell cycle control and arrest, cell 

senescence and apoptosis, found to be mutated/deleted across a wide variety of cancer types 

(Hernández Borrero and El-Deiry 2021). Oncogenes of the MYC family (C-L-N- Myc), which 

regulate about 10% of the expressed genes and also some Pol I and Pol III transcripts, are 

usually upregulated in a wide variety of tumours (Liu et al., 2016; Tsantoulis & Gorgoulis, 2005; 

Kent & Leone, 2019; Muller & Vousden, 2013; Strano et al., 2007; Cole & Cowling, 2008; Dang 

et al., 1999; Bradner et al., 2017). Beyond deregulations of TFs, there are evidences of 

transcription deregulations also of RNA Pol I and Pol III complexes in cancers (Figure 6) (White, 

2004; Bywater et al., 2012; Bywater et al., 2013), while specific Pol II deregulations in relation 

to cancer remain elusive. Moreover, although the transcription regulation mediated by TFs 

occurs via their interaction with the subunits composing the RNA polymerase complexes 

(Martinez-Rucobo et al., 2015; Plaschka et al., 2015; Ehara et al., 2017; Bernecky et al., 2017), 

studies on the subunits of the RNA Polymerase II machinery itself remain elusive.(Martinez-

Rucobo et al., 2015; Plaschka et al., 2015; Ehara et al., 2017; Bernecky et al., 2017), studies on 

the subunits of the RNA Polymerase II machinery itself remain elusive. 
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Figure 6 Deregulated transcription is a hallmark of cancer: Transcription factors (TFs), which can 

be both oncogenes and tumour suppressor genes, and transcription complexes are deregulated in 

cancer. Pol I rRNA transcription and Ribosomal Biosynthesis (RiBi) can be upregulated in cancer 

cells. The TF and oncogene Myc upregulates UBF, a component of Pol I transcription machinery, 

thus increasing Pol I transcription. TFs and chromatin remodellers deregulate the Pol II genes 

transcription and result in altered gene expression. Cancer cells’ increased demand of cellular 

components to sustain their high proliferation need is satisfied by increased Pol III transcription 

and increased tRNAs synthesis. TFIIIC2 and TFIIIB upregulations also increase transcription rates. 

The tumour suppressor gene Rb, when phosphorylated by CDKs (pRb), is no longer able to exercise 

its repressive function on TFIIIB and results in TFIIIB derepression and increased Pol III 

transcription. UBF = Upstream Binding Factor; PIC = preinitiation complex; CDKs = cyclin-

dependent kinases; Rb = retinoblastoma tumour suppressor gene; pRb = phospho-Rb. Adapted 

figure from Muste Sadurni et al. 2023 
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1.3.1 Pol I 

Hyperactivation of ribosomal DNA (rDNA) transcription and enlarged nucleoli (nucleolar 

hypertrophy) are common features of aggressive tumours, together with deregulation of 

ribosome biosynthesis (RiBi) and overexpression of rRNA (Derenzini et al. 2009). These 

observations led to suggest that Pol I could be directly targeted in cancer therapy. Indeed, in 

recent years Pol I inhibitors have been developed and tested in a wide range of tumours. 

Additionally, many oncogenes and oncoproteins such as AKT, PI3K and Ras, play important 

roles in ribosome biogenesis, making the activation of the ribosomal surveillance pathway and 

consequent p53 activation a useful therapeutic mean for a wide range of tumours (White, 

2004; Bywater et al., 2012; Khot et al., 2019). Furthermore, well-known transcription factors 

which are tumour suppressor genes or oncogenes, for example RB and MYC, regulate 

transcription of Upstream Binding Factor (UBF), an essential component of Pol I pre-initiation 

complex, resulting in repression or upregulation of Pol I transcription respectively (White, 

2004; Drygin et al., 2010; Poortinga et al., 2015). Myc stimulates the expression of UBF 

upregulating ribosome biosynthesis, thus sensitizing cells to nucleolar stress. Therefore, it has 

been proposed that Pol I transcription in MYC driven tumour cells could be a promising target, 

as inhibition of rDNA transcription could disrupt the ability of Myc to suppress p53 

accumulation in tumour cells more than in normal cells (Poortinga et al. 2015). Among the Pol 

I inhibitors, CX-5461 prevents the formation of Pol I pre-initiation complex and inhibits 

transcription initiation, by impeding Pol I release from the promoter, and it’s very specific to 

Pol I and does not affect Pol II or III (Poortinga et al., 2015; Mars et al., 2020). This small-

molecule inhibitor has shown promising results in killing Eµ-MYC lymphoma cells, by activating 

p53 dependent apoptosis (Khot et al. 2019). Interestingly, CX-5461 has been successful also in 
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the treatment of chemoresistant ovarian cancers, showing promising results in taxane 

resistant cells, which are instead sensitive to CX-5461 (Cornelison et al., 2017 and citations 

therein; Sanij et al., 2020). Another inhibitor, CX-3543, binds quadruplex DNA and inhibits Pol 

I transcription by inhibiting nucleolin-G-quadruplex complex formation, which leads to the 

translocation of nucleolin into the nucleoplasm and triggering apoptosis (Drygin et al., 2009). 

BMH-21 is a potent compound capable of inducing p53 activation selectively in different 

cancer cell lines but not in normal cells, works by binding DNA GC-rich regions. Being rDNA 

highly GC-rich, it was shown that BMH-21 functions by disassembling Pol I complex at rDNA 

promoter regions to inhibit rDNA transcription (Ferreira et al. 2020). Recently, it was also 

found that Pol I activity is upregulated in prostate cancers. CX-5461 blocked proliferation and 

suppressed prostate cancer tumourigenesis in a p53 dependent manner (Low et al. 2019). 

Similarly, BMH-21 decreased prostate cancer cell growth in vitro and in vivo in different cell 

lines, also in a p53 independent manner (Low et al. 2019).   

Deregulations affecting specifically some of the subunits of Pol I complex are also reported to 

have a role in cancer. POLR1A is overexpressed in tumoral and metastatic cell lines of 

colorectal cancer (Sanchez-Martin et al. 2021). Similarly, POLR1B is usually upregulated in a 

broad range of human cancers including in non-small cells lung cancer (NSCLC), where 

knockdown of POLR1B resulted in reduced cell proliferation (F. Yang et al. 2020). Furthermore, 

in ER-positive breast cancer it can be considered a biomarker for resistance to fulvestrant 

(Cheng et al. 2020). The POLR1C subunit is differentially expressed in breast cancer patients 

compared to normal tissue and either amplified or overexpressed in gastric cancer (Pinto et 

al. 2016). In colorectal cancer a region in 13q containing POLR1D is frequently amplified 

resulting in POLR1D overexpression (Sheffer et al. 2009) which is associated with higher risk, 
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poorer overall survival and acquired resistance to bevacizumab, identifying POLR1D as 

potential therapeutic target (Wang et al., 2019; Zhang et al., 2020; Tian et al., 2020; Zhou et 

al., 2020). Finally, POLR1E expression correlates with increased tumor stage in bladder cancer 

(Ghafouri-Fard et al. 2014). 

1.3.2 Pol III 

Similarly to Pol I transcription, also Pol III transcription can contribute to carcinogenesis. 

Indeed, it was found both in ovarian and breast cancer cells that Pol III transcription can lead 

to the aberrant production of its transcripts that contribute to cell growth or to the 

overproduction of tRNAs (Pavon-Eternod et al., 2009; Winter et al., 2000). The accelerated 

proliferation of cancer cells necessitates an increase in the synthesis of cellular components 

to match their heightened rate of division. To achieve the necessary boost in biosynthetic 

capacity for rapid proliferation, the output of Pol III is enhanced (Gjidoda and Henry 2013). 

Hyper activation of Pol III and components of Pol III transcription such as TFIIIB complex was 

observed in different cancer types and in mice with myeloma compared to tumour free mice 

(reviewed in Cabarcas & Schramm, 2011), and TFIIIC2 was found to be overexpressed in 

ovarian carcinomas (Winter et al., 2000). It was also found that Pol III activity is elevated in 

primary human fibroblasts carrying loss of function mutations in p53 (Stein et al. 2002) as well 

as in mice lacking Rb (White et al., 1996; Scott et al., 2001). Indeed, many known mutations in 

RB lay in a region involved in binding TFIIIB and in this way repress Pol III transcription. When 

this binding is compromised, usually by hyperphosphorylation of RB by CDK-E/D, TFIIIB is de-

repressed and further activates Pol III. Hyperactivation of Pol III has also been associated with 

c-MYC upregulation (White, 2004 and citations therein). This supports the belief that limiting 
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Pol III activity can impede robust cancer proliferation, as demonstrated by studies in which 

reduced Pol III activity in mouse xenograft models inhibited tumour formation. Pol III and Pol 

III-associated transcription factors could potentially serve as valuable biomarkers for cancer 

diagnosis (Gjidoda & Henry, 2013; Liang et al., 2019). More recently, it has been found that 

the subunit POLR3G is capable of binding the telomerase reverse transcriptase TERT (Khattar 

et al. 2016), a central protein in stimulating the proliferative capabilities of many cancer cell 

types. In support and extension of this finding, it was shown that POLR3G inhibition resulted 

in prostate cancer cell-specific proliferation arrest and cell death (Petrie et al. 2019) and that 

POLR3G overexpression correlated with poor prognosis of transitional cell carcinoma (Liu et 

al. 2020). POLR3G was also identified in clinical data as one out of five genes in a risk signature 

predicting the prognosis of patients with hepatocellular carcinoma (Dai et al. 2021). More 

recently, Lautré and colleagues showed that POLR3G is the only component of the Pol III 

transcription apparatus significantly overexpressed in triple-negative breast cancer (TNBC) but 

not in other types of breast cancer. Suppression of POLR3G in the MDA-MB231 TNBC cell line 

decreases colony formation and invasive growth in vitro. Importantly, POLR3G KO impairs 

tumour growth and metastasis of intraductal xenografts in mice (Lautré et al. 2022). In 

conclusion, POLR3G expression plays a significant role in regulating tumour formation and 

metastasis in TNBC, with its deletion leading to altered gene expression patterns and cell fate 

decisions. Further research will determine whether targeting POLR3G could emerge as a 

potential therapeutic strategy for TNBC. Other Pol III subunits have been linked to cancer like 

mutations in POLR3B implicated in lung cancer, with the gene found to be differentially 

methylated, making POLR3B a susceptibility and risk gene in lung cancer (Asiedu et al. 2018; 

Luo, Wang, and Zhang 2018; Musolf et al. 2020; Yunlei et al. 2013). Furthermore, POLR3K 
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subunit high expression correlated with poorer overall and disease free survival in ovarian 

cancer (An and Duan 2022). 

 

1.3.3 Pol II 

Cancer cells rely on transcription to sustain their growth and survival. Therefore, blocking RNA 

synthesis via RNA Polymerase inhibitors like DRB or flavopiridol, or nucleotide analogues such 

as 3'-ethynylcytidine (Ecyd), is an effective strategy both in vitro and in vivo (Fuda et al., 2009; 

Turinetto et al., 2009; Fukushima et al., 2014; Galbraith et al., 2019). Definitely, it is possible 

to downregulate many oncogenes by reducing overall transcription levels. So far, little is 

known about Pol II subunits implications in human diseases with a particular focus on cancer. 

However, recent studies provide evidence of emerging roles of some Pol II subunits. All the 

deregulations are summarized in Supplementary table 1. 

1.3.3.1 POLR2A/RPB1 

POLR2A subunit, being at the core of the catalytic Pol II active site, is considered an essential 

transcription gene and oncogene, being able to promote rapid cell growth and repress 

apoptosis in tumours (Serra et al., 2019; Jiang et al., 2021). In fact, usually POLR2A is highly 

expressed in tumour tissues compared to neighbouring normal tissues. For example, POLR2A 

overexpression has been found to induce proliferation in gastric cancer cells and inhibit 

apoptosis both in vitro and in vivo (Jiang et al. 2021). Furthermore, POLR2A expression level 

was found to be higher in patients derived xenograft models of ovarian cancer (Li et al. 2019). 

Interestingly, POLR2A high protein levels were found in AML cell lines compared to normal 

progenitor cells. Accordingly, mRNA expression levels were also higher in primary AML 

patients, resulted in reduced overall survival and increased tumour growth. Indeed, POLR2A 
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KD reduced cell proliferation and tumour growth in vitro and in vivo  (Yu et al. 2019). Analysing 

POLR2A mRNA expression levels in TCGA dataset, it was also found that POLR2A upregulation 

was occurring not only in AML patients, but also in cholangiocarcinoma and thymoma (Yu et 

al. 2019). On the contrary, POLR2A was downregulated in adrenocortical carcinoma, testicular 

germ cell tumours and uterine corpus endometrial carcinoma. Additionally, polymorphisms in 

POLR2A were associated with poor outcomes in non-small cell lung cancer (Yoo et al. 2017).  

The POLR2A gene lays in a neighbouring region of TP53 on Chr 17 and is often co-deleted 

together with it as a “passenger gene”. In fact, in colorectal cancer POLR2A is commonly 

hemizygously deleted together with TP53, rendering cancer cells more sensitive to the 

transcription elongation inhibitor a-amanitin (Liu et al., 2018) and POLR2A depletion with 

siRNAs, suggesting the possibility of targeting POLR2A in p53-/+ cancer cells or cancers with a 

more broader 17p loss (Liu et al., 2015; Cance & Bradner, 2015; Li et al., 2021; Van Der Jeught 

et al., 2018). Similarly, siRNA inhibition of POLR2A in hemizygous TP53 TNBCs where POLR2A 

is hemizygously co-deleted, resulted in reduced tumour growth and enhanced tumour 

suppression (Xu et al. 2019).  

1.3.3.2 POLR2B/RPB2 

POLR2B is the second largest subunit of Pol II and together with POLR2A forms the catalytic 

site of the complex. There are not many studies regarding POLR2B deregulations in cancer. 

However, it has been shown that mutations in POLR2B are linked to sensitivity to JQ1, a 

bromodomain inhibitor targeting BET proteins BRD2-3-4, in breast cancer cell lines. JQ1 

sensitivity was assessed in over 1000 cancer cell lines to identify possible markers of sensitivity 

and POLR2B mutations were identified in breast cancer cell lines as predictors of JQ1 

sensitivity (Gerlach et al., 2018; Iorio et al., 2016). Furthermore, POLR2B downregulation could 
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play a role in cell resistance to 5-Azacytidine (AZA), a DNA demethylating agents widely used 

in cancer treatment and more specifically in treatment of patients with AML, with a 

moderately good response rate. Indeed, POLR2B mRNA expression level was found to be 

significantly decreased in AZA resistant cell lines compared to non-resistant ones (Imanishi et 

al. 2014). More recent studies analysing TCGA datasets, found POLR2B upregulated in 

hepatocellular carcinoma and high mRNA levels correlated with overall reduced patients’ 

survival rates and were associated with tumour staging. Consistently, high POLR2B protein 

expression levels were observed in the cancer tissue compared to normal liver tissue. 

Additionally, POLR2B expression was even higher in virus (HBV or HCV) driven hepatocellular 

carcinoma. Therefore, POLR2B gene has a possible value for further development as 

diagnostic biomarker in virus-related HCC (Yong-Zheng Zhang 2022). 

1.3.3.3 POLR2C/RPB3 

As for POLR2B, not much research highlights the role of POLR2C deregulations in general in 

cancer. However, few studies conducted in hepatocellular carcinoma (HCC) cell lines and 

tissues found that POLR2C protein expression is increased by immunohistochemical staining 

in tissue samples of different stages compared to normal tissue, and higher expression 

(stronger staining) was progressively observed from low to high grade HCC. Furthermore, 

POLR2C overexpression in patients correlated with poorer overall and disease-free survival. 

HCC cell lines overexpressing POLR2C had also enhanced proliferation and migration 

capabilities which translated into enhanced tumour growth in injected mice. POLR2C 

overexpression upregulated a series of mesenchymal markers, such as N-cadherin, and 

downregulated epithelial markers, such as E-cadherin, thus promoting epithelial to 

mesenchymal transition (EMT). Interestingly, POLR2C was found to be a regulator of E-
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cadherin expression, through its interaction with Snail, a key regulator of E-cadherin 

transcription, via its N-terminal domain. Intriguingly, Pol II activity and the expression of the 

other subunits of the complex remained unchanged. Another mechanism through which 

POLR2C regulates HCC cell proliferation is due to its regulation of VOPP1 expression, which is 

upregulated in different cancers and promotes cell proliferation and migration while inhibiting 

apoptosis (Fang et al., 2014; Hu et al., 2021). Other than in HCC, POLR2C expression alterations 

were found also in osteosarcoma tumour samples, where mRNA expression is significantly 

lower compared to normal osteoblasts (Chen et al. 2022), and in gastric cancer. In the latter, 

microarray analysis confirmed from TCGA analysis of differentially expressed genes between 

gastric cancer patients showing cisplatin resistance and patients showing drug sensitivity, 

found POLR2C to be upregulated together with two other Pol II subunits, POLR2L and POLR2F, 

thus indicating that these subunit upregulations could be involved in mechanisms of cisplatin 

resistance in gastric cancer (Zhou et al. 2018). 

1.3.3.4 POLR2D/RPB4 

Some research has been conducted on POLR2D functions in tumour development. First 

evidence comes from colorectal cancer, where it was found that POLR2D mRNA expression 

levels significantly correlated with increased expression of the CA 19-9 tumour marker in 

patients, indicating that this gene could be used to evaluate disease state (Abba et al. 2012). 

POLR2D was also found to be upregulated in one sample of single cell RNA-Seq analysis 

performed on malignant ascites cells from ovarian cancer patients (Kim et al. 2021). The 

upregulation of POLR2D is also important in prostate cancer, where analysing patients on 

TCGA database it was shown that high POLR2D expression associated with significantly lower 

disease-free survival compared to patients with low expression of POLR2D  (Yamada et al. 
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2018). Consistent with these observations, the downregulation of POLR2D is considered to be 

a protective factor in highly grade serous ovarian cancer, being preferentially downregulated 

in tumour samples compared to normal ones and associated with better overall survival (Dai 

et al. 2022).   

1.3.3.5 POLR2E/RPB5 

So far upregulation and overexpression have been identified as the main deregulations of Pol 

II subunits in a wide variety of tumour types. However, the alteration linking POLR2E subunit 

and cancer is not related to a differential expression of the gene, but it is a well characterized 

polymorphism. It was firstly identified in 2011 by Jin and colleagues that reported in a prostate 

cancer genome wide association study, the SNP rs3787016 in POLR2E associated with 

increased risk of prostate cancer occurrence (Jin et al. 2011). They proposed that this variant 

could interfere with correct splicing and therefore produce a dysfunctional POLR2E, thus 

impacting on Pol II transcription. More recently, these results were further confirmed in a 

sample of prostate cancer in an Iranian population, and additionally a new variant of POLR2E, 

rs1046040, was found to be a predisposition factor for cancer development (Sattarifard et al. 

2019). Interestingly, other studies have shown how this polymorphism located on the fourth 

intron of POLR2E gene, was also significantly associated with oesophageal cancer, breast 

cancer, papillary thyroid carcinoma and liver cancer (Chen et al. 2018; Chen et al. 2018; Chen 

et al. 2019; Chu et al. 2017) 

1.3.3.6 POLR2F/RPB6 

POLR2F encodes the sixth largest subunit of Pol II complex, and it is also one of the shared 

subunits among the three polymerase complexes (Pol I, Pol II, Pol III).  Early studies showed 

that POLR2F, together with two other genes, was significantly overexpressed in colorectal 
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carcinoma tissues compared to normal tissues, and specifically its overexpression correlated 

with early disease occurrence and relapse (Antonacopoulou et al. 2008). Previous studies 

showed POLR2F to be upregulated in a colorectal cancer metastatic tumour cell line (Orian-

Rousseau et al. 2005). As previously mentioned for the POLR2C subunit, TCGA analysis of 

differentially expressed genes comparing gastric cancer patients with resistance to cisplatin 

towards patients showing drug sensitivity, found POLR2F to be upregulated, indicating that 

these subunit upregulations could be involved in mechanisms of cisplatin resistance in gastric 

cancer (Zhou et al. 2018). Furthermore, an analysis of microarray datasets TNBC and non-

TNBC identified 1075 differentially expressed genes, among which POLR2F was found to be 

upregulated significantly in TNBC and identified as a potential cancer causing gene (Naorem 

et al. 2019). Consistent with these data, a more recent study focused on identifying genes 

differentially expressed between malignant epithelial cells and non-malignant epithelial cells 

in TNBC, identified POLR2F as an upregulated gene in the malignant cells population (Yi et al. 

2023). Lastly, a retrospective study on prostate cancer integrating transcriptome and clinical 

and pathological data from different databases identified POLR2F upregulation associated 

with poorer prognosis in patients and predictive of worst outcome in androgen deprivation 

therapy treatment (Wang et al. 2023). Not only the upregulation/overexpression of POLR2F 

has a potential prognostic value in tumours, but there is evidence that also downregulation of 

POLR2F could be relevant. It was found that POLR2F expression was significantly lower in 

glioblastoma tumour tissues compared to normal tissues and that this impacted on overall 

survival (Yang et al. 2020). However, in silico analysis to identify genes important for tumour 

progression and survival identified POLR2F as a survival gene in glioblastoma, and specifically 

in tumours with IDH1 mutations POLR2F appears to be significantly overexpressed (Masica 
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and Karchin 2011). Moreover, it was also found that lower levels of the protein are associated 

with increased risk in colorectal cancer and POLR2F lower expression was found to be 

associated with a poorer prognosis in cervical cancer in patients positive for HPV18 (Sample 

2020; Wang et al. 2022) 

1.3.3.7 POLR2G/RPB7 

Findings on POLR2G subunits are controversial. Li et al. conducted an analysis matching clinical 

data with mRNA expression in patients with hepatocellular carcinoma, leading to the 

identification of high-risk factors and protective factors. POLR2G, whose expression was 

upregulated in tumour tissues compared to adjacent normal tissues, was identified as a 

protective factor in the subset of patients studied, associated therefore with better prognosis 

and overall survival (Li et al. 2019). However, a more recent study combining single cell RNA-

seq and TCGA RNA-seq data identified POLR2G (together with another subunit of Pol II, 

POLR2L) as a gene expressed at higher levels in HCC cancer stem cells, which are important 

for HCC heterogeneity and resistance to treatment. Importantly, the increased expression of 

mRNA was also associated with a progressive increase in tumour grade (from G1 to G4) and 

nodal metastasis status, which are associated with tumour progression and aggressiveness 

(Yao et al. 2022). 

1.3.3.8 POLR2H/RPB8 

POLR2H is another subunit common to all three RNA polymerase complexes. As for most of 

the other subunits, its upregulation/overexpression is particularly relevant in different 

tumours. First evidences show that high mRNA expression of POLR2H is found in HPV+ head 

and neck carcinomas (Slebos et al. 2006). More recent research in rectal cancer analyzing both 

the TCGA and GEO databases, identified among a total of 18 prognostic associated genes, a 
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subset of 11 genes including the subunits POLR2H and POLR2J associated with increased risk 

of poor overall survival in patients. Importantly, in the high risk group POLR2H was 

overexpressed (Zhang et al. 2020). In agreement with this analysis, both POLR2H and POLR2J 

are overexpressed in rectal tumour organoids (Normal et al. 2020). POLR2H high mRNA levels 

are also associated with patients overall survival in hepatocellular carcinoma (Ke et al. 2019). 

Several groups have similarly shown how POLR2H is upregulated in prostate cancer and 

overexpressed in prostate cancer cells compared to the normal tissue, indicating the potential 

role of POLR2H as a biomarker for prostate cancer prognosis and diagnosis, as well as a 

potential drug target (Chen and Hu 2019; Fan et al. 2018; Wang et al. 2021). Furthermore, 

POLR2H mRNA levels are significantly higher in lung cancer tissue samples compared to 

normal samples (Dong et al. 2021) and its high expression significantly correlates with patients 

survival in lung squamous cell carcinoma (Guttapadu et al. 2023; Jia et al. 2022). Interestingly, 

more recent data showed that POLR2H is upregulated in a subset of breast cancer patients 

resistant to radiotherapy, implicating its role potentially in the acquisition of radio-resistance 

(Jia et al. 2015; Miao et al. 2021)  

1.3.3.9 POLR2I/RPB9 

POLR2I is a subunit specific of Pol II, found to be either amplified or upregulated in a subset of 

ovarian cancer and head and neck cancer cells. It was speculated that POLR2I could contribute 

to mechanisms of cancer cells resistance to DNA damaging chemotherapeutics like cisplatin, 

5-fluorouracil, PARP inhibitor olaparib and also radiation therapy (Gaponova et al. 2017). 

Furthermore, in a meta-analysis study of microarray datasets aimed to identify potential 

prognostic candidates in colorectal cancer cell lines with different levels of aggressiveness, 

POLR2I was found as a candidate gene downregulated in less aggressive cell lines (Long et al. 
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2016). At the same time, down-regulation of POLR2I expression was observed in 

hepatocellular carcinomas, where it correlated with mutations in the mRNA of other genes 

(FKH and FOXP3) which are not present in the genomic DNA, suggesting that POLR2I down-

regulation could impair Pol II transcription fidelity and hence contribute to produce aberrant 

transcripts (Ren et al. 2020; Walmacq et al. 2009).  

1.3.3.10 POLR2L/RPB10 

POLR2L is one the Pol II subunits shared with the other polymerases, and as for most of the 

other Pol II subunits, its upregulation has been identified in different cancers. As previously 

mentioned regarding POLR2C subunit, after screening for thousands of genes and 300 miRNAs 

associated with cisplatin resistance in gastric cancer, six hub genes were identified and 

confirmed in TCGA databases. Among these genes, POLR2L together with POLR2C, POLR2F 

and POLR2K resulted significantly upregulated and associated with cisplatin resistance (Zhou 

et al. 2018). Furthermore, POLR2L was among the 7 candidate genes found upregulated to 

significantly promote cell proliferation compared to control cells, identified via CRISPR/Cas9 

activation library screening in two hepatocellular carcinoma cell lines. Zhang and colleagues 

showed that cell survival is increased by the gain of function of POLR2L in both cell lines. 

Additionally, the upregulation of these genes promoted liver tumour growth and also its 

colonization potential with the formation of metastasis to the lung. Indeed, these cell lines 

showed increased invasion capability compared to the control (Zhang et al. 2023). 

1.3.3.11 POLR2J/RPB11 

There are different gene copies of POLR2J (1-4) on the human Chr 7 and at least 11 alternative 

mRNAs encoding different POLR2J isoforms. First evidence of a role of POLR2J in cancer came 

from expression studies in lung tumours where 50 cases were analysed, and nine genes 
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including POLR2J, were found to show a two-fold increase in expression compared with 

normal bronchial epithelial cells. POLR2J showed higher expression in 9 of the tumour 

samples, with 2 matched samples showing more than double expression levels in the tumours 

(Campbell et al. 2008). TCGA characterized colorectal cancer genome using 224 tumour 

samples with their corresponding normal tissues, to identify new biomarkers and potential 

therapeutic targets, found that POLR2J expression increased progressively with the 

aggressiveness of the tumour, and similar results were also found in liver metastatic tumours 

(Rajput et al. 2013). As mentioned above, POLR2J was associated with higher risk and poorer 

survival in rectal cancers and was found overexpressed in rectal tumour organoids (Normal et 

al. 2020; Zhang et al. 2020). Furthermore, Li and colleagues observed that POLR2J is 

upregulated, both at the mRNA and protein levels, in glioblastoma cells compared to normal 

tissues and resulted in enhanced cell proliferation and metastatic capability (Li 2023). It was 

already established that upregulation of POLR2J correlated with poor prognosis in 

glioblastoma patients and that its downregulation instead associated with better overall 

survival. It was shown that knockdown of POLR2J reduced cell proliferation and caused cell 

cycle arrest at G1/G0 phase in glioblastoma cells and additionally POLR2J knockdown was able 

to reduce the migrative and invasive abilities of cancer cells and to suppress epithelial to 

mesenchymal transition (EMT), indicative of invading cancer cells (Sánchez-Tilló et al. 2012). 

Consistently, the overexpression of POLR2J promoted the migrative and invasive abilities of 

cells, indicating that it could play a crucial role in EMT and increase metastatic potential in 

glioblastoma (Li 2023). Finally, POLR2J has also been found associated with patients survival 

of grade 2 ovarian cancers (Zhao et al. 2021), testicular germ cell tumour prognosis (Yao et al. 

2021) and breast cancer susceptibility in a Belgian population (Farahmand et al. 2016). 
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1.3.3.12 POLR2K/RPB12 

POLR2K is the last subunit shared among Pol I, II and III. Initial studies in liver cancer cell lines 

showed that siRNAs targeting POLR2K significantly reduced  the viability of cells , indicating a 

potential role of the subunit in hepatocellular carcinoma (Woo et al. 2009). Similarly to other 

Pol II subunits, its increased expression is observed in different cancers. In HER2 breast cancers 

was observed POLR2K gain of expression by mRNA upregulation or gene amplification 

(Natrajan et al. 2010); more recent studies showed that low expression of POLR2K significantly 

prolonged patients survival and reduced cancer rates in breast cancer, while the high 

expression of POLR2K was associated with poor patients’ survival (Yang and Wang 2021). 

Recently, along with other 4 genes POLR2K higher expression levels was found by machine 

learning approaches in a high-risk group of patients for breast cancer (Chen et al. 2023). Using 

mRNA expression profiling, POLR2K was firstly identified in 2016 as a differentially expressed 

gene in prostate cancer tissues compared to normal tissues and later it was evident that 

POLR2K differential expression had a significant prognostic value for patients overall survival 

(Guo et al. 2021; Kelly et al. 2016). Finally, in bladder cancer patients, high levels of POLR2K 

were associated with poor progression free and overall survival. Furthermore, the knock down 

of the Pol II subunit reduced the viability of two bladder cancer cell lines, indicating that its 

decreased expression could slow down cell growth (Yang et al. 2020). 

 

1.4 DNA damage  

As previously discussed, transcription is a tightly regulated process, indeed when deregulated 

transcription can be causative of transcription-associated mutations and transcription-

associated recombination events and generally speaking DNA damage formation. Altogether, 
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these phenomena can be grouped under the general term of transcription-associated genome 

instability (Gaillard and Aguilera 2016; Kim and Jinks-Robertson 2012), which will be later 

discussed in more detail.  

Each cell present in the human body is threatened by more than 10 thousand DNA lesions per 

day, which are in majority (75%) represented by single strand DNA breaks (SSBs). Both 

endogenous and exogenous sources are responsible for modifying DNA and therefore genetic 

information (Lindahl and Barnes 2000; Tubbs and Nussenzweig 2017).  

DNA mismatches and DNA strand breaks, derived from endogenous sources, can be caused 

for example by errors during DNA replication, replication stress, transcription stress (Branzei 

and Foiani 2009; Hernández Borrero and El-Deiry 2021; Jackson and Bartek 2009; Saponaro et 

al. 2014; Shah et al. 2021; Zeman and Cimprich 2014; Zou et al. 2021). Other endogenous DNA 

lesions causes comprise hydrolytic reactions, non-enzymatic methylation, reactive oxygen 

species (ROS), that are produced at sites of infection by macrophages and neutrophils, as well 

as by-products of oxidative respiration (Ciccia and Elledge 2010; Hoeijmakers 2009; Jackson 

and Bartek 2009). Of these, a particularly dangerous lesion is represented by SSBs, since if not 

properly repaired they can lead to genome rearrangements, gain or loss of repetitive 

sequences and mutations, overall increasing genome instability (Caldecott 2024). However, 

DNA double strand breaks (DSBs) are the most cytotoxic form of DNA lesions as their 

inaccurate repair influences dramatically the cell survival and fate (Jackson and Bartek, 2009; 

Tubbs and Nussenzweig 2017).  Whenever DNA damage remains unchallenged, essential cell 

functions are impaired and cause alterations that can lead to tumour development or cell 

death, in the worst scenario (Tubbs and Nussenzweig 2017). Indeed, failure of DSBs repair 

leads to substantial genomic rearrangements, altering the balance between proto-oncogene 
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and tumour-suppressor genes, which can culminate into tumour development and 

deregulation of cell cycle. One possibility of organism self-protection is to trigger the 

programmed cell death once detected the presence of unrepaired lesions, in order to avoid 

spreading the damage during cell division (Aparicio et al. 2014; Frit et al. 2014). To counteract 

the above mentioned DNA lesions with the final goal of maintaining the intact genetic 

information to be passed to the next generation, all organisms have evolved a wide repertoire 

of cellular responses, generally termed as DNA damage response (DDR) (Blackford and Jackson 

2017; Ghosal et al. 2013; Mladenov et al. 2016a). 

 

1.4.1 DNA damage sensing 

One of the prerequisites for the maintenance of genomic stability and prevention of tumour 

burden is the fast identification and efficient repair of DNA damage. DSBs are quickly detected 

by many different proteins, which can be referred to as DSBs “sensor” proteins, which redirect 

signalling and repair towards either HR or NHEJ. DSBs sensor proteins comprehend: Ku 

heterodimer (Ku70 and Ku80) that directs repair towards NHEJ; the MRN protein complex 

(Mre11-Rad50-Nbs1) that favours HR by promoting end resection; polyADPribose 

polymerases 1 and 2 (PARP1 and PARP2) that recognize both single and double strand breaks 

and recruit further repair proteins. Additional role of PARP1 may lie in promoting of 

alternative NHEJ (Brown and Jackson 2015). Once the damage is recognised, signalling 

pathways aimed to cell cycle regulation are initiated. This is important for slowing down or 

blocking cell progression in various cell cycle phases, thus allowing DNA repair machinery 

proteins to properly repair the damage (Liu et al. 2014; Weterings and Chen 2008). If DSBs 

occur in G1 phase, checkpoint activation stops cell cycle progression into S phase. Likewise, 
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damage occurring between late S/G2 phase triggers cell cycle checkpoints preventing cells 

from entering in mitosis (Cannan and Pederson 2016).  

Upon DNA damage recognition, three members of phosphatidylinositol 3-kinase related 

kinases (PIKKs) family are recruited to DNA break sites where they execute the proper DSBR 

(Figure 7) (Blackford and Jackson 2017). Among six members of the PIKKs, which act in 

regulating several cellular processes such as cell cycle control, metabolism, transcription, 

replication, the three main PIKKs acting in DNA damage response are: ATM (ataxia-

telangiectasia mutated), ATR (ATM- and Rad3-Related) and DNA-PKcs (DNA dependent 

protein kinase catalytic subunit) (Parrilla-Castellar et al., 2004). They are recruited by the 

above mentioned “sensor” proteins Nbs1 (of the MRN complex), ATRIP (ATR interacting 

protein) and Ku70/80 heterodimer, respectively (Falck, Coates, and Jackson 2005; Gell and 

Jackson 1999; Singleton et al. 1999; Xu, Bradley, and He 2023; Zou and Elledge 2003) 

ATM, together with ATR and DNA-PK (DNA-PKcs and Ku70/80), phosphorylate the histone 

variant H2AX in a redundant manner, giving rise to gamma-H2AX (γH2AX) (Stiff et al. 2004). In 

fact, γH2AX is considered a common DNA damage marker. After its phosphorylation, it is then 

bound by MDC1 (mediator of DNA damage checkpoint1) (Stucki et al. 2005). MDC1 functions 

in promoting further recruitment of MRN complex and ATM, thereby spreading H2AX 

phosphorylation on chromatin and amplifying DNA damage response signal and repair 

(Blackford and Jackson 2017; Brown and Jackson 2015).  

On the other hand, ssDNA breaks recruit ATR: Replication protein A (RPA) recognises ssDNA 

and recruits ATR in association with its obligate partner ATRIP (Zou and Elledge 2003). Finally, 

ATR activation is dependent on the co-localization of ATR-ATRIP within the 9-1-1 (Rad9-Rad1-

Hus1) complex. Since the complex has three different subunits, it can interact with different 
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proteins at the same time, representing a versatile DNA damage and repair protein. Indeed, 

the domain in the C-terminal tail of Rad9 protein is responsible for assembling of TOPBP1 

(topoisomerase binding partner 1), a crucial ATR activator, to ATR-ATRIP complex (Cimprich 

and Cortez 2008; Doré et al. 2009). Often the three PIKKs central to DDR work in concert. One 

example is given by the ATM-dependent ATR activation, since ATM-dependent end resection 

generates the RPA-ssDNA substrate for ATR-ATRIP recruitment. Furthermore, both ATM and 

ATR function in phosphorylating DNA-PK, and DNA-PK itself seems to phosphorylate ATM 

(Blackford and Jackson 2017; Zhou et al. 2017).  

 

 

  

 

 

 

 

 

 

 

 

 

Another apical factor in DDR is the tumour suppressor p53 binding protein (53BP1), which is 

recruited to DSBs and therefore is widely recognized as a useful marker of DNA damage 

together with γH2AX (Bártová et al. 2019). It is recruited to chromatin through histone 

Figure 7 DNA damage sensing The three DDR signalling PIKKs and their recruitment factors at 

DSBs (Blackford and Jackson, 2017) 
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modifications signals, such as methylation and ubiquitylation (Huadong et al.,2011), where it 

pushes DNA repair towards NHEJ counteracting the action of the HR factor BRCA1, which 

directs DDR in favour of HR, recruiting downstream proteins(Bouwman et al. 2010; Chapman 

et al. 2012; Jackson and Durocher 2013; Mirza-Aghazadeh-Attari et al. 2019; Uckelmann and 

Sixma 2017) 

 

1.4.2 DNA damage repair 

Once DNA damage is sensed, it triggers the DNA damage response (DDR). DDR comprehends 

several pathways: MMR, mismatch repair; BER, base excision repair; NER, nucleotide excision 

repair; single strand break repair (SSBR) and double strand break repair (DSBR). The last two 

can be carried out by either homologous recombination (HR) or non-homologous end joining 

(NHEJ) (Ciccia and Elledge 2010; Kunkel 2015; Ranjha et al. 2018). The first one is considered 

to be an “error-free” repair mechanism, since it relies on the presence of the intact 

homologous sister chromatid, while the latter is considered to be an “error-prone” process, 

since it directly joins broken ends (Liu et al. 2014). 

In other words, HR repair re-establishes molecular integrity while saving the exact genetic 

sequence and information by using the sister chromatid as template to copy. On the contrary, 

NHEJ repair is not necessarily faithful to the genetic sequence, thus genetic information might 

be lost or altered, even if molecular integrity is successfully restored (reviewed in Mladenov 

et al., 2016). In the S phase of cell cycle, the sister chromatid is physically close to the damaged 

one, thereby HR can occur. On the contrary, outside S/G2 phase, the NHEJ is the preferred 

option (Lieber 2011). In cells, there is a pathway choice between NHEJ and HR, even if side 
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pathways such as Alternative End Joining (A-EJ) are also important for damage repair (Figure 

8) (Scully et al. 2019).  

1.4.2.1 HR  repair 

HR repair starts with MRN, CtIP and BRCA1 recruitment to the damage site, end resection 

mediated by MRN complex and by nucleases together with the action of the BLM helicase 

(Mladenov et al. 2016; Yun and Hiom 2009). The 3’ overhang, formed by end resection is then 

bound by ssDNA binding protein RPA. RPA-coated ssDNA becomes a substrate for the 

recruitment of the key recombinase in higher eukaryotes RAD51 (Liu et al., 2014; Mladenov 

et al., 2016). In the pre-synaptic phase of HR, ssDNA bound to RAD51 constitutes the pre-

synaptic filament that is stretched and the search for the homologous filament may take place. 

Then, during the synaptic phase, RAD51 facilitates the establishment of a physical contact 

between the invading strand and the duplex DNA template, forming a D-loop structure of 

heteroduplex DNA. In the post-synaptic phase, RAD51 finally dissociates from the DNA 

filament, thus let the 3’OH overhang free to constitute a primer for DNA synthesis (Krejci et 

al. 2012). BRCA2 facilitates the loading of RAD51 on ssDNA by competing with RPA (Liu et al., 

2014). HR repair can be executed by three different pathways: the first leading to cross-over 

(in meiotic cells); the second leading to a conservative and non-error prone repair, consisting 

in strand displacement and strand annealing (SDSA); the third one, occurring when SDSA fails, 

leads to error-prone repair. The latter, usually occurs after replication fork collapse, and 

consists in extending the migrating bubble and generating long tracts of ssDNA, which is highly 

mutagenic (Mladenov et al. 2016; Scully et al. 2019). 
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1.4.2.2 NHEJ repair 

Of the two NHEJ low fidelity pathways, which are responsible for the majority of DSBs repair 

in human cells, the classical or canonical NHEJ (c-NHEJ) is the prevalent one (Iliakis et al. 2015). 

In fact, this pathway can operate throughout the whole cell cycle, since it does not require the 

presence of homologous sequences, unlike the HR. In a simplistic view, this pathway consists 

in the ligation of two broken ends through an error-prone mechanism, and can thus contribute 

to the origin of deletions or insertions (Liu et al., 2014). The pathway favours small sequence 

alterations at the break site and can also be responsible for chromosomal rearrangements (i.e. 

translocations). Word worthy, errors generated by c-NHEJ are at the basis of CRISPR/Cas9 

gene knockout (reviewed in Mladenov et al., 2016). Following the DSB, DNA broken ends are 

bound by Ku heterodimer (Ku70/Ku80) which subsequently recruits DNA-PKcs to the site of 

damage (Aparicio et al. 2014; Iliakis et al. 2015; Lieber 2011; Walker et. al 2001). DNA-PK 

autophosphorylates itself and promotes end tethering and phosphorylation of other NHEJ 

downstream factors, such as Artemis (Deriano and Roth 2013; Graham et al. 2016; Iliakis et al. 

2015). The nuclease Artemis, which is recruited to DSBs by DNA-PK and subsequently 

phosphorylated, is endowed with a 5’→3’ dsDNA nuclease activity and in complex with DNA-

PK mediates the processing of a wide variety of DNA ends, thus enabling the repair pathway 

to proceed towards ligation steps (Goodarzi et al. 2006; Lieber 2011). DNA-PK mediated 

phosphorylation events also trigger the recruitment of X family DNA polymerases at DSBs that 

function in further processing of DNA ends, prior to the ligation. Polλ and Polµ are responsible 

for filling the gaps before break sealing (McElhinny et al. 2005; Mladenov et al. 2016). The final 

step involves the joining of the processed DNA ends by LIG4  that works together with XRCC4 

XLF and PAXX (Ahnesorg et al. 2006; Lieber 2011; Mladenov et al. 2016; Ochi et al. 2015; 
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Weterings and Chen 2008). In the Alternative pathway, the DNA break is processed by DNA 

ends resection by MRN complex and CtIP, prior gap filling and ligation involving Polθ, LIG1/3 

and XRCC1 (Mladenov et al., 2016).  
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Figure 8 DNA damage response pathways Two main pathways ensure that DNA breaks are repaired, 

NHEJ and HR. The first is an error prone pathway, involving gap-filling of the break and ligation of 

DNA ends. The latter is usually an error-free pathway, relying on the sister chromatid to faithfully 

copy DNA at the site of break in a conservative manner. However, this pathway can result in 

crossover during meiosis and in error-prone repair when the classical strend displacement strand 

annealing (SDSA) pathway fails. This mutagenic HR repair is carried out by long tract gene conversion 

(LTGC) or break induced replication (BIR), both relying on the formation of a migration bubble that 

moves way past the break side, generating a mutagenic region of ssDNA. Adapted figure from Scully 

et al., 2019 
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1.4.3 Replication stress and mitotic aberrations 

Insults to DNA integrity or other obstacles such as transcription or R-loops (discussed later) 

can constitute a road block for the ongoing replication fork, causing it to pause, reverse or 

collapse in case the DNA damage is not effectively bypassed by repriming or translesion 

synthesis (Kotsantis et al. 2015; Zeman and Cimprich 2014). Altogether, these problems 

affecting replication are grouped under the general term of replication stress, which can be 

itself a direct cause of increased genomic instability, since it can result in DSBs formation or 

incomplete replication and consequent errors during mitosis (Cortez 2019; Ghosal et al. 2013; 

Kotsantis et al. 2015). To protect genome integrity, many factors are involved in fork 

protection and in mitigating replication stress. For example, under replication stress the 

replication fork structure can be altered and forks are remodelled: the newly synthesised DNA 

strands anneal together and there is the conversion of a typical replication fork (three-way 

junction) into a four-way junction, by the action of chromatin remodelers including SMARCAL1 

among others (Cortez 2019). This is known as fork reversal, resulting in replication slowing 

thus providing enough time to the DNA repair machinery to be recruited and repair the 

damage (Neelsen and Lopes 2015; Qiu et al. 2021). These structures are susceptible to the 

action of nucleases, consequently there are factors that function in protecting and stabilising 

the reversed forks (Qui et al., 2021). Worth to mention, BRCA1 and BRCA2, and RAD51 that 

act separately of their role in HR in regulating fork reversal (Piwko et al. 2016; Quinet et al. 

2017; Scully et al. 2019).   

A consequence of replication fork slow down or collapse is the formation of replication 

intermediates that persist past the S phase, representing a challenge for cells entering into 

mitosis and becoming a primary source of chromosomal instability in daughter cells (Chan and 
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West 2018; Wilhelm et al. 2020). This replication intermediates together with DNA lesions that 

are not completely resolved during S phase can give rise to mitotic errors, which can be 

visualised by the formation of chromatin bridges (anaphase bridges), which are dsDNA and 

therefore DAPI positive, lagging chromosomes, and ultrafine bridges (UFBs, ssDNA) (Chen et 

al., 2018). UFBs are resolved, among others, by the action of BLM helicase and the single 

filament is coated by RPA and failure in solving these structures increases the risk of 

cytokinesis failure or chromosomal mis-segregation or end-to-end chromosome fusions, 

which are types of chromosomal instability (Liu et al. 2014; Chan et al. 2018; Kong et al. 2023). 

Another sign of that cells have not properly repaired any DNA damage before entering mitosis, 

or because of late replication intermediates that lead to DNA damage, is the formation of 

53BP1 bodies, that are large accumulations of 53BP1 usually found in G1 cells (Lukas et al. 

2011). On the other hand, mis-segregating chromosomes or persistent bridges can be 

incorporated in micronuclei, after cell division, giving rise to chromosomal instability (Wilhelm 

et al. 2020). Micronuclei can also form as consequence of a failure in DSBs repair or nucleus 

assembly. This structures are dangerous since they are a source of chromothripsis, a massive 

chromosomal rearrangement, highly frequent in human cancers (Krupina et al. 2021; 

Petropoulos et al. 2019). Conclusively, replication stress and consequent formation of under-

replicated DNA, can give rise to mitotic abberrations such as DNA bridges, chromosomal 

rearrangements, chromosomal instability, 53BP1 bodies and micronuclei formation (Krupina 

et al. 2021; Saxena and Zou 2022).  
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1.4.4 Transcription associated genome instability  

Endogenous sources of DNA damage account for DNA replication and transcription defects, 

among others (Jackson & Bartek, 2009; Gaillard & Aguilera, 2016). Transcription can be 

causative of transcription-associated mutations and transcription-associated recombination 

events. Altogether, these phenomena can be grouped under the general term of transcription-

associated genome instability (Gaillard and Aguilera 2016; Kim and Jinks-Robertson 2012). 

Briefly, the main sources of this genomic instability caused by transcription are the topological 

constraints, supercoiling ahead and behind transcribing Pol II, the formation of DNA-RNA 

hybrids and non B-DNA structures and stalling and pausing of Pol II, that becomes itself an 

obstacle (Gómez-González and Aguilera 2019; Huertas and Aguilera 2003; Saponaro et al. 

2014) (Figure 9). 

 

 

A primary cause of this increased genomic instability is the complex interplay between 

transcription and replication, two cellular process that have to coexist in the nucleus and 

utilize the same DNA as template. For instance, the collision between transcription and 

Figure 9 Transcription associated genome instability is caused by topological constraints, 

non B-DNA structures formation, DNA-RNA hybrid formation and Pol II stalling/pausing.  
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replication machineries, known as transcription-replication collisions, constitutes a main 

source of transcription-associated DNA damage (Gómez-González and Aguilera 2019). 

Consistently, it has been found that actively transcribed genes are more prone to become sites 

of DNA damage, probably due to increased chances of transcription and replication fork 

collisions (Helmrich et al., 2011; Helmrich et al., 2013). Indeed, many factors among which 

topoisomerases I and II  (TOP I-II), function in preventing the infelicitous encounter (Helmrich 

et al. 2013). Additionally, since transcription can continue beyond gene boundaries, 

transcription-replication conflicts are not rare events (Hamperl and Cimprich 2016). Early 

replicating fragile sites (ERFS), the first sites where replication stalls when cells are treated 

with hydroxy urea (HU), are also found in actively transcribed genes and are regions 

particularly subjected to transcription and replication encounters and therefore these regions 

are highly subjected to amplification or deletions (Barlow et al. 2013; Zeman and Cimprich 

2014), indicating the link between this events and genome instability. Additionally, also 

common fragile sites (CFS) which are late replicated and enriched for long transcribed genes, 

are hotspots of breakages and rearrangements when replication is perturbed with low doses 

of aphidicolin (LeTallec et al. 2013; Ma et al. 2012). Replication forks and transcription can 

encounter in a head to head-on (HO) or co-directional (CD) fashion (Figure 10), with HO 

collisions a greater source of genomic alterations (Hamperl et al. 2017; Hamperl and Cimprich 

2016). Subsequent fork reversal could impair proper chromosomal disjunction resulting in 

aneuploidy, while fork collapse could result in DNA breaking and formation of recombinogenic 

3’-ssDNA (García-Muse and Aguilera 2016; Gómez-González and Aguilera 2019). 
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Another source of transcription associated genome instability is constituted by R-loops, 

secondary structures formed when the nascent RNA hybridizes with the DNA template strand 

(Hamperl and Cimprich 2016). R-loops can naturally form during transcription and they can be 

more or less stable according to the DNA sequence and its GC content (Boulianne and 

Feldhahn 2018). Although R-loops are normally generated during transcription and serve 

different biological roles, their accumulation can lead to transcription associated mutagenesis 

and transcription and replication conflicts, and overall increased genomic instability (Skourti-

Stathaki and Proudfoot 2014). 

For instance, R-loops associated ssDNA is highly mutagenic and recombinogenic and the 

resolution of these structures by transcription coupled NER (TC-NER), can result in double 

strand breaks formation (Hamperl and Cimprich 2016; Sollier et al. 2014; Tubbs and 

Figure 10 Replication transcription collisions. Head on TRC (a) can be causative of DNA breaks 

and subsequent transcription-associated recombination. Co-directional TRC (b) are less causative 

of genomic alterations since they can be resolved with Pol II displacement and replication fork 

progression. Adapted figure from García-Muse and Aguilera 2016 
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Nussenzweig 2017). Additionally, R-loops may hinder transcription and increase the chances 

of transcription replication collisions (Figure 11) (Skourti-Stathaki and Proudfoot 2014).   

 

 

 

 

 

 

 

 

The formation of R-loops is kept under control by different means, including nuclease activity 

and resolution of topological stress (Allison and Wang 2019). Another mean of resolving R-

loops is the Fanconi Anemia (FA) pathway, which has been implicated in active repression of 

R-loop formation, while helping in stabilizing and resolving replication fork stalling (Schwab et 

al. 2015). Even if R-loops are considered one of the main sources of transcription associated 

DNA damage (Brickner, Garzon, and Cimprich 2022), they can form also as a consequence of 

DNA breaks occurring during transcription. Therefore, it could be speculated that R-loops are 

both causative and consequence of replication stress (Teloni et al. 2019). Lastly, R-loops have 

been shown to play an important role in DSBs repair (Marnef and Legube 2021). Indeed, Pol II 

can be recruited at DSBs sites, together with some general transcription factors, where it 

generates the formation of DNA:RNA hybrids, which after being processed by the action of 

Figure 11 R-loops as a source of transcription associated genome instability. R-loops can 

result in transcription associated recombination, via the recombinogenic ssDNA, and DNA 

damage. R-loops are also implicated in promoting transcription collision with the 

replication fork. Adapted figure from García-Muse and Aguilera 2016 
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RNaseH enzyme direct the DNA damage repair towards HR (Ohle et al. 2016; Ouyang et al. 

2021). Additionally, the presence of R-loops at DNA damage sites prevents the initiation of a 

next round of transcription, thus ensuring correct DNA repair (Lim et al. 2023; Wang et al. 

2023). Similarly to DNA replication machinery, which can be blocked by DNA modifications 

and lesions encountered on its way, also Pol II can arrest at DNA damage sites. There, it 

activates TC-NER which rescues transcription (Gómez-González and Aguilera 2019). 

Importantly, Pol II can also function as a damage sensor via its active site and can trigger 

different cellular responses including: lesion bypass, transcription slow down, Pol II 

ubiquitylation and/or removal from the fork, recruitment of chromatin remodelers and DDR 

proteins (Borsos et al. 2017; Lee et al. 2002; Nakazawa et al. 2020; Shin et al. 2016; Tufegdžić 

Vidaković et al. 2020; Wang et al., 2023).  

 

1.5 Hypothesis  

During transcription, Pol II subunits engage in protein-protein and protein-DNA/RNA 

interactions with TFs and template DNA and nascent mRNA. Pol II establishes interactions with 

the general TFs during transcription initiation (He et al. 2016; Kornberg 1999; Liu et al. 2013; 

Woychik and Hampsey 2002), the Mediator complex (Chen et al. 2018; Gupta et al. 2016; 

Haberle and Stark 2018; Plaschka et al. 2015; Schier and Taatjes 2020; Soutourina 2018), 

elongation factors (Bernecky et al. 2017; Compe et al. 2019; Ehara et al. 2017; Vos et al. 2018; 

Xu et al. 2017) and with components of co-transcriptional processes such as RNA splicing, 

capping and 3’-end processing (Eick and Geyer 2013; Garg et al. 2023; Genes et al. 2019; Ghosh 

et al. 2011; Harlen and Churchman 2017; Heidemann et al. 2013; Maita and Nakagawa 2020). 

Even if Pol II is always studied as a complex, recently it has become of interest how its subunits 
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could play independent roles in biological processes and can operate outside of the complex 

(Li et al. 2022, 2023). Given the extensive interactions that Pol II establishes during 

transcription and that the subunits are the interacting platform with TFs and transcription 

activators/repressor, we hypothesised that the higher levels of Pol II subunits could interfere 

with transcription and co-transcriptional processes, with the overexpressed subunits 

functioning as a sponge scavenging away TFs from transcribing Pol II. It is also conceivable that 

this is relevant not only for RNA Pol II transcription, but also for RNA Pol I and Pol III 

transcription. This because some subunits are shared between the three complexes, and 

because of RNA Pol II contributions to the transcription of the other RNA Polymerases 

(Abraham et al. 2020; Gerber et al. 2020). We believe therefore, that the study of single 

subunits should be further explored to determine their specific contribution to the 

transcription stages and the interchange of TFs, particularly relevant due to their possible 

valuable role as therapeutic targets or new biomarkers for high-risk patients in a wide variety 

of tumours.   

 

1.6 Aims 

In this work, we aim to describe how the up regulation of the four largest Pol II subunits 

POLR2A-B-C-D impacts on cancer patients, looking at survival and features of genomic 

instability (copy number alterations and mutations counts). We then aim to generate cell line 

models which enable us to characterize Pol II subunits overexpression, each at a time. Firstly, 

we want to verify if the overexpression of the single subunits induces more DNA damage, a 

potentially expected outcome of deregulated transcription, and where the DNA damage 

occurs. We then want to assess the impact of the overexpressions on transcribing RNA Pol II 
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and how they impact overall on transcription. Finally, once identified the transcription 

deregulations arising upon subunits overexpression, we want to decipher the mechanisms 

responsible of these alterations in order to identify specific defects we can target with 

commercial inhibitors.  
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2 Materials and Methods  

REAGENT or 

RESOURCE              

SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal anti-

Phospho-Histone 

H2A.X (Ser139) 

Abcam Cat#ab2893 

Rabbit monoclonal 

anti-53BP1 

Abcam Cat#PA1-16565 
 

Mouse monoclonal 

anti R-loops 

The Francis Crick Institute 

Core Facility 

S9.6 

Rabbit polyclonal anti-

Histone H2A.X 

Merck-Millipore Cat#07-627 

Mouse monoclonal 

anti-Tubulin 

The Francis Crick Institute 

Core Facility 

Tat-1 

Mouse monoclonal 

anti-Ser5-RPB1 

The Francis Crick Institute 

Core Facility 

4H8 

Mouse monoclonal 

anti-U1 snRNP  

Santa Cruz Biotechnoloy Cat#sc-390988 

Mouse monoclonal 

anti-XRN2 

Santa Cruz Biotechnoloy Cat#sc-365258 
 

Mouse monoclonal 

anti-SPT5 

Santa Cruz Biotechnoloy Cat#sc-133217 
 

Mouse monoclonal 

anti-RAD51 

Santa Cruz Biotechnoloy Cat#sc-398587 

 

Rabbit polyclonal anti-

Ser2-RPB1 

Abcam Cat#ab26721 

Rabbit monoclonal 

anti-BRD4 

Abcam Cat#ab128874 
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Goat anti-rabbit IgG 

(HRP) 

Thermofisher Scientific Cat#31460 

 

Goat anti-mouse IgG 

(HRP) 

Thermofisher Scientific Cat#31430 
 

Alexa Fluor594-

conjugated Goat Anti-

Rabbit IgG (H+L) 

Thermo Fisher Scientific Cat#A- 11012 

 

Alexa Fluor488-

conjugated Goat Anti-

Rabbit IgG (H+L) 

Thermo Fisher Scientific Cat#A-11070 

Alexa Fluor488-

conjugated Goat Anti-

Mouse IgG (H+L) 

Thermo Fisher Scientific Cat#A- 11001 

 

Vybrant DyeCycle 

Violet stain 

Thermo Fisher Scientific Cat#V35003 

 

Reagents 

Zeocin Thermo Fisher Scientific Cat#R25001 

Hygromicin Thermo Fisher Scientific Cat#J60681.MC 

Doxycycline Sigma-Aldrich Cat#D9891 

Geneticin/G418 Sigma-Aldrich Cat#G8168 

EU Sigma-Aldrich Cat#900584 

4SU Glentham LifeSciences Cat#GN6085 

DMF Sigma-Aldrich Cat#D4551 

MTSEA biotin-XX 

linker  

Biotium Cat#BT90066 

Dynabeads Protein A Thermo Fisher Scientific Cat#10002D 

FuGENE  HD Promega Cat#E2311 

JQ1 Sigma-Aldrich Cat#1268524-69-1 

THZ1 MedChemExpress Cat#HY-80013 

Commercial assay kits and equipment 
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DNA Clean & 

Concentrator-5 

Thermo Fisher Scientific Cat#10002D 

RNeasy Mini Kit Qiagen Cat#74104 
 

RNeasy MinElute 

Cleanup Kit  

Qiagen Cat#74204 

Qubit dsDNA HS Assay 

Kit 

Zymo Research Cat#D4013 

Qubit RNA HS Assay 

Kit 

Qiagen Cat#Q32852 

MaXtract high-density 

phase lock gel tube 

1.5mL/2mL 

Qiagen Cat#129046/129056 

uMACS streptavidin 

kit 

Miltenyi Cat#130-133-282 

Hybond-N membrane  GE Healthcare Cat#RPN203N 

Ulta II DNA Library 

prep Kit for Illumina 

NEBNext Cat#E7645S 

 

Ultra RNA Library prep 

kit for Illumina 

NEBNext Cat#E7770 

Multiplex Oligos for 

Illumina (96 Unique 

Dual Index Primer 

Pairs) 

NEBNext Cat#E6440S 

Cell lines 

HeLa T-REx  ThermoFisher Cat#R71407 

Oligonucleotides 

See table for Real 

Time-PCR primer list 

IDT 
 

Software and algorithms 

EaSeq Lerdrup et al., 2016 https://easeq.net 
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Bowtie 2 Langmead and Salzberg, 

2012 

http://bowtie-

bio.sourceforge.net/bowtie2/index.sh

tml 

SAMtools Li et al., 2009 http://www.htslib.org 

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR 

featureCounts Liao et al., 2014 https://www.rdocumentation.org/pac

kages/Rsubread/versions/1.22.2/topic

s/featureCounts 

Galaxy Afgan et al., 2018 https://usegalaxy.org 

c-BioPortal  http://cbioportal.org 

IntOGen  www.intogen.org 

Bedtools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/la

test/ 

IGV Robinson et al., 2011 https://software.broadinstitute.org/so

ftware/igv/ 

CellProfiler Carpenter et al., 2006 Version 4.0.3 

GraphPad Prism www.graphpad.com Version 7 

Excel Microsoft Version 16.35 

 

2.1 Analysis of publicly available datasets 

2.1.1 c-BioPortal 

For the analysis of POLR2A/D deregulations we used the cBio Cancer Genomics Portal 

(cBioPortal, http://cbioportal.org).  

To obtain the oncoprint of the genes of interest, we queried by selecting “Query by gene” 

function, for POLR2A/D in Breast Invasive Carcinoma (TCGA, Firehose Legacy), Acute Myeloid 

Leukemia (TCGA, Firehose Legacy), Brain Lower Grade Glioma (TCGA, Firehose Legacy), Head 

and Neck Squamous Cell Carcinoma (TCGA, Firehose Legacy), Skin Coutaneous Melanoma 
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(TCGA, PanCancer Atlas) and Liver Hepatocellular Carcinoma (TCGA, Firehose Legacy). Then, 

we selected for “mutations”, “Putative copy-number alterations from GISTIC”, “mRNA 

expression z-Scores – relative to all samples (where possible) or relative to diploid samples” 

with a z-Score threshold of ±2.0 as suggested by default.  

To specifically select for patients with High or Low mRNA expression of at least one gene 

among POLR2A/D we used the Onco Query Language (OQL) “datatypes: exp>2, amp” or 

“datatypes: exp<-2, del”, respectively. From the “download” page we downloaded the list of 

patients obtained and imported it in an Excel file, where altered patients “altered=1” were 

selected. We obtained two sub-lists of patients for each of the six tumour types taken in 

consideration: one for patients that have at least one gene among POLR2A/D with high mRNA 

expression (referred to as “High” or “PolUP” group of patients) and one for patients with low 

mRNA expression for the same genes (referred to as “Low”). The “High” and “Low” groups of 

patients were identified in the complete list of patients downloaded from the “explore 

selected study” page on c-BioPortal and imported in Excel. Similarly, by selecting the 

“unaltered” patients, we also obtained the “Non High” sub-list of patients, containing all those 

patients where neither one of the four subunits was overexpressed. This allowed us to retrieve 

information for “overall survival in months” and “overall survival status”, “Fraction Genome 

Altered” and “Mutation Count” in both “altered” and “unaltered” patients. MKI67, PCNA and 

MCM2-7 gene expression levels comparison between “altered” and “unaltered” groups of 

patients was performed on cBioPortal, through the command “comparison – mRNA”.  

2.1.2 IntOgen 

The list of the most deregulated cancer driver genes was obtained from the IntOGen website 

(www.intogen.org), a platform that identifies cancer driver genes across different tumours, 
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collecting information available from large data-sets of tumour somatic mutations (Gonzalez-

Perez et al. 2013). Similarly, we then restricted this analysis to the six tumours analysed for 

POLR2A/D upregulation, and retrieved the list of the mutated oncogenes in each cancer study 

from the TCGA dataset (i.e. “cohort”).  

 

2.2 Cell culture 

All cell lines were cultured in T75 Flasks (Corning) in complete DMEM: Dulbecco’s Modified 

Eagle’s Medium - high glucose (Sigma), supplemented with 0.01 % Pen/Strep (Gibco) 0.01 % 

Glutamine (Gibco) and 10 % Tet-free Foetal bovine serum (Gibco) (FBS) or Tet-free FBS 

(TakaraBio), under selection of 5 µg/mL Blasticidin (ThermoFisher) and the appropriate 

selection marker in a humidified incubator at 37°C and a CO2 level of 5 %. For maintaining of 

cells in culture, cells were washed using pre-warmed (37°C) 1X Phosphate buffered saline 

(PBS, Gibco), trypsinised with 0.25 % Trypsin-EDTA (Gibco) and incubated for 3 minutes. Once 

detached, cells were diluted in additional volume of warm (37°C) complete DMEM and 

passaged to a new T75 to a final volume of 15 mL. Cells were usually passaged at around 80 % 

confluence. 

2.2.1 Transfection and generation of stable clones 

The host cell line HeLa T-REx (ThermoFisher) was transfected with the Invitrogen Flp-In target 

site vector, pFRT/lacZeo (ThermoFisher), to introduce an integrated FRT site and generate the 

host cell line HeLa T-REx Flp-in. Cells were transfected with FuGENE HD Transfection Reagent 

(Promega) according to manufacturer instructions. Briefly, cells were seeded in 6-well plates 

(Corning) at 60-70 % confluence and transfected with a mix containing Opti-MEM reduced 

serum medium (Gibco) media, 2 µg of DNA and FuGENE HD in a 1:3 ratio (DNA:Transfection 
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reagent). 24 h after transfection, cells were seeded in 10cm dishes (Corning) and culture media 

was supplemented with 5 µg/mL Blasticidin (ThermoFisher) and 100 µg/mL Zeocin 

(Invitrogen). Transfected cells were kept under selection until the formation of colonies. Single 

colonies were picked and moved to a 96-well plate (Corning). Once confluent, cells were 

expanded and finally moved to a T75 Flask (Corning). Cells were frozen in freezing media (10 

% DMSO + 90 % FBS) and stored at -80°C. 

HeLa T-REx were transfectred with pT-Rex-DEST31 plasmids (Source Bioscience) containing 

either Empty vector (EV), POLR2C or POLR2D coding region 6xHis N-terminal tagged. 

Transfection with Lipofectamine 2000 (Invitrogen) was performed according to the 

manufacturer instructions for Plasmid DNA transfection for adherent cells cultured in a 6-well 

plate. Briefly, cells were seeded in 6-well plates (Corning) at 60-70% confluence and 

transfected with 2 µg of DNA and Lipofectamine 2000 in a 1:3 ratio. 24 h after transfection, 

cells were seeded in 10 cm dishes (Corning) and culture media was supplemented with 5 

µg/mL Blasticidin. In the cells transfected with either POLR2C or POLR2D expression plasmid, 

48 h after transfection culture media was supplemented with 250 µg/mL Geneticin (Thermo  

Fisher). Transfected cells were kept under selection and once confluent moved in a T75 

(Corning) flask. After at least two weeks under selection cells were frozen in freezing media 

(10 % DMSO + 90 % FBS) and stored at -80°C.  

HeLa T-REx Flp-In host cell line was co-transfected with pFRT-TO-RPB1-His WT containing 

POLR2A coding region 6-His tag at the C-terminus and a Flp recombinase expression plasmid, 

pOG44 (Thermo Fisher). pFRT-TO-RPB1-His WT CRres si2,4R was a gift from Jesper Svejstrup 

(Addgene plasmid # 139404 ; http://n2t.net/addgene:139404 ; RRID:Addgene_139404). HeLa 

T-REx Flp-In cells were also co-transfected with EV (empty vector) and pOGG. Transfection was 
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performed according to the manufacturer instructions for FuGENE HD transfection agent as 

previously described. 24 h after transfection culture media was supplemented with 5 µg/mL 

Blasticidin and 48 h after transfection culture media was supplemented 5ug/mL Hygromycin 

(Thermofisher) for the cells transfected with POLR2A expression plasmid. Transfected cells 

were kept under selection until the formation of colonies. Single colonies were picked and 

moved to a 96-well plate (Corning). Once confluent, cells were expanded and finally moved to 

a T75 Flask (Corning). Cells were frozen in freezing media (10 % DMSO + 90 % FBS) and stored 

at -80°C. 

2.2.2 Doxycycline Induction 

To achieve the overexpression of POLR2A/C/D, 5-10 ng/mL Doxycycline (Sigma-Aldrich) was 

supplemented to the culture media, for 48 h. Expression level was assessed with western blot 

and quantitative PCR (qPCR). 

 

2.3 RNA extraction and reverse transcription 

Cells were seeded in 6 well plates at 20 % confluence. After 24 h, cells were induced with 

doxycycline as previously described. 48 h after induction, cells were trypsinised and pellet by 

centrifugation at 1000rpm. The pellet was processed for RNA extraction with RNeasy kit 

(Qiagen) according to manufacturer’s instructions. Specifically, cells were lysed in 350 µL of 

RLT Buffer and RNA was eluted in 40 µL of Nuclease free water (Sigma). 1 µg of RNA was 

reverse transcribed with random hexamers using the SuperScript III reverse transcriptase kit 

(Invitrogen), according to manufacturers’ instructions.  
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2.4 Primer design 

Primers were designed using Primer BLAST (Ye et al. 2012). Primer sequences (Table 1) 

obtained by Primer BLAST were validated using USCS In-Silico PCR (Human Dec. 2013 

(GRCh38/hg38) Assembly).  

 

2.5 Quantitative (Real time) PCR 

96 well PCR plate (Bio-Rad/Applied Biosystems) was loaded with 7.6 μl of Nuclease free water, 

0.4 μL of 10 μM primer mix, 10 μL of SYBR Green super mix (Bioline) and 2 μL of cDNA (1:2.5 

previously diluted) per well, in triplicate for each sample. RPLP0 was used as housekeeping 

reference gene. The fold change (FC) of expression level of POLR2A-C-D induced (dox) vs 

uninduced (control) was obtained by calculating the ratio of LOG2(dCt (Ct sample induced – 

Ct housekeeping)) and LOG2(dCt (Ct sample uninduced – Ct housekeeping)).  

 

2.6 Nucleic Acid Gel Electrophoresis 

Agarose (Thermofisher) was dissolved to 1 % (W/V) in Ultra Pure Tris borate-EDTA (TBE) Buffer 

1X (Thermo Fischer Scientific). The solution was then microwaved until the agarose powder 

was dissolved and left to cool down for few minutes on the bench before adding SYBR Safe 

Table 1 Primers list for RT-PCR designed with PrimerBLAST (Ye et al. 2012) 
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gel stain 10000X (Thermofisher). The gel was then poured into the tray. Samples for were 

prepared by adding 6X SDS-Purple dye (NEB) prior loading. The gel was then run at 90V until 

DNA bands in the DNA ladder (NEB) were separated and imaged at the Chemidoc (Bio-Rad).  

 

2.7 Protein extraction and cell fractionation  

Cells were cultured in T75 as previously described and either doxycycline induced or non-

induced for 48 h. Cells were then trypsinised and the pellet was washed twice in PBS.  

For whole cell extract (WCE) the pellet was lysed in 250 µL of RIPA Buffer (10mM Tris-HCl, pH 

8.0, 1mM EDTA, 0.5mM EGTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, 150mM 

NaCl) supplemented with protease inhibitors (Thermofisher) on ICE for 20’. The WCE was then 

sonicated using the Bioruptor (Diagenode) on high for 10’, 30” on 30” off at 4°C. Sample was 

then cleared by centrifugation at 4°C at 10000 rpm for 10’. Samples were quantified using the 

Bradford method. Briefly, 1 µL of sample was diluted in 1 mL of Bradford dye (Bio-Rad) in a 

cuvette and absorbance was read at  nm using a spectrophotometer. The absorbance was 

then plotted against a standard curve built using increasing concentrations of bovine serum 

albumin (BSA) to obtain the sample concentration. Between 10 and 30 µg of proteins were 

used for loading the SDS-PAGE gel. For running the gel samples were prepared by adding 2X 

SDS Laemmli Buffer (BioRad), supplemented with β-mercaptoethanol (BME), and boiled 

before loading at 95°C for 5’.  

For cell fractionation cells were lysed in 200 µL of Cytosolic Buffer (0.15 % NP40 Alt (V/V), 10 

mM TRIS pH 7.0, 150 mM NaCl) for 5’ on ice, using a P1000 with cut tip. The lysate was then 

layered on 500 µL of Sucrose Buffer (10 mM TRIS pH 7.0, 150 mM NaCl, 25 % Sucrose) and 

centrifuged at 16000xg for 10’ at 4°C. The supernatant was collected as fraction 1 
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(cytoplasmatic fraction). Nuclei were washed twice with 800 µL of Wash Buffer  (1 mM EDTA, 

0.1 % (V/V) triton in PBS), each time spin down at 1150xg for 1’ at 4°C. Then, nuclei were 

resuspended in 200 µL of Glycerol Buffer (20 mM TRIS pH 8.0, 75 mM NaCl, 0.5 mM EDTA, 50 

% glycerol (V/V), 0.85 mM DTT) and then lysed in 200 µL of Nuclear Lysis Buffer (1 % NP40 Alt 

(V/V), 20 mM HEPES pH 7.5, 300 mM NaCl, 1 M Urea, 0.2 mM EDTA, 1 mM DTT) vortexing on 

high 5 seconds and then on ice for 5’. Lysate was centrifuged at 18500xg 2’ at 4°C and 

supernatant was collected as fraction 2 (nuclear fraction). Pellet was washed once in PBS and 

then resuspended in 100 µL PBS supplemented with 1.5 mM MgCl2 and 1 µL of Benzonase 

(5KU; Sigma) and left 1 h at room temperature (RT) or until digested on ice. Digested material 

was collected as fraction 3 (Chromatin fraction) after a brief spin. Then fractions were stored 

at -20°C and analysed by western blot. All buffers are supplemented with 1 % protease and 

phosphatase inhibitors, freshly added. 

 

2.8 Western blot  

SDS-PAGE Gels were prepared at either 8 % or 12 % (Acrylamide : Bis-acrylamide) using 30 % 

Acrylamide (Bio-Rad) for the separating gel and 4 % for the stacking gel. Gels were run 

between 90 and 140 V in Running Buffer (Tris Base, Glycine, 20% SDS) until the separation of 

desired molecular weight was obtained. Gels were then transferred using Transfer Buffer 

(Running Buffer, 20% Methanol) for 1 h and 30’ on Nitrocellulose membrane (BioRad). The 

membrane was then blocked in 5 % milk ((W/V) in TBS (Tris, NaCl) Tween 0.1 % (V/V) (TBST) 

for 1 h at RT and incubated with the desired antibodies, diluted 1:1000, in 1 % milk in TBST 

overnight at 4°C. Membranes were then washed three times for 5’ each in TBST and incubated 

with HRP conjugated secondary antibody in 1 % Milk in TBST for 1 h at RT. Before developing, 
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membranes where again washed three times in TBST. Membranes were incubated for 2’ at RT 

in the dark with ECL (BioRad) and then visualized using the Chemidoc (Bio-Rad) or by using 

films (Amersham) in the dark room. Images and bands were then quantified with ImageJ. 

 

2.9 Immunofluorescences and image processing 

2.9.1 Immunostaining 

Cells were seeded on poly-lysine coated slides in 6-well plates, at 20 % confluence and after 

24 h were induced with doxycycline for 48 h. After one wash with PBS, cells were fixed and 

permeabilized for 20 min in PTEMF buffer (20 mM PIPES pH 6.8, 10 mM EGTA, 0.2 % Triton X-

100 (V/V), 1 mM MgCl2, 4 % formaldehyde (V/V)) at RT and then washed again in PBS for three 

times, 5’ each. Fixed samples were stored at 4°C until staining.  

Before antibody staining, cells were blocked for 1 h at room temperature with 10 % FBS/PBS 

(V/V; Sigma Aldrich). Cells were washed in PBS and incubated with 1:500 diluted rabbit anti-

53BP1 (Abcam), 1:1000 rabbit anti-Phospho-Histone H2A.X(Ser139) (Abcam), 1:100 mouse 

anti-R-loops S9.6 and anti-Rad51 (The Francis Crick Institute, SantaCruz) in 1% FBS/PBS for 1 h 

at RT or at 4°C overnight. Cells were then incubated with 1:1000 diluted Alexa Fluor488-

conjugated goat anti-rabbit antibody or Alexa Fluor594-conjugated goat anti-rabbit or Alexa 

Fluor488-conjugated goat anti-mouse (Thermo Fisher Scientific) in 1 % FBS/PBS for 1 h at RT. 

After being washed in PBS as previously described, coverslips were mounted on slides with a 

drop of mounting medium with DAPI (GeneTex).  

2.9.2 EU pulse labelling and Click-iT reaction 

Cells were grown in the same conditions as for the “immunostaining”, but were pulsed with 

50 µM ethynyl-uridine (Thermofisher) (EU) for 1 h to label nascent RNA before being fixed and 
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permeabilized in PTEMF buffer. Fixed cells were then processed according to the Click-iT RNA 

Alexa Fluor 594 Imaging Kit (Invitrogen) manufacturer’s instructions for cells, before 

proceeding to either DAPI mounting or primary antibody staining. 

2.9.3 Image acquisition 

All images were acquired with Nikon Eclipse E600 microscope. 53BP1 foci images were 

acquired with 40X objective, EU click-iT,  γH2AX, Rad51 foci and R-loop images with 60X oil 

objective. For each sample a number > 100 nuclei were counted. For a complete set of 

samples, the same exposure settings were used.  

2.9.4 Image processing 

53BP1 and γH2AX foci or γH2AX , EU, S9.6 intensity levels were counted/analysed  with 

CellProfiler 4.0.3 (Carpenter et al., 2006). All images were firstly “colored to gray”. Nuclei were 

identified with “identifyAsPrimaryObjects” module (Typical diameter of objects, in pixel units 

(Min,Max):35,130, ‘Discard objects outside the diameter range?:Yes’, ‘Discard objects 

touching the border of the image?:Yes’, ‘Method to distinguish clumped objects:Shape’, 

‘Method to draw dividing lines between clumped objects:Shape’, ‘Size of smoothing filter:10’, 

‘Thresholding method:Otsu’). Nuclei where then used to mask the foci image with 

“MaskImage” module, and then foci where identified with “IdentifyPrimaryObjects” module 

(Typical diameter of objects, in pixel units (Min,Max):3,20 ‘Discard objects outside the 

diameter range?:Yes’, ‘Discard objects touching the border of the image?:No’, ‘Method to 

distinguish clumped objects:Intensity’, ‘Method to draw dividing lines between clumped 

objects:Intensity’, ‘Size of smoothing filter:3’, ‘Thresholding method:Robust Background’). 

Intensity was measured on all gray images and on masked images with 

“MeasureObjectIntensity” module. Finally, each “children” foci was associated to a “parent” 
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nulceus with “RelateObjects” module and results were exported on an Excel sheet with 

“ExportToSpreadSheet” module.  

53BP1 bodies and mitotic errors (anaphase bridges and lagging chromosomes) were counted 

by eye. 

 

2.10 Flourescence activated cell sorting (FACS) – cell cycle analysis 

Cells were  seeded in a 60mm dish (corning), induced or non-induced for 48h, trypsinised and 

fixed in 70% Ethanol (V/V) and stored at 4°C. Cells were washed twice with PBS at RT, 

resuspended in 500 µL of PBS with vybrant dye cycle (Thermofisher) according to 

manufacturers’ instructions and incubated O/N in dark. Cells were analysed with Beckman 

Coulter CytoFLEX S. Cells profiles were obtained with CytExptert Software for CytoFLEX. 

 

2.11 Crystal violet staining assay 

Cells were induced or non-induced for 48 h, counted and 1000 cells were seeded in 96 well 

plate in 50 µL of DMEM. Each condition was seeded in quadruplicate. After 24 h, cells were 

treated with either DMSO, JQ1 500nM, THZ1 1uM, with a top up of media of 50 µL. After 24 h 

the first plate was washed twice with PBS and stained with 4 % crystal violet (V/V; Sigma 

Aldrich) in 20 % Methanol (V/V) for at least 30’. Then, plate was washed until all the excess 

staining was removed and left to air dry. A plate was stained every day for a total of up to 7 

days (up to when the untreated uninduced control was confluent). Every 2 days media was 

replaced to the remaining plates with DMEM +/- Doxycycline supplemented with either DMSO 

or inhibitors. 50 µL of 10 % (v/v) acetic acid glacial were used to dissolve crystal violet and 
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absorbance was read at 595nm with a plate reader (EnSpire multimode plate reader, 

PerkinElmer). 

 

2.12 Chromatin immuno-precipitation 

For chromatin immune-precipitation (ChIP) cells were seeded in 150 mm dishes (Corning) at 

20 % confluence and induced with Doxycycline. For 6 ChIP reactions, two 150 mm dishes per 

conditions were used. After 48 h, cells were trypsinised and collected in culture media in a 50 

mL tube. Then, cells were crosslinked with 1% formaldehyde final concentration for 10’ on 

rotation. Crosslinking was quenched by adding glycine to 125 mM final concentration for 5’ 

on rotation. Cells where then pelleted by centrifugation at 1000 rpm for 5’ with cell pellet 

washed twice in cold PBS and transferred to a 2 mL centrifuge tube. The cell pellet was lysed 

in 1.5 mL of Cell lysis Buffer (5 mM HEPES pH 8, 85 mM KCl, 0.5% NP40 Alt (V/V)) on ice for 5’. 

Nuclei were pelleted by centrifugation at 3900g for 5’ at 4 °C. Nuclei were lysed in 1.5 mL 

Nuclear Lysis Buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1 % SDS (V/V)) for 5’ on ice. 

Prior to sonication, samples were divided into 300 µL aliquots and nuclear lysates were 

sheared by sonication using a tip sonicator set at 30 % Amp, 15 s ON, 25 s OFF, for 8 cycles. 

Samples were kept on ice between cycles of 2, or alternatively sonicated on a cooling rack. 

DNA size was measured on a 1% Agarose gel and samples were deemed sonicated 

appropriately when there was a mean smear visible between 200 and 600 bp. Sonicated 

chromatin was cleared by centrifugation at 20,000 g for 10’ at 4 °C. Cleared chromatin was 

stored at -80 °C until immunoprecipitation.  

For the immune-precipitation (IP) reaction, 15 µL of Protein A Dynabeads (Invitrogen) were 

washed twice with 5% BSA in PBS (W/V, Thermofisher) and incubated for 1 h at RT with 1ug 



 79 

of the corresponding antibody: rabbit anti-Phospho-Histone H2A.X(Ser139) (Abcam); rabbit 

anti-Phospho-Histone H2A.X (Merck-Millipore); mouse anti Ser5-RPB1 (4H8) (Cell Signalling); 

mouse anti NTD-RPB1 (Cell Signalling); rabbit anti Ser2-RPB1 (Abcam). Before the IP reaction, 

the beads were washed in BSA/PBS and for each reaction  150 µL of sheared chromatin were 

diluted 1:5 with dilution buffer (16.7 mM Tris-HCl pH 8.0, 1.2 mM EDTA pH 8.0, 0.01 % SDS, 

1.1 % triton (V/V), 167 mM NaCl) and incubated overnight at 4 °C with the prepared beads. 10 

% chromatin was kept aside as the 10 % input. Up to this point, all buffers were supplemented 

with 1 % protease inhibitors. 

After overnight incubations beads were washed twice subsequentially in ChIP low salt buffer 

(0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), ChIP high 

salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl), 

ChIP LiCl buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 1 % NP40, 1 % (W/V) deoxycholic acid 

and 1 mM EDTA) and once in TE buffer (Tris 10mM, EDTA 1mM). Beads were centrifuged at 

1000g for 3’ to remove the last wash and centrifuged again at 16000g for 1’ to carefully 

remove all the remaining supernatant. DNA was eluted in 40 µL of Elution Buffer (50mM Tris-

HCl pH 8.0, 10 mM EDTA pH 8.0, 1 % SDS (V/V)) by carefully resuspending the beads by 

pipetting at least 10 times, at 65°C for 10’.  

Eluted DNA was incubated at 65°C overnight for de-crosslinking together with the 10 % input 

DNA. Followingly, samples were diluted in TE buffer to dilute the SDS concentration in the 

elution buffer to 100 µL final volume and treated with 1 µL of 20 mg/mL RNAse A (Applichem) 

for 1 h and 3 µL of Proteinase K (Qiagen) for 2 h at 40°C. Finally, DNA was purified by PCR Mini 

Elute purification Kit (Qiagen) according to manufacturer’s instructions and eluted in 10 µL 

Nuclease Free water. 2 µL of the purified DNA were used for quantification with Qubit dsDNA 
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HS Assay Kit (Thermo Fisher Scientific) using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific) 

according to manufacturer’s instructions and 2 µL were used to test ChIP efficiency by ChIP-

qPCR, with the remaining material used for the library preparation 

2.12.1 ChIP-qPCR 

2 µL of DNA were diluted 1:25 in nuclease free water for single gene analysis by qPCR. The 

input was serially diluted 1:3, 1:9, 1:27 and was used to create a calibration curve. The ChIP 

efficiency was then calculated as % over the input. Primers were designed at the transcription 

start site (TSS) or in the gene body (GB) of housekeeping genes. 

2.12.2 Library Preparation and  Sequencing 

Library preparation was done with the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina 

(NEBNext) according to the manufacturer’s instructions. The libraries were indexed with the 

96  Unique dual index primer pairs (NEBNext).  Indexed libraries were quantified, normalized 

and pooled, and sequenced on Illumina NextSeq system in four lanes on a single end run. 

2.12.3 Bioinformatics analysis  

The library quality was assessed using the FastQC. Reads were aligned to the hg38 genome 

using Bowtie2 v.2.3.4.2 (Langmead and Salzberg 2012) on the online platform Galaxy 

(https://usegalaxy.org; Afgan et al. 2018). BAM files from single lanes were merged using 

SAMtools Merge (Li et al. 2009). Read coverage profiles were generated using the EaSeq v 

1.101, with the function “Average” around 120% relative to the middle of the gene (Lerdrup 

et al. 2016). ChIP-Seq signal levels were obtained using the function “Quantify” in EaSeq, from 

the start to the end of the gene of all annotated transcribed genes, or else as indicated in 

figure legends. The relative level of γH2AX/H2AX was calculated over the gene or the genomic 

region. Single genes snapshots were captured on IGV (Robinson et al. 2011).  
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2.13 TT-chem Seq 

2.13.1 RNA labelling and extraction 

Cells were seeded in 10 cm dishes (Corning) at 20 % confluence and induced with Doxycycline 

after 24 h. 48h after induction cells were processed as described in Gregersen et al. 2020.  

Cells were labeled with 1 mM 4-thiouridine (4SU) (Glentham Life Sciences) for 15’ at 37°C. The 

labelling was stopped by removing the culture media and adding 1 mL of TRIzol (Thermo 

Fisher). Cells were collected into a microcentrifuge tube by scraping the plate with a cell 

scraper. The culture media was removed in the tissue culture while the TRIzol was added 

under the fume hood.  

RNA was then extracted by adding 200 µL of chloroform (Thermo Fisher Scientific) to the 

TRIzol-cell mixture. After adding chloroform tubes were vigorously shaken for 30’’ and 

centrifuged at 12000g for 15’ at 4°C. The aqueous phase was then loaded into a MaXtract high-

density phase lock gel tube (Qiagen) and chloroform/isoamyl alcohol (24:1; Sigma-Aldrich) 

was added. The tubes were shaken and centrifuged at 12000g for 5’ at 4°C to separate the 

organic phase (that will be found below the resin) and the aqueous phase (found above the 

resin). The recovered aqueous phase was transferred to a new centrifuge tube and 

isopropanol was added in a 1:1.1 ratio and the mix was incubated for 20’ at RT. After 

incubation the tube was centrifuged at 12000g for 20’ at 4°C. The so obtained RNA pellet was 

washed in 750 µL of 85 % (V/V) ethanol without resuspending the pellet and centrifuged at 

7500g for 5’ at 4°C. Once all the ethanol was removed the pellet was left to air dry and then it 

was resuspended in 50 µL of nuclease-free water. The RNA concentration was measured at 

the Qubit according to manufacturer’s instructions.  
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2.13.2 Dot blot to assess 4SU incorporation  

2 µg of RNA were diluted in nuclease-free water in a final volume of 247 µL. 3 µL of biotin 

buffer (833 mM Tris-HCl, pH 7.4, and 83.3 mM EDTA) and 50 μL of 0.1 mg/ml MTSEA biotin-

XX linker (MTSEA biotincapcap (2-((6-((6-((biotinoyl)amino)hexanoyl)amino)hex- 

anoyl)amino)ethylmethanethiosulfonate); Biotium) dissolved in DMF (dimethylformamide; 

Sigma-Aldrich) were added and the mix was incubated for 30’ at RT in the dark. Once RNA is 

biotinylated it is purified using phase-lock-gel tubes. Prior to adding the RNA to the tube it was 

mixed with 250 µL of phenol/chloroform/isoamyl alcohol (25:24:1 (vol/vol/vol); Thermo 

Fisher). Then the tube is mixed and centrifuged at 12000g for 5’ at 4°C and the aqueous phase 

containing RNA is transferred into a new centrifuge tube. To precipitate the RNA, 5 M NaCl in 

a 10:1 ratio and isopropanol in a 1:1.1 ratio are added to the aqueous phase and mixing by 

inverting the tubes 3 to 5 times and incubating for 10’ at RT. The RNA is then pelleted by 

centrifugation at 20000g for 20’ at 4°C and washed in 500 µL of 85 % (V/V) ethanol and 

centrifuged again at 20000g for 5’ at 4°C. After the accurate removal of all ethanol the pellet 

is left to air dry and is finally resuspended in 10 µL of nuclease free water. To facilitate the 

loading of the RNA, 0.001% (W/V) bromophenol blue (Sigma-Aldrich) was added to the eluted 

RNA, which was then dropped on a Hybond-N membrane (GE Healthcare) using a dot blot 

apparatus. The membrane was UV-crosslinked at 0.2 J/cm2 (254 nm) in a Stratalinker 

(Stratagene). The membrane was blocked in blocking buffer (10 % (W/V) SDS, 1 mM EDTA in 

1X PBS) for 20’ at RT. After blocking the membrane was incubated in blocking buffer with 1 

mg/mL HRP-conjugated streptavidin diluted 1:50000, for 15’ at RT. After probing, the 

membrane was washed in blocking buffer and twice in washing buffer I (1 % (V/V) SDS in PBS) 

and twice in washing buffer II (0.1 % (V/V) SDS in PBS). Each wash was performed twice for 10’ 
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at RT. The membrane was then incubated with ECL (diluted 1:5 in water) for 2’ in dark and the 

signal was visualized at the Chemidoc (Bio-Rad). To serve as loading control, the membrane 

was then stained in staining buffer (0.5 M sodium acetate and 0.5 % (W/V) methylene blue) 

for 10’ at RT and de-stained with washes in water (repeated as necessary until convenient).   

 

2.13.3 RNA fragmentation 

100 µg or 50 µg of 4SU labeled RNA were mixed with 1 µg or 0.5 µg of S. cerevisiae BY4741 

RNA labeled with 4TU to serve as spike in, in a total volume of 100 µL. 20 µL of 1 M NaOH were 

added to the RNA for 20’ on ice to chemically fragment the RNA. The RNA fragmentation was 

then stopped by adding 80 µL of 1 M Tris pH 6.8 and quickly proceeding to the clean-up 

reaction using the Micro Bio-Gel spin columns, following manufacturer’s instructions. The 

clean-up with the columns was repeated twice per sample to ensure that the RNA solution 

reached a neutral pH and avoid further RNA fragmentation. The RNA was then run on an 

Agilent 2200 Tapestation system as for manufacturer’s instructions for High sensitivity RNA 

screen tape,  in order to confirm that the fragmentation was successful (Figure 12) 
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2.13.4 Biotinylation and streptavidin pull-down 

3 µL of biotin buffer and 50 µL of 0.1 mg/mL MTSEA biotin-XX linker (in DMF) were added to 

the fragmented RNA and the reaction was incubated for 30’ at RT in the dark. Then, the 

biotinylated RNA was purified as described in “2.11.3”. Once biotinylated, the RNA was 

denatured at 65°C for 10’ quickly followed by incubation on ice for 5’. 200 µL of uMACS 

streptavidin MicroBeads (Miltenyi) were added to the RNA and incubated on rotation for 15’ 

at RT. Then, the streptavidin MicroBeads were applied to a uColumn placed on the uMACS 

Figure 12 Fragmentation control by Tapestation analysis. Fragmented RNA samples were run 

on a Tapestation system to assess the correct fragmentation. Loading from lane A1 to lane G1 

= ladder, first replicate samples WT ctl, WT dox, 2C ctl, 2C dox, 2D ctl, 2D ctl, lanes H1-E2 = 

second replicate samples WT ctl, WT dox, 2C ctl, 2C dox, 2D ctl, 2D ctl.  
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magnetic separator and prepared according to the kit’s instructions (Miltenyi). The column 

was then washed with warmed at 55°C pull-down wash buffer (100 mM Tris-HCl, pH 7.4, 10 

mM EDTA, 1 M NaCl and 0.1 % (V/V) Tween 20). The biotinylated RNA was eluted in 100 µL of 

elution buffer (100 mM DTT freshly made in nuclease-free water) at RT. A second elution was 

repeated after 5’ and the two eluted samples were pooled together in a total volume of 200 

µL. The eluted RNA was concentrated using the RNeasy MinElute Cleanup Kit (Qiagen), 

following manufacturer’s instruction but adding 700 µL of RLT buffer and 1050 µL of 100% 

ethanol (for a 200 µL sample). This is important to retain fragments smaller than 200 

nucleotides that otherwise would be discarded in the flow through. Finally, the RNA was 

eluted in 15 µL of nuclease-free water and quantified at the Qubit prior to library preparation.  

2.13.5 Library Preparation and  Sequencing 

Library preparation was done with the NEBNext® Ultra™ II Directional RNA Library Prep Kit for 

Illumina (NEBNext) according to the manufacturer’s instructions. Given the size distribution of 

the RNA, the protocol followed was the one for “degraded samples”. The libraries were 

indexed with the 96 Unique dual index primer pairs (NEBNext). Indexed libraries were 

quantified, normalized and pooled, and sequenced on Illumina NextSeq system in four lanes 

on a single end run. 

2.13.6 Bioinformatics analysis  

The library quality was assessed using the FastQC, on the online platform Galaxy 

(https://usegalaxy.org; Afgan et al., 2018), reads were aligned using STARRNA (Dobin et al. 

2013) to the hg38 genome and to the sacCer3 genome, using existing gene annotation 

information. The Gene annotation files (GTFs) were downloaded from Ensemble release 110  

with reads aligned against each reference genome. The total number of unique mapped reads 
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of the yeast spike in, in the BAM file, was used to calculate a scale factor among different 

samples. For each replicate the WT empty vector control (uninduced) sample was used as 

reference normalizing factor. Strand specific bedgraph files were then created using the SAM 

tools (Li et al. 2009) to split the BAM file in + and – strand and using the advance settings to 

include the scale factor previously calculated. Read coverage profiles were generated using 

the EaSeq v 1.101, with the function “Average” around transcription start sites (TSS) or 

transcription termination sites (TTS) as indicated in the figure legends (Lerdrup et al. 2016). 

TT-Seq levels were obtained using the function “Quantify” in EaSeq, from the start to the end 

of the gene of all annotated transcribed genes, or else as indicated in figure legends.   

 

2.14 Statistics 

Kaplan-Meier (KM) survival curves and box plots were generated using software Prism 

(GraphPad 7). The statistical equivalence between the curves was evaluated with the Log-rank 

test and with the Wilcoxon test while Student t-test was used to compare the two groups. 

Student t test was carried out with Prism (GraphPad 7) or Excel (16.35). P value below 0.05 

was considered statistically significant. 
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3. Results 

3.1 PolUP is associated with patients’ poor survival and increased genome instability 

in cancer patients 

3.1.1 Cancer genomic data analysis 

Genome instability and deregulated transcription are established hallmarks of cancer (Negrini 

et al., 2010; Hanahan & Weinberg, 2011). Indeed, the acquired capabilities of cancer cells 

during tumorigenesis lead eventually to an alteration in gene expression, and many well-

known oncogenes and tumour suppressor genes are transcription factors (Hanahan & 

Weinberg, 2011; Bywater et al., 2013). For this reason RNA Polymerase complexes are 

considered to be valid direct or indirect targets for anticancer therapies (Bywater et al., 2013; 

Ferreira et al., 2020; Pan, 2010; Drygin et al., 2010; Petrie et al., 2019; Bywater et al., 2012; 

Bradner et al., 2017). Interestingly, little is known about specific functions of the RNA 

Polymerase complexes' subunits and in particular of Pol II subunits, both in transcription and 

in other cellular functions. However, recently deregulations and mutations in RNA Pol II 

subunits have been identified in cancer patients as mentioned previously in the introduction 

(Muste Sadurni and Saponaro 2023). Therefore, we wanted to better investigate whether any 

deregulation in Pol II subunits could have a potential role in tumourigenesis and whether 

cancers with deregulation in Pol II subunits shared common features. We focused on the four 

largest subunits of the complex, RPB1-4, encoded by POLR2A/D genes, since they mediate the 

majority of interactions occurring between Pol II and transcription associated complexes 

(Martinez-Rucobo et al., 2015; Plaschka et al., 2015; Ehara et al., 2017; Bernecky et al., 2017). 
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We extended our analysis to the other eight Pol II subunits, but when included to our search 

the phenotypes described in this chapter were lost (see below).  

We exploited the The Cancer Genome Atlas (TCGA) data available in cBioPortal. The portal 

allows the research community to easily access data generated by cancer genomic projects 

such as TCGA, consenting the exploration of cancer genomic datasets and analysis across 

genes. cBioPortal genomic data type include: somatic mutations, DNA copy-number 

alterations (CNAs), mRNA expression level (RNA-Seq data or microarray), microRNA 

expression level, DNA methylation, protein and phosphoprotein abundance (Cerami et al., 

2012; Gao et al., 2014). We firstly assessed what deregulation and mutations affected the four 

major subunits of Pol II in the Breast Invasive Carcinoma (BIC, TCGA Firehose Legacy), being 

this the largest study in number of patients present on the web portal. When exploring this 

study we selected for “mutations”, “putative copy number alterations from GISTIC”, “mRNA 

expression – z-scores relative to diploid samples (log RNA Seq V2 RSEM)”, with a z-score of 2 

as default (Figure 13).  
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For mRNA expression, the z-score is calculated only using patients’ data. The z-score is a 

statistical measurement indicating how a value is related to the mean of a group of values. 

Hence, z-score is measured in terms of standard deviations from the mean. This means that a 

z-score of 0 indicates that the data point’s score is identical to the mean. A z-score of 2 

indicates that a value is two standard deviations from the mean. Z-scores may be positive or 

negative, with a positive value indicating the score is above the mean and a negative score 

indicating it is below the mean. In cBio-portal, the z-score can be calculated according to the 

distribution on either all samples or only diploid samples. According to the web site, in the 

Figure 13 Query in Breast Invasive Carcinoma Screenshot from cBio Portal of the query on the 

selected study of Breast Invasive Carcinoma (TCGA, Firehose)  
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distribution based on all sample, the expression distribution of the gene is estimated by 

calculating the mean and variance of all samples with expression values; if the gene has 

samples whose expression values are all zeros or non-numeric, then its normalized expression 

is reported as NA. In the distribution based on diploid samples, the expression distribution for 

unaltered copies of the gene is estimated by calculating the mean and variance of the 

expression values for samples in which the gene is diploid; if the gene has no diploid samples, 

then its normalized expression is reported as NA.  

Therefore, we obtained the oncoprint for BIC, showing all the deregulations affecting 

POLR2A/D in all the patients (Figure 14A). We observed that POLR2A-D genes are upregulated 

or downregulated in a great number of patients (16%). We then narrowed our search to only 

down (low mRNA expression) or up (high mRNA expression) regulation affecting the genes of 

interest. We observed that for down regulation the altered patients are the 7.3%, while for up 

regulation the 8.6% (Figure 14B). We therefore investigated whether the down or up-

regulation of these subunits could be associated to a specific outcome in patients, in particular 

patients’ overall survival status. For our analysis we compared the altered group of patients 

(i.e. patients with at least one among the four subunits up or down-regulated) with the 

unaltered population (i.e. all other patients). Interestingly, an up or down regulation in at least 

one among the four largest Pol II subunits pooled together resulted in an opposite phenotype. 

Altered patients for higher mRNA expression showed a significant drop in their overall survival, 

whereas patients with a lower mRNA expression showed no significant difference compared 

to the unaltered population (Figure 15) 

 

 



 91 

 

 

 

 

 

Figure 14 Deregulation of Pol II subunits in BIC A) Oncoprint of BIC showing in the panel the 

oncoprint of all deregulations affecting POLR2A-D in Breast Invasive Carcinoma patients (TCGA, 

Firehose Legacy). B) the oncoprint separating patients with upregulation from those with 

downregulation in POLR2A/D in all patients. The settings used are: mRNA expression – Z-score 

relative to all samples (log RNA Seq V2 RSEM), Z-score +/- 2 as default. Source: www.cbioportal.org 

A 

B 
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We then expanded our study to the other cancer types that included mRNA expression data 

from RNA Seq, to assess whether we could observe the same phenotype as in BIC patients.  

We firstly queried for any deregulation affecting each of the four Pol II subunits. Among the 

many datasets analysed, at the time the data were analysed specifically we observed that 

upregulation of the four subunits were showing a prominent correlation with poor cancer 

patients’ outcomes also in other tumour types, among which: Acute Myeloid Leukemia (AML, 

TCGA, Firehose Legacy), Liver Hepatocellular Carcinoma (LHC, TCGA, Firehose Legacy), Head 

and Neck Squamous Cell Carcinoma (HNSCC, TCGA, Firehose Legacy), Brain Lower Grade 

Glioma (BLGG, TCGA, Firehose Legacy) and Skin Cutaneous Melanoma (TCGA, Firehose Legacy) 

Figure 15 Patients overall survival in Breast Invasive Carcinoma Kaplan-Meier survival curves 

showing: Left, overall survival (in months) of Breast Invasive Carcinoma patients with high 

mRNA expression of either POLR2A-D genes (altered group, red) compared to all other 

patients, all non-upregulated patients (unaltered group, black). Right, overall survival (in 

months) of Breast Invasive Carcinoma patients with low mRNA expression of either POLR2A/D 

genes (altered group, blue) compared to all non-downregulated patients (unaltered group, 

blue). Source: www.cbioportal.org 
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(Figure 16). When we analysed the oncoprint of all the deregulations in these tumour types, 

we found that overall more than 15% of patients for all tumour types were presenting an 

upregulation in either one of the Pol II four subunits (Figure 17). 

Figure 16 Kaplan-Meier survival curves in patients that overexpress at least one among POLR2A-D 

subunits (altered, red) and control patients (unaltered, black) in the listed tumour types. Log-Rank 

test p values shown in figure. 
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The oncoprints in the different tumour types were showing that upregulations of two or more 

subunits in the same patient were a rare event. Therefore, we analysed into more details the 

relationship between the expression levels of POLR2A-D across the six tumour types where 

we found a correlation with patients’ survival. To do this we performed a Spearman 

correlation analysis of the transcription levels of each subunit against the other 3 in all the 

cancer patients of the six tumours analysed in this chapter. Interestingly, this analysis showed 

that overall the expression levels of POLR2A-D were not consistently linked to each other, and 

the landscape of the different deregulations suggests that the expression of the four genes 

might be under the control of different factors and independent from each other (Figure 18)  

 

Figure 17 Oncoprint of POLR2A-D deregulations in Acute Myeloid Leukemia (AML), Liver 

hepatocellular carcinoma (HCC), Head and Neck Squamous Cell Carcinoma (HNSCC), Brain 

Lower Grade Glioma (BLGG) and Skin Cutaneous Melanoma (SCM), using for all of them data 

from TCGA Firehose Legacy studies. The settings used for mRNA are: mRNA expression – Z-score 

relative to diploid samples (log RNA Seq V2 RSEM), Z-score +/- 2 as default. Source: 

www.cbioportal.org 
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3.1.1.1 Copy Number Alteration and Mutation Count analysis 

We hypothesised that the upregulation of the four largest subunits of Pol II could undermine 

the smooth course of transcription, directly interfering with transcription regulation and 

resulting in defective transcription. For example, impaired transcription could result in 

increased stalling of Pol II or defective termination, increasing chances of transcription 

replication collision, R-loop formation and consequent replication stress (Hamperl & Cimprich, 

2016; García-Muse & Aguilera, 2016; Gómez-González & Aguilera, 2019). Indeed, one well 

known characteristic of defective transcription is also an increase in genome instability. To 

assess whether patients with high mRNA levels of at least one among the four major subunits 

of Pol II (altered group) showed also increased genome instability, we checked for Copy 

BIC AML HNSCC
2A 2B 2C 2D 2A 2B 2C 2D 2A 2B 2C 2D

2A 1.00 0.24 -0.12 -0.12 -1 2A 1.00 0.09 0.18 0.15 -1 2A 1.00 0.60 0.08 -0.09 -1

2B 0.24 1.00 0.05 0.38 2B 0.09 1.00 0.07 0.46 2B 0.60 1.00 0.07 0.46

2C -0.12 0.05 1.00 0.25 2C 0.18 0.07 1.00 0.45 2C 0.08 0.07 1.00 0.45

2D -0.12 0.38 0.25 1.00 2D 0.15 0.46 0.45 1.00 2D -0.09 0.46 0.45 1.00

HCC SKM BLGG
2A 2B 2C 2D 2A 2B 2C 2D 2A 2B 2C 2D

2A 1.00 0.48 0.11 -0.10 -1 2A 1.00 0.48 0.08 -0.09 -1 2A 1.00 0.36 -0.02 0.43 -1

2B 0.48 1.00 0.08 -0.01 2B 0.48 1.00 0.07 0.46 2B 0.36 1.00 0.03 0.49

2C 0.11 0.08 1.00 -0.11 2C 0.08 0.07 1.00 0.45 2C -0.02 0.03 1.00 -0.07

2D -0.10 -0.01 -0.11 1.00 2D -0.09 0.46 0.45 1.00 2D 0.43 0.49 -0.07 1.00

Figure 18  POLR2A-D subunits expression correlation analysis. Spearman correlation analysis 

of the transcription levels of each of the four largest subunit of Pol II against the other three 

in BIC, AML, HNSCC, HCC, SKM and BLGG, using for all of them RNA-Seq data from TCGA 

Firehose Legacy studies, showing no correlation between the expression levels of the single 

subunits. 
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Number Alterations (CNAs) levels, referred to as Fraction genome altered on cBioPortal, and 

mutation counts, in all six tumour types.  

Interestingly, CNA levels were always significantly higher in the altered group of patients with 

upregulations in any of the Pol II subunits compared to the unaltered control group (Figure 

19). However, when we analysed the mutation count, although apparently following the same 

trend of the CNA levels, only the BIC, AML and BLGG cancer studies showed a significant 

difference between the two patients groups (Figure 20).  
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Figure 19 Copy Number Alterations levels comparison between patients with upregulation of at 

least one among POLR2A-D subunits (High) and control patients (Not High). Statistic is non-

parametric t-test, p-value shown in figure. 
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3.1.1.2 Co-occurrence with the most mutated oncogenes from IntOgen 

Given the results showing how PolUp is associated to poorer survival in patients and to 

increased genome instability, we extended our investigation performing further analysis. In 

particular, we wanted to better characterize whether the phenotypes were indeed primarily 

correlated with the high expression of the major Pol II subunits, and not related to a collateral 

oncogenic event. To do this, first of all we obtained a list of the top ten most mutated cancer 

driver genes from the IntOgen web portal,  a platform that collects information from different 

cancer projects (referred to as cohorts) and identifies all the cancer driver genes across 

different tumours (Gonzalez-Perez et al. 2013) (Table 2).  

 

Figure 20 Mutation count comparison between patients with over-expression of at least one 

among POLR2A-D subunits (High) and control patients (Not High). Statistic is non-parametric t-

test, p-value shown in figure. 
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Therefore, on cBioPortal we firstly identified patients bearing a deregulation in any of the ten 

oncogenes, selecting specifically where possible for activating mutations or loss of function 

ones, according to the oncogenes’ mode of action. This procedure was done specifically in the 

same TCGA cancer studies analysed before: BIC, AML, BLGG, HNSCC, SCM and LHC. First of all, 

we evaluated whether patients with PolUP had an enrichment for any of the ten oncogenes. 

This result showed that PolUp is rarely associated with significantly increased mutations in any 

of the top 10 most mutated oncogenes according to IntOgen, except of TP53 found 

significantly more mutated in all tumours but BLGG (Table 3). 

 

 

Symbol Mutations Samples Samples (%) Cohorts
TP53 8,504 7,695 27.41 165
KRAS 2,378 2,234 7.96 68
PIK3CA 2,453 2,157 7.68 87
BRAF 1,39 1,222 4.35 43
LRP1B 3,871 1,019 3.63 60
KMT2D 2,02 1,01 3.6 65
APC 1,761 994 3.54 28
ARID1A 1,282 954 3.4 70
KMT2C 1,887 924 3.29 69
PTEN 1,143 904 3.22 61

Table 2 Most recurrently mutated cancer driver genes The top 10 most mutated cancer driver 

genes list downloaded from IntOgen, ranked according to Samples. Samples (%) = aggregated 

% of samples in cohorts were the gene was dected as driver. Source: www.intogen.org 
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Next, we aimed to determine whether PolUP was having an impact on the survival of patient 

on top of the impact of the oncogene deregulation alone. For most of the oncogenes taken 

under consideration, there was no significant difference in the survival curves of the two 

distinct groups of patients, indicating that while deregulations in the oncogenes were 

potentially important for the onset of the diseases, they rarely associated with more 

aggressive subtypes (Table 4).  

Table 3 Mutations affecting the top 10 most mutated cancer driver genes according to 

IntOgen (www.intogen.org) in BIC, BLGG, AML, HNSCC, SCM and LHC. X= not significantly 

enriched in PolUp, ✔= significantly enriched in PolUp, pvalue < 0.05.  

 



 101 

 

 

 

We extended this analysis selecting all those patients with high mRNA expression of at least 

one among POLR2A-D, obtaining a list of patients with both a deregulation in the oncogenes 

and subunits high expression. As before, we compared the overall survival of patients carrying 

a deregulation in the oncogene alone with the overall survival of those patients carrying both 

a deregulation in the oncogene and Pol II subunits (Table 5). In agreement with what was 

previously observed, in many cases no significant difference was found, although we had 

instances where there were no Pol II subunits upregulated in the sub-lists of patients (for 

example in BLGG patients carrying a deregulation in PTEN).  

 

 

 

BIC BLGG AML HNSCC SCM LHC
TP53
KRAS
PIK3CA
BRAF
LRP1B
KMT2D
APC
ARID1A
KMT2C
PTEN

Table 4 The top 10 most mutated cancer driver genes according to IntOgen 

(www.intogen.org) impact on patients survival in BIC, BLGG, AML, HNSCC, SCM and LHC. X= 

no significant difference from unaltered patients, ✔= significant difference from unaltered 

patients. Log Rank t-test, p-value <0.05. 
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Importantly however, where we could assess the impact of Pol II subunits upregulation in 

patients in the context of deregulated oncogenes, like in the specific case of deregulations of 

TP53 in BLGG, we observed not only a significant decrease in overall survival (Figure 21A), but 

also an increase in CNA and mutation counts levels (Figure 21B). Strikingly, whenever we 

observed a reduction in survival for the one of the oncogenes identified on IntOgen alone, 

there was either a further significant drop in survival when patients had also an upregulated 

Pol II subunits, or no Pol II subunits upregulation were found in patients (Table 5). 

 

 

BIC BLGG AML HNSCC SCM LHC
TP53
KRAS
PIK3CA
BRAF
LRP1B
KMT2D
APC
ARID1A
KMT2C
PTEN

Table 5 Comparison between survival rates of patients carrying a deregulation in each of the 

top 10 most mutated cancer driver genes according to IntOgen (www.intogen.org) and 

patients carrying both a deregulation in the oncogene and a PolUp phenotype in BIC, BLGG, 

AML, HNSCC, SCM, LHC. X= no significant difference ✔= significant difference, O= no patients 

found. patients Log Rank t-test, p-value <0.05. 
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To exclude that results were affected by the low number of patients in the selected cancer 

studies, and the risk that we were not selecting the most appropriate oncogenic drivers for 

our specific cancer sets, we decided to repeat this analysis with the top 5 most mutated 

oncogenes specific for each tumour type, identified as before using IntOgen website (Table 6). 

As before, we evaluated whether patients with PolUP had an enrichment for any of the 

selected oncogenes. This result showed that PolUp is rarely associated with significantly 
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Figure 21 A) Kaplan-Meier survival curves in p53 deficient BLGG (p53) alone or combined with 

PolUp (p53+polup) vs control patients (CTR). Log-Rank test p values shown in figure. B) Mutation 

count and copy number alteration level in “p53”, “p53+polup” and “CTR” Statistical analysis is 

non-parametric t-test, p-value < 0.001 = ***, p-value > 0.05 = ns 
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increased mutations. However, TP53 is found to be significantly more mutated in all tumours 

but BLGG (Table 7). 
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Symbol Mutations Samples Samples (%)
BIC PIK3CA 359 327 33.61

TP53 294 287 29.5
CDH1 72 94 9.66
GATA3 22 94 9.66
KMT2C 86 79 8.12

AML DNMT3A 13 10 7.14
NPM1 1 9 6.43
RUNX1 7 9 6.43
TP53 11 8 5.71
IDH2 8 8 5.71

BLGG IDH1 395 395 77.6
TP53 292 236 46.37
ATRX 133 137 26.92
CIC 82 88 17.29
PIK3CA 35 35 6.88

HNSCC TP53 380 313 62.35
FAT1 115 110 21.91
LRP1B 123 94 18.73
PIK3CA 88 86 17.13
NOTCH1 93 83 16.53

SCM BRAF 269 220 47.21
FAT3 191 129 27.68
NRAS 124 117 25.11
PTPRB 118 91 19.53
TRRAP 79 61 13.09

LHC TP53 98 93 25.83
CTNNB1 97 92 25.56
ARID1A 23 28 7.78
KMT2D 23 20 5.56
AXIN1 21 19 5.28

Table 6 The top 5 most mutated cancer driver genes list downloaded from IntOgen, 

ranked according to Samples (%), after selecting for the specific TCGA study of the 

cancer study of interest (BIC, AML, BLGG; HNSCC, SCM, LHC) 
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We Again, we firstly evaluated the impact on patients’ survival rate when a deregulation in 

each of the oncogenes was present (Table 8). Secondly, we checked for differences in patients’ 

survival status between the group of patients bearing the deregulated oncogene alone, and 

the group of patients bearing both the deregulated oncogene and Pol II subunits up-regulation 

(Table 9). 

 

  

Table 7 Mutations affecting the top 10 most mutated cancer driver genes according to 

IntOgen (www.intogen.org) in BIC, BLGG, AML, HNSCC, SCM and LHC. X= not significantly 

enriched in PolUp, ✔= significantly enriched in PolUp, pvalue < 0.05. 
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Table 8 Comparison between survival rates of patients carrying a deregulation in each of the top 

5 most mutated cancer driver genes according to IntOgen (www.intogen.org) and control patients 

in BIC, BLGG, AML, HNSCC, SCM, LHC. X= no significant difference ✔= significant difference,. 

patients Log Rank t-test, p-value <0.05. 

 

Table 9  Comparison between survival rates of patients carrying a deregulation in each of the top 5 

most mutated cancer driver genes according to IntOgen (www.intogen.org) and patients carrying 

both a deregulation in the oncogene and a Pol II subunits upregulation phenotype in BIC, BLGG, 

AML, HNSCC, SCM, LHC. X= no significant difference ✔= significant difference, O= no patients 

found. patients Log Rank t-test, p-value <0.05. 

. 
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In agreement with the previous analysis, it was evident that when there was a significant 

difference between patients’ survival it was associated with the concomitant deregulation of 

the oncogene and the presence of Pol II subunits up-regulation (Figure 22A). We also 

investigated CNAs and mutation counts, which resulted to be higher in PolUp compared to 

patients carrying a mutation in the cancer driver gene alone (Figure 22B).  
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Figure 22 Survival, CAN and Mutation counts in BLGG A) Kaplan-Meier survival curves in IDH1 

deficient BLGG patients (idh1) alone or combined with PolUp (idh1+polup) vs control patients 

(CTR). Log-Rank test p values shown in figure. B) Mutation count and copy number alteration 

level in “p53”, “p53+polup” and “CTR” Statistical analysis is non-parametric t-test, p-value < 

0.001 = ***, p-value > 0.05 = ns 
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3.2 Discussion 

While characterising the role of transcription factors, and their deregulation in diseases, has 

become central to understand transcription regulation, the study of each component of the 

RNA Pol II complex yet remains elusive. Our cancer genomic data is the first step in evaluating 

the impact of the four largest subunits of RNA Pol II, identifying for the first time that they 

share a common negative correlation with cancer patients’ survival and increased genome 

instability across a range of different tumours.  

First of all, we decided to focus on the 4 largest subunits because being the largest, we 

hypothesised that they could be a platform for interactions with transcription factors, perhaps 

also outside and independently of when included in the Pol II complex. Indeed, structural 

studies have shown that TF-Pol II interactions can be mapped to specific regions of Pol II 

subunits (Bernecky et al. 2017; Compe et al. 2019; Ghosh et al. 2011; Hantsche and Cramer 

2017; He et al. 2016; Liu et al. 2018; Nojima et al. 2018). .However, it has to be commented 

on the fact that deregulations of other subunits form the ones investigated in this analysis and 

in this thesis (i.e., POLR2A-D), may have similar phenotypes to the ones we observed. For 

example, this is the case of POLR2E and POLR2K (reviewed in Muste Sadurni and Saponaro 

2023), which show poorer survival in specific tumours (data not shown). In our analysis 

however, we were interested in looking at the impact of Pol II subunits deregulations as an 

ensemble, as this allowed us to have enough patients to expand our analysis to multiple 

tumour types, so that our conclusion would be more robust. Therefore, we focused our 

analysis only on the four largest subunits of the complex because when we expanded this 

analysis including more subunits, the correlation with cancer patients’ survival was lost (data 

not shown). The correlation with patients’ survival (Figure 15; Figure 16) in the BIC study and 
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subsequently confirmed in AML, BLGG, LHC, HNSCC, SCM, suggested that the correlation of 

Pol II subunits upregulation might not be specifically associated with a single tumour type.  

High transcription activity is a common feature of more aggressive tumours (Galbraith et al. 

2019; Zatzman et al. 2022). Therefore, it could have been possible that what we observed was 

just an indirect consequence of the fact that we were selecting patients with high transcription 

activity, rather than because of the specific Pol II single subunit upregulation. We 

hypothesised that if that was the case, we would have observed multiple if not all Pol II 

subunits expression levels correlating together, as an indication that the whole complex might 

be potentially overexpressed. In agreement with our starting hypothesis, the subunits 

expression levels are not significantly correlating, nor consistently upregulated together in all 

tumour types studied (Figure 18). This analysis strengthened our believe that the upregulation 

of the single subunit was on its own correlated with the phenotype observed. Indeed, the fact 

that their up regulation is not concurrent and that there are many cases in which their 

upregulations are mutually exclusive, could indicate that the mechanism(s) driving the 

upregulation events are different among the four subunits, and perhaps specific for each one 

of them for each tumour type.  

We hypothesised therefore that the upregulation of the single subunits could translate in 

defective transcription and consequentially affecting genome integrity, as mentioned before. 

We hypothesised that the overexpressed subunits could interfere with the correct interaction 

and recruitment of TFs and Pol II interactors at transcribing Pol II, thus impeding the smooth 

course of transcription. Indeed, an altered recruitment of specific TFs to transcribing Pol II 

could lead to increased stalling and pausing of Pol II at the transcription start site or defective 

termination (Cui and Denis 2003; Jonkers and Lis 2015; Core et al. 2008; Mayer et al. 2018; 
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Morales et al. 2016). As transcription and DNA replication have been shown to occur together 

on the same DNA template, any transcription defect could increase chances of transcription 

and replication collisions, resulting in replication stress and DNA damage (Hamperl et al. 2017; 

Kotsantis et al. 2016). However, it has also been shown that Pol II is a DNA damage sensor and 

therefore it could also be speculated that defective transcription or impaired Pol II, could fail 

in DNA damage sensing role for subsequent repair (Gómez-González and Aguilera 2019; Shin 

et al. 2016; Wang et al. 2023). Altogether, we thought that if upregulation of Pol II subunits 

could impact on genome instability, this could be potentially observed in patients as well. 

Strikingly, PolUp patients showed significantly increased genome instability, in the form of 

“fraction genome altered” and “mutations counts”. It appears that the phenotypes observed 

in patients were therefore dependent on PolUp. At the same time, we wanted to exclude the 

possibility that PolUp was linked to another oncogenic mutation and/or deregulation, that 

could have been then responsible for the phenotypes observed in patients. Consistent with 

our hypothesis we found no recurrent mutation in the top 10 oncogenes according to intOgen 

across the tumour types analysed, apart from TP53. In the case of BIC we observed 7 

oncogenes to be significantly more mutated in PolUp patients compared to unaltered patients 

(Table 3; Table 7). However, we can’t exclude that this high level of overlap of PolUP with 

other oncogenic deregulations might have been found only in BIC because it has the largest 

cohort of patients of all TCGA studies and/or because of the high recurrence of those 

oncogenic deregulations specifically in BIC. Importantly, however, the phenotypes observed 

in PolUp patients (i.e., reduced survival and increased genomic instability) were confirmed 

even in patients baring a deregulation in drivers’ oncogenes, showing that even in patients 

with mutated oncogenes the addition of Pol II subunits upregulation further decreased 



 112 

patients’ survival and increased genome instability. For example this is the case of TP53 

mutated altered patients in BLGG (Figure 21).  

Altogether, this cancer genomic data analysis shows that poor patients’ survival and increased 

genome instability link strongly to a potential direct consequence of the overexpressed 

subunits as they do not seem to depend on co-occurring deregulations in cancer driver genes, 

indicating that PolUp could constitute a new Bio Marker for high-risk patients. 

The limitation of these analysis lays in the fact that Pol II subunits upregulation was analysed 

as an ensemble, to increase the number of patients and therefore the robustness of the 

analysis. Indeed, while patients survival and genome alteration status were consistent among 

different tumour types, other clinical features such as tumour stage were not included in the 

analysis. Being the expression of the four subunits independent one from another (Figure 18), 

we anticipate that there could be differences between each subunit upregulation. Therefore, 

it would be interesting to confirm the phenotypes observed for single subunits and to expand 

the single subunit analysis to other tumour types as well. However, this analysis would need 

a larger number of patients, and at the time would perhaps only possible in BIC as it has the 

highest numbers of patients overall, however with the limitations and the caveats listed 

earlier. 
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3.2 Overexpression of single subunits induces genome instability 

3.2.1 Establishment of doxycycline inducible cell lines 

In order to investigate the impact and the consequences of the over expression of the single 

RNA Pol II major subunits, we established stable clones expressing either POLR2A, POLR2C or 

POLR2D in a doxycycline inducible system, using HeLa T-REx cells as host (Figure 23).  

This system relies on two fundamental components: the inducible expression plasmid and the 

regulatory vector. The first, contains the genes of interest under the control of CMV promoter 

into which have been inserted two copies of the tet Operator 2 (TetO2) sequence. Each copy 

of TetO2 is bound by two Tet repressor (TetR) molecules (Figure 23B). pcDNA6/TR is instead 

the regulatory vector which expresses the TetR (Figure 23A). The transcription of the genes 

under the control of the inducible promoter is allowed only when tetracycline/doxycycline are  
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provided to cells in culture, since they bind the TetR and abolish its binding to the TetO2 

(Figure 23C) (Kallunki et al. 2019). Doxycycline and tetracycline are interchangeable, however 

we used doxycycline since it is more stable with a half-life double that of tetracycline. 

The first cell line generated was for the overexpression of the POLR2C subunit (referred to as 

POLR2C cell line). We built a dose response curve testing different doxycycline concentrations 

and checking the over expression of the subunit by real time PCR after 48h induction (Figure 

24A). We used decreasing concentrations of doxycycline, in order to identify the lowest 

working concentration to achieve efficient and consistent overexpression. We found that 

5ng/mL of doxycycline were enough to induce the over expression of the POLR2C subunit. 

Therefore, we tested whether the same levels of expression could be achieved inducing with 

doxycycline for only 24h, but it was not the case (Figure 24A). Finally, we confirmed our qPCR 

data by western blot with antibodies against RPB3 (Figure 24B).  

 

Figure 23 Doxycycline inducible expression system in HeLa T-REx: A) the first component of 

the system is the Tet repressor (TetR) B) the second component of the system is the operator 

sequence flanking CMV promoter. When bound by TetR, the operator blocks transcription. C) 

Upon doxycycline addiction, TetR is removed by preferentially binding Doxycycline and 

transcription can initiate. 
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Once we established the conditions for the overexpression of POLR2C, we applied these same 

conditions also to the other cell lines generated (POLR2A and POLR2D cell lines, each for the 

overexpression of the corresponding subunit). As anticipated, we used the same host cell line 

to generate all of our cell lines, therefore it was not surprising that the same concentration of 

5ng/mL doxycycline worked for all of them. We also made sure that the overexpression was 

only observed in our inducible cell lines and that doxycycline on its own was not altering the 

expression levels of any of the three subunits tested in the control empty vector (EV) cell line, 

confirming the correct functioning of the inducible system and excluding any indirect effect of 

doxycycline on the endogenous expression of the subunits (Figure 25A). As before, we 

confirmed the qPCR by western blot (Figure 25B) 

A B 

Figure 24 Fold Change increase after Doxycycline induction: A: qPCR analysis of plasmids 

overexpression in POLR2C cell line. Inducible cell line was treated for 48h with increasing doses 

of doxycycline and for 24h with 5ng/mL doxycycline, N=3. B: Western blot showing the 

overexpression of POLR2C with a-RPB3 antibody and western blot quantification; tubulin 

serves as loading control, N=2. Error bars show standard error mean. 
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A 

B 

Figure 25 Fold Change increase after Doxycycline induction A) qPCR analysis of 

overexpression of POLR2A,2C and 2D in the corresponding cell lines (POLR2A, POLR2C and 

POLR2D) and in the EV cell line after 48h induction with 5ng/mL doxycycline N=3. B) western 

blot in EV, POLR2A and POLR2D cell line after 48h induction with 5ng/mL doxycycline; Tubulin 

serves as loading control. C) Western blot quantification normalized to EV, N=2. Error bars 

show standard error mean. **= p value <0.01, ***= p value <0.001, ****=  p value <0.0001. 

 

C 
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To understand whether our system could be used to recapitulate the phenotypes observed in 

the Pol Up patients, we calculated how much subunits are upregulated in patients compared 

to the average expression level. To do so, we retrieved the mRNA-Seq data from TCGA of BIC, 

AML, BLGG and LHC studies and we calculated the average expression level (average RPKM) 

of POLR2A-D in all patients. We then selected the patients with a z-score > 2 (i.e., patients 

with expression levels of at least 2 standard deviations higher than the average), therefore 

identifying the Pol Up patients. Finally, we calculated the fold change of expression between 

Pol Up patients and the average expression in all other patients. Importantly, we were able to 

show that the overexpression levels achieved in our cell line models, between 2 and 3 FC, 

were comparable to the upregulation in patients (Figure 26).  

 

 

 

Figure 26 Fold Change of upregulation of POLR2A, POLR2C and POLR2D in BIC, AML, BLGG, 

LHC between Pol Up patients and patients without upregulation of the subunit. Error bars 

show standard deviation. 
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Once we assessed that our cell line models were correctly overexpressing the single subunits, 

we firstly assessed whether the overexpression of the single subunit impacted on cell cycle 

progression, or whether this could be affected by the addiction of doxycycline, even at the 

low concentrations we used for the overexpression. After inducing cells for 48h with 

doxycycline, we fixed them and prepared the samples for FACS analysis, using DNA violet to 

stain for the DNA content. We could observe that neither doxycycline on its own, nor the 

single subunits overexpression impacted on cell cycle progression (Figure 27), given that we 

found the same % of cells in the three main phases of the cell cycle. 
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3.2.2 Immunofluorescence of DNA damage markers 

3.2.2.1  Analysis of γH2AX foci and intensity 

Firstly, we wanted to assess whether the phenotype observed in patients could be observed 

also in our cell line models and therefore could be considered a direct consequence of the 

overexpression of the single subunits. Our analysis in cBio Portal showed that in the subset of 

patients with high expression of POLR2A-D subunits there is also a significant increase in copy 

number alteration levels, which as previously mentioned is indicative of increased genomic 

instability. Therefore, we decided to check for the presence of increased DNA damage markers 

by immunofluorescence. One of the most common DNA damage marker is γH2AX, 

Figure 27 POLR2A-D subunits overexpression does not impact on cell cycle progression Up, 

distribution of cells (% of cells) in the three phases of cell cycle, G1, S and G2. Bottom, FACS 

profile of the cell cycle after sorting cells according to DNA content. Samples are empty vector 

(EV) uninduced (ctl) and induced (dox), POLR2A ctl and dox, POLR2C ctl and dox, POLR2D ctl and 

dox. Error bars show standard error mean, N=2 
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phosphorylated histone 2A family member X, whose phosphorylation is carried out in a 

redundant manner by different DNA damage sensor kinases, such as ATM, ATR and DNA-PK 

(Blackford and Jackson 2017). As for the conditions established in our models, we treated the 

cell lines overexpressing POLR2A-D and the EV cell line with 5ng/mL doxycycline for 48h and 

then we proceeded with the staining. We observed that in all three cell lines when cells where 

induced with doxycycline, the global nuclear levels of γH2AX increased, indicating an overall 

increase in DNA damage (Figure 28A). This is easly observed calculating the mean intensity of 

γH2AX signal in each single nucleus (Figure 28B), and this is overall significantly increased upon 

subunit overexpresions. Importantly, it is not increased in the empty vector cell line, indicating 

that the increased DNA damage levels observed are dependent on the single subunits 

overexpression and not because of the doxycycline treatment. Finally, we counted the foci 

present in the nuclei, and calculated the fold change (FC) of foci per cell between doxycycline 

induced and uninduced samples, in order to take into account the possible doxyxycicline effect 

on samples. Consistently with the γH2AX intensity data, the γH2AX foci number fold change is 

significantly increased in the subunits overexpressing cell lines, compared to the empty vector 

(Figure 28C). 
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3.2.2.2 Analysis of 53BP1 foci 

53BP1 nuclear accumulations, together with γH2AX, are the most commonly used markers of 

DNA damage. Specifically, 53BP1 interacts with p53, a key protein in orchestrating DDR, and 

is usually dispersed in the nuclei of cells, but specifically after DNA damage double strand 

breaks (DSBs) it localizes in relatively small foci (Rappold et al., 2001; Markova et al., 2015). 

That is why both 53BP1 and γH2AX are widely recognized as markers of DNA damage and 

easily visualized by fluorescent microscopy. To confirm and support our γH2AX results, we also 

performed staining for 53BP1. Similarly with what observed with γH2AX intensity increase, 

the number of 53BP1 foci per cell also increased upon the overexpression of the single 

subunits, while it did not change in our control empty vector cell line (Figure 29A). However, 

differently from γH2AX, the increase in foci was not significant upon the overexpression of the 

single subunits compared to their uninduced control (Figure 29B). We observed that there 

was a significant decrease in the number of foci formation upon doxycycline treatment in the 

empty vector cell line, therefore we decided to take into account the possible doxycycline 

effect which was not previously observed in the γH2AX intensity measure. Interestingly, when 

we calculated the fold change number of foci of induced (dox) over uninduced (ctl) samples, 

we found that the fold change in POLR2A, POLR2C and POLR2D cell lines is significantly higher 

Figure 28 γH2AX increase upon subunits overexpression A) Representative microscope image 

of γH2AX intensity in induced (ctl) and uninduced (dox) cells in EV (empty vector), POLR2A, 

POLR2C and POLR2D cell lines. B) Quantification of γH2AX mean intensity per cell in EV, 

POLR2A, POLR2C and POLR2D cell lines in ctl and dox samples. C) Fold change (FC) of γH2AX 

foci number per cell in induced vs uninduced samples in EV, POLR2A, POLR2C and POLR2D cell 

lines.  N=3, ns= not significant, *= p value <0.05, **= p value <0.01, ***= p value <0.001, ****= 

p value <0.0001. 
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compared to the fold change in the EV control (Figure 29C), indicating that taking in account 

any effect doxycycline could have on cells, there is a significant increase in the average number 

of 53BP1 foci per cell, upon single subunits overexpression. The slightly different behaviour 

between the cell lines and the difference in γH2AX levels compared to 53BP1 foci increase, 

indicates that even though increasing the global levels of DNA damage, each subunit could 

have a different impact on genome stability, perhaps through different mechanisms inducing 

damage.  
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3.2.2.3 Analysis of RAD51 foci 

Together with γH2AX and 53BP1, we also decided to look at RAD51 foci formation as another 

marker of DNA damage. Indeed, RAD51 is one of the key players of homologous 

recombination (HR) repair and therefore can be used as double strand break marker during S-

G2 phases (Baumann and West 1998; Huang and Zhou 2021). Unfortunately, due to time 

constrains, these experiments were not performed in the POLR2A cell line. Interestingly, even 

if we were able to observe an increase in both γH2AX intensity and 53BP1 foci formation in 

both cell lines, when we counted RAD51 foci we found that only upon the overexpression of 

POLR2D subunit there was an increase in RAD51 foci number. On the contrary, the 

overexpression of POLR2C subunit did not affect the RAD51 foci formation, similarly to what 

Figure 29 53BP1 foci formation increases upon subunits overexpression A) Representative 

microscope image of 53BP1 staining in induced (ctl) and uninduced (dox) empty vector (EV), 

POLR2A, POLR2C and POLR2D cell lines. B) Quantification of 53BP1 average number of foci per 

cell in EV, POLR2A, POLR2C and POLR2D cell lines in ctl and dox samples. C) Fold Change 

induced over uninduced (dox/ctl) of 53BP1 average foci per cell in EV, POLR2A, POLR2C and 

POLR2D cell lines. Error bars show standard error mean, N=3, *= p value <0.05,  

B C 
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observed in the empty vector (Figure 30A-B). More precisely, both the empty vector and the 

POLR2C cell line showed a slight decrease in the formation of RAD51 foci. Therefore, as 

previously done for 53BP1 foci, we calculated the fold change of induced vs uninduced 

samples to consider the doxycycline effect. By doing so, consistently with the other data, 

POLR2D overexpression significantly increases the RAD51 foci formation, while POLR2C 

overexpression does not (Figure 30C). To further elucidate the lack of RAD51 foci formation 

upon POLR2C overexpression, we decided to quantify the mRNA level of RAD51 by 

quantitative PCR. By doing so and calculating the fold change compared to the induced 

samples in the EV and POLR2C cell lines, we found a significant decrease in RAD51 expression 

(Figure 30D), which could be responsible for the phenotype observed with our staining.   
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Figure 30 RAD51 foci formation upon subunits overexpression A) Representative microscope 

image of RAD51 staining in induced (ctl) and uninduced (dox) empty vector (EV), POLR2C and 

POLR2D cell lines. B) Quantification of RAD51 average number of foci per cell in EV, POLR2C and 

POLR2D cell lines in ctl and dox samples. C) Fold Change induced over uninduced (dox/ctl) of 

RAD51 average foci per cell in EV, POLR2C and POLR2D cell lines. D) Fold change of RAD51 mRNA 

quantification by real time PCR in empty vector dox/ctl and POLR2C dox/ctl. Error bars show 

standard error mean, N=3, *= p value <0.05, **= p value <0.01. 
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3.2.3 Analysis of 53BP1 bodies, micronuclei and mitotic bridges 

Using the same set of images, we integrated our analysis by quantifying the number of 53BP1 

bodies and micronuclei. 53BP1 bodies are larger accumulations of 53BP1 and are usually 

found in G1 cells, as they are the evidence of unresolved DNA lesions caused by replication 

stress which are not correctly repaired before cell division (Lukas et al, 2011). Indeed, when 

the replication fork stalls, the under-replicated DNA can form DNA bridges which give rise to 

chromosomal rearrangements, chromosomal instability and 53BP1 bodies and micronuclei 

formation (Saxena and Zou 2022; Krupina et al., 2021). Indeed, 53BP1 bodies and micronuclei 

are to be considered markers of replication stress, mitotic problems and associated DNA 

damage.  

We observed a significant increase of 53BP1 bodies and micronuclei formation in POLR2C and 

POLR2D cell lines upon the overxpression of the single subunits, compared to uninduced (ctl) 

and induced (dox) empty vector. Interestingly, the overexpression of POLR2A did not 

significantly increased neither the number of bodies nor the number of micronuclei, 

suggesting that the mechanism by which its overexpression induces increased DNA damage 

might not be due to increased replication stress (Figure 31A-B). 
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As previously mentioned, replication intermediates or DNA lesions that are not repaired or 

resolved during S phase can give rise to mitotic errors, which can be visualised by the 

formation of chromatin bridges (anaphase bridges), which are dsDNA and therefore DAPI 

B 

A 

Figure 31 53BP1 bodies and micronuclei formation increase upon subunits overexpression 

A) Representative microscope image of 53BP1 bodies (white arrow) compared to foci (red 

arrow) and quantification of 53BP1 average number of bodies per cell in EV, POLR2A, POLR2C 

and POLR2D cell lines uninduced (ctl) and induced (dox). B) Representative microscope image 

of micronuclei and quantification of micronuclei % average number per cell in EV, POLR2A, 

POLR2C and POLR2D cell lines uninduced (ctl) and induced (dox). Error bars show standard 

error mean, N=3, ns = not significant, *= p value <0.05,  
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positive, lagging chromosomes or ultrafine bridges (UFBs, ssDNA) (Chen et al., 2018). We 

observed the formation of anaphase DAPI positive bridges in mitotic cells, increased upon 

POLR2C and POLR2D subunits overexpression (Figure 32). 

 

 

 

 

 

3.2.4 Analysis of R-loops 

Another source of transcription associated genome instability is constituted by the 

accumulation or persistence of R-loops, a three-stranded secondary structures formed by the 

nascent RNA hybridized with the DNA template strand (Hamperl and Cimprich 2016), which 

can lead to transcription associated mutagenesis and recombination events (Skourti-Stathaki 

and Proudfoot 2014). Indeed, when not resolved, the formation of this structures can also 

evolve in DSBs formation (Sollier et al., 2014; Hamperl & Cimprich, 2016; Tubbs & 

Nussenzweig, 2017). Given the general increased DNA damage levels observed, we checked 

whether subunits upregulation could lead to an accumulation in the formation of R-loops. 

Figure 32 Representative figure of a normal anaphase cell on the left and an anaphase cell with 

an anaphase bridge on the right, and % average number of anaphase bridges (AB) per mitotic 

cells in EV, POLR2A, POLR2C and POLR2D uninduced (ctl) and induced (dox). Error bars show 

standard error mean, N=3, ns = not significant, *= p value <0.05 
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After inducing the cells for 48h with doxycycline, we performed an immunofluorescence 

staining using the S9.6 antibody, which recognises R-loop structures as it binds DNA:RNA 

hybrids (Figure 33A). Surprisingly, we did not observe increases in R-loop intensity upon 

doxycycline induction, independently of the subunit overexpressed (Figure 33B).  
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Figure 33 A) Representative image of S9.6 staining (R-loops) in EV, POLR2A, POLR2C and 

POLR2D uninduced (ctl) and induced (dox). B) Quantification of the S.96 intensity in EV, 

POLR2A, POLR2C and POLR2D uninduced (ctl) and induced (dox). N=3, *= p value <0.05, non-

significant p values not included in the figure. 

 

3.2.5 γH2AX ChIP-Seq 

To map the regions where DNA damage observed by IF is occurring, we decided to perform a 

chromatin immuno-precipitation (ChIP) followed by sequencing (ChIP-Seq) for γH2AX, upon 

subunits overexpression and in the empty vector cell line, with doxycycline induction for 48h. 

In parallel, to normalize for γH2AX ChIP levels, we also performed a ChIP-Seq of the 

unmodified H2AX in the same samples. Firstly we performed the analysis on all the genes 

extracted from the GRCh38 (human reference genome) and the average metagene profiles 

showed almost no difference between induced and uninduced samples (data not shown). 

Therefore we performed our analysis specifically across transcribed regions, on the list of 

genes transcribed in HeLa cells. To determine these, we identified these genes calculating the 

B 
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reads per kilobase per million (RPKM) on an RNA-Seq dataset of HeLa cells from Encode, and 

selecting genes with RPKM value greater than 1.  

First, we looked at the average metagene profile over all transcribed genes from the 

transcription start site (TSS) to the transcription termination site (TTS) in the empty vector cell 

line and in POLR2A, POLR2C and POLR2D cell lines upon the overexpression of the 

corresponding subunits (Figure 34). Interestingly, we noticed that the three cell lines behaved 

differently, with each of the overexpression inducing an increase in γH2AX levels across genes 

in specific positions. For example, the overexpression of the POLR2A subunit appears to 

increase the accumulation of damage near the transcription start site and the beginning of the 

gene, as shown by the POLR2A dox profile in black, compared to its uninduced control in 

orange (Figure 34B). However, the more we move into the gene body and towards the 

transcription termination site, the less pronounced the difference between the two profiles 

becomes until they overlap, indicating that DNA damage is accumulating at the beginning and 

in the first half of the gene. Differently, when we observe the average profile over transcribed 

genes in POLR2C cell line we can appreciate how in the POLR2C dox (in black) the γH2AX levels 

are always higher than its uninduced control (in orange) (Figure 34C). Finally, the average 

γH2AX profile upon POLR2D overexpression (in black) shows how the accumulation of γH2AX 

starts more into the gene body and increases towards the TTS (Figure 34D). These data appear 

indicating how the overexpression of each subunit affects genome instability levels in a 

specific way, in agreement and explaining some of the differences previously identified when 

we analysed DNA damage levels in cells by immunofluorescence. Importantly, similarly to 

what observed by immunofluorescence, we noticed that the doxycycline treatment was 

impacting on the γH2AX levels in the empty vector cell line. Indeed, the average profile shows 
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a slight decrease in γH2AX levels upon doxycycline induction (in black) compared to the 

uninduced sample (in orange) (Figure 34A). 

 

Following the average metagene analysis, we decided to perform a gene-to-gene analysis. As 

the average metagene assesses only the average γH2AX profile across all transcribed genes, it 

does not allow for example determining whether there are only a few genes that are highly 

affected by DNA damage, or many genes on which there is a slight increase in DNA damage. 

Given the metagene profile observed in the Empty vector (Figure 34A), we decided to take 

into account the doxycycline effect when performing our gene-to-gene analysis. To do so, the 

gene-to-gene fold change (FC) that we measured upon each subunit overexpression was 

C 

A 

Figure 34 Metagene profile of γH2AX ChIP Seq from the transcription start site (TTS) to the 

transcription termination site (TTS) on transcribed genes in HeLas in: A) Empty vector (EV) 

uninduced (ctl) in orange and induced (dox) in black, B) POLR2A ctl and dox, C) POLR2C ctl and 

dox and D) POLR2D ctl and dox.  

B 
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normalized to the gene-to-gene FC in the Empty vector cell line. Therefore, following 

normalization to the EV, we observed that over all transcribed genes the differences in the 

increase in γH2AX from the TSS to the TTS depended on which subunit was overexpressed 

(Figure 35A). For example, a high level of increase in γH2AX can be appreciated mainly in the 

POLR2C overexpressing cell line upon the specific subunit overexpression, with the majority 

of genes having a FC above 1, while POLR2D overexpression shows a slight increase in γH2AX, 

POLR2A overexpression seems to have no effect, with most of the genes with a FC below 1, as 

the metagene analysis was indicating an increase in γH2AX exclusively around the TSS region. 

Then, we selected the genes with a fold change increase in γH2AX levels >1.5 in all three cell 

lines, and we ranked the affected genes by their gene length, observing that genes with higher 

γH2AX FC tend to be shorter genes, especially in the POLR2D cell line (Figure 35B).  

Figure 35 γH2AX gene to gene quantification and gene length distribution  A) gene-to-gene 

fold change FC induced/uninduced in empty vector (EV), POLR2A (2A), POLR2C (2C) POLR2D (2D) 

cell lines of γH2AX level quantified in HeLa transcribed genes. B) Gene length distribution of all 

genes transcribed in HeLa and of genes with a γH2AX induced/uninduced gene-to-gene FC above 

1.5 in POLR2A, POLR2C and POLR2D cell lines, p value not included in the figure <0.001 
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Next, we quantified the γH2AX/H2AX at specific genomic regions only, in particular at the TSS 

(TSS->TSS+1kb), gene body (GB) (from TSS+1kb to TTS-1kb) and TTS (TTS+1kb->TTS) of 

transcribed genes, to better characterize the DNA damage phenotype (Figure 36 left). 

Consistently with what previously described, we observe that the higher fold change in 

POLR2A induced vs uninduced is found only at the TSS of genes and lost when proceeding into 

the GB. On the opposite, when looking at the effect of POLR2D overexpression we observe an 

increase in the gene-to-gene fold change towards the TTS. POLR2C overexpression, as before, 

seems to induce more γH2AX independently of the position in the gene, with slightly more 

increase at the TSS. We hypothesized that this could be related to the different impact of the 

overexpressed subunits on transcription regulation. However, as we observed that short 

genes where the most affected by the γH2AX increase we wanted to see whether the same 

trend was conserved even on longer genes. Therefore, we quantified γH2AX levels at the TSS, 

GB and TTS of genes longer than 30kb and interestingly we observed the same trend as for all 

genes (Figure 36 right).   
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Figure 36 γH2AX quantifications at the TSS, GB, TTS of all and long genes gene-to-gene fold 

change of γH2AX in POLR2A, POLR2C and POLR2D cell lines induced vs uninduced on all 

transcribed genes in HeLa (left) and on gene longer than 30Kb (right) measured at the TSS-

>TSS+1kb, the GB (TSS+1Kb to TTS-1kb) and at the TTS+1kb->TTS.  
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3.2.7 Discussion 

Our findings on cBioPortal show that Pol II major subunits overexpression is associated with 

patients poor survival. In order to understand what phenotypes are associated with the 

overexpression of the single subunits in cells, we established a series of cell line models to 

characterize the overexpression of the single subunits. We generated four cell lines using HeLa 

T-REx inducible system, one empty vector (EV) and one each for POLR2A, -2C and -2D 

overexpressing cell lines. We decided to use this model instead of transient transfection since 

it allows for fast and consistent overexpression, without relying on the transfection efficiency. 

Each cell line has its own internal control, the uninduced sample, plus we used the EV cell line 

as a control for any undesired secondary effect of doxycycline treatment alone. The system 

we established for overexpressing the single subunits shows fold changes (FC) of expression 

in induced (dox) over uninduced (ctl) samples to be between 2 and 3. Although these are not 

very high FC, we observed that the overexpression in our system well recapitulates the 

upregulation levels in the patients (for BIC, AML, BLGG and LHC)(Figure 24; Figure 25; Figure 

26) . Additionally, the phenotypes observed in patients were a result of the upregulation of 

the four subunits (POLR2A-D) as an ensemble, since the low number of patients affected by a 

single subunit overexpression would have compromised the robustness of our analysis. 

Therefore, the generation of cell lines overexpressing one subunit at time allowed us to 

characterize the impact of each single subunit deregulation, highlighting differences and 

similarities arising upon each subunit overexpression.  

Firstly, we have shown how the overexpression of the single subunits POLR2A, POLR2C and 

POLR2D alone can cause an increase in DNA damage, resulting in the accumulation of common 

DNA damage markers (Figure 28; Figure 29; Figure 30). However, even if the general levels of 
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damage increase, the mechanism responsible for its increase may differ according to which 

subunit is overexpressed. γH2AX foci formation is indicative of a general increase in DNA 

damage, while 53BP1 foci form at DNA DSBs (Williamson et al. 2020). We observed a pan-

nuclear staining of γH2AX, which indicates a general increase in DNA damage but also could 

indicate the presence of increased replication stress (Moeglin et al. 2019; Parsels et al. 2018). 

The increased formation of 53BP1 foci upon each single subunit overexpression (Figure 29), 

however, indicates that there is also increased formation of DNA DSBs. These results indicate 

that the overexpression of the single subunits is sufficient to increase DNA damage formation 

in cells, without requiring additional treatment with common exogenous DNA damaging 

agents. The increased presence of DNA damage markers could be indicative of either an 

increased challenge to DNA stability by subunit overexpression or a defective/ slower DNA 

damage repair. However, the RAD51 staining results in particular upon POLR2C 

overexpression, may suggest at least in part a defective repair capability, which would result 

in an accumulation of endogenous DNA damage. Further experiments would be needed to 

confirm this. For example, we could perform an HR reporter assay to better understand 

whether the lack of RAD51 foci formation upon POLR2C overexpression is a phenotype linked 

to defective HR, or we could do a kinetics of RAD51 foci formation after inducing DNA damage 

in the presence or absence of subunits overexpression. Moreover, the qPCR analysis of RAD51 

mRNA levels indicate that the gene is significantly less expressed (Figure 30D). This could be a 

direct consequence of a transcription defect arising due to the subunit upregulation, and 

that’s reason why we observe the foci formation defect. Notably, the RAD51 foci formation 

upon POLR2D overexpression was significant increased compared to the EV, in line with our 

other DNA damage markers results (Figure 28, Figure 29). Given that RAD51 is involved in HR 



 139 

(Baumann and West 1998; Mladenov et al. 2016; Wassing and Esashi 2021), is important to 

mention that the RAD51 formation defects observed in POLR2C, if compared to the POLR2D 

cell line, is not dependent on changes in the cell cycle progression between the two lines, as 

our FACS data shows that all four cell lines progress through the cell cycle similarly (Figure 27).  

Finally, to better understand whether the overexpression of the single subunits is associate to 

a damage repair defect, we could treat cells with exogenous sources of DNA damage following 

doxycycline induction. We could then perform sequential staining with DNA damage markers 

at different time points, to assess if the overexpression of the subunits impacts on how fast 

cell recover following DNA damage induction. As previously mentioned, some of the 

phenotypes observed upon the overexpression of POLR2C and POLR2D, more specifically the 

observation of increased 53BP1 bodies, micronuclei and mitotic errors formation (Figure 31; 

Figure 32), suggest that the induced DNA damage may be consequence of an increase in 

replication stress (Wilhelm et al. 2020). Interestingly, the overexpression of POLR2A seems to 

have no significant effect on these genomic instability markers, further highlighting how the 

single subunits upregulations drive DNA damage formation by different mechanisms. These 

results suggest that even if it can cause DNA damage, the overexpression of the largest Pol II 

subunits could do this without specifically inducing replication stress. To validate this point, it 

would be useful to perform a characterization of DNA replication following subunits 

overexpression, for example performing fiber assays in order to assess replication rates 

(Quinet, Carvajal-Maldonado, et al. 2017).  

Also the DNA:RNA hybrids R-loops are implicated in the induction of replication stress, since 

their formation and persistence can increase, among others, the chances of transcription-

replication collisions, and consequently DNA damage (Allison and Wang 2019; Hamperl and 
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Cimprich 2016; Skourti-Stathaki and Proudfoot 2014). However, there is conversive evidence 

of R-loops also being implicated in the correct recruitment of DNA repair proteins, and 

therefore R-loops playing a protective role in genome stability maintenance (Crossley et al. 

2019). Given this dual role of R-loops, we could not speculate on the impact of the 

overexpression of the subunits on their formation and accumulation. According to our 

immunostaining, the overexpression of POLR2A and POLR2C subunits did not impact on the 

R-loops formation, while POLR2D overexpression if anything significantly decreased their 

average nuclear intensity (Figure 33). However, even though the S9.6 antibody is widely used 

to analyse R-loops levels, it is not absolutely specific for R-loops, as it recognises DNA:RNA 

hybrids in general but also RNA:RNA hybrids (Smolka et al. 2021). Indeed, we acknowledge 

that our experiments lack of a positive control, which would have clarified if our results were 

biased by the quality of the staining/ use of antibody.  R-loops are specifically resolved by 

RNAseH (Amon and Koshland 2016; Lockhart et al. 2019), therefore further experiments using 

the catalytic dead form of RNAseH, which binds these specific structures, could better clarify 

the role of the subunits overexpression in affecting R-loops levels. For instance, a ChIP-Seq 

using the catalytic dead version of RNAseH, which binds but does not process R-loops, to 

immune precipitate R-loop, could identify the regions more affected by their formation when 

subunits are overexpressed (Chen et al. 2017). In addition, it could be studied whether the 

genomic regions more affected by potential R-loops accumulation upon subunits 

overexpression do correlate with regions of increased γH2AX ChIP-Seq levels.  

The differences in the three subunits overexpression on DNA damage formation become more 

evident when analysing the γH2AX ChIP-Seq data. Indeed, even if there is a general increase 

in DNA damage upon each subunit overexpression, the average metagene profiles of γH2AX 
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on transcribed genes are specific for each subunit (Figure 34). What observed in the metagene 

profiles is also confirmed by the gene-to-gene fold change analysis especially when we 

quantified γH2AX in the different areas of the gene, TSS, GB and TTS (Figure 36). The fact that 

γH2AX accumulates at the TSS (in POLR2A and POLR2C), or towards the TTS (in POLR2D), and 

in the GB of POLR2C as well, suggests that the mechanisms leading to increased DNA damage 

depend on a specific transcription defect, which differs according to which subunit is 

overexpressed. When we calculated the gene-to-gene fold change from the TSS to the TTS we 

observed that the genes with higher γH2AX  (FC>1.5) were relatively short genes in all three 

cell lines (Figure 35), particularly in POLR2D cell line. However, since different regions of the 

gene (TSS, GB, TTS) were affected according to which subunit was overexpressed, we showed 

that even longer genes (>30Kb) were affected following the same trend observed on all genes 

at TSS, GB and TTS, although to a lower extent compared to shorter genes (Figure 36 right). 

Pol II transcription levels and regulation can vary accordingly to gene length and intron and 

exons composition and splicing regulation (Chiaromonte et al. 2003; Grishkevich and Yanai 

2014). Short genes are usually more expressed than longer genes, in fact many house-keepijg 

genes are usually short, with both short introns and exons (Brown 2021; Eisenberg et al. 2003; 

Lopes et al. 2021). Additionally, transcription is a tightly regulated processes and long genes 

present more sites of Pol II pausing, increased splicing regulation and increased termination 

regulation (Chathoth et al. 2014; Gilchrist et al. 2010). Finally, transcription levels can also 

depend on cell cycle stage, which impacts on gene expression and regulation (Bertoli et al. 

2013; Bregman et al. 2000; Cho et al. 2001; Cosma 2002; Yonaha et al. 1995). In this light, our 

results point towards the hypothesis of transcription defects arising with Pol II subunits 

overexpression that may result in DNA damage accumulation. In order to confirm our 
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hypothesis, assays aimed to transcription characterisation in the presence of subunits 

overexpression are needed.  
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3.3 Single subunit overexpression deregulates transcription 

3.3.1 Transient transcriptome sequencing (TT-Seq) shows that subunit overexpression 

increases transcription activity 

Following the characterization of the DNA damage phenotype and identifying genomics 

regions more affected by DNA damage (by γH2AX ChIP-Seq, 3.2.), we hypothesized that the 

mechanisms leading to DNA damage accumulation differ from each subunit and could be 

linked to a possible transcription defect arising upon subunit overexpression. To characterize 

transcription and identify any possible deregulations, we decided to perform transient 

transcription sequencing (TT-Seq) upon each subunit induction for 48h with doxycycline. TT-

Seq would be able to identify any differences between our samples on actively transcribing 

RNA Pol II. Following the TT-Seq protocol as described in Gregersen et al., induced and 

uninduced cells were pulsed with 4-thiouridine (4SU) for 15 minutes, to label nascent RNA 

with the nucleotide analogue. The incorporation of the 4SU was assessed by dot blot (Figure 

37). Once nascent RNA was labelled, total RNA was extracted and fragmented chemically 

(treating the samples with NaOH). Since we used chemical fragmentation, we refer to this 

technique as TT-Chem-Seq. The nascent labelled RNA was then biotinylated and pulled down 

using streptavidin conjugated beads. Once 4SU-labelled RNA was isolated, we proceeded to 

library preparation and next generation sequencing (NGS). For a relative quantification of 

nascent RNA abundance we included also a spike-in of S. cerevisiae RNA labeled with 4TU (4-

thiouracil), which can be imported in yeast and then converted into 4SU, before RNA 

fragmentation in each sample. The number of mapped reads of the yeast spike-in in each 

sample was indeed used to calculate a scaling factor according to which each sample is 

normalized to after sequencing. The scaling factors calculated were then used to produce an 

ctl dox ctl dox 
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accurate bedgraph file for each sample. Using the same scaling factor, we generated two 

strand specific bedgraph files (forward and reverse), per sample. The procedure is summarized 

in (Figure 38). 

 

 

  

Figure 37 4SU incorporation assessment. Dot blot to assess the incorporation of 4SU. 

Loading control (left) and dot blot (right) of one representative replicate. Loading from left 

to right L1: WT ctl, WT dox, 2C ctl, 2C dox, 2D ctl; L2: 2D dox, WT ctl, WT dox, 2A ctl, 2A dox; 

L3: positive control, negative control, yeast spike in, yeast positive control 
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Since our sequencing was strand specific we obtained strand specific results, with reads 

mapping either on the forward or the reverse strand according to the gene direction. In order 

to generate accurate average metagene profiles we generated two gene lists, one including 

the genes on the forward strand and one for the genes on the reverse. First of all, we observed 

that doxycycline had little effect on its own, as it can be observed from the average metagene 

profile from the TSS to TTS all over transcribed genes, and if anything decreased RNA Pol II 

transcription activity on genes on the reverse strand (Figure 39). Differently from what 

Figure 38 TT-Chem-Seq procedure Representative schematic figure of transient transcription 

sequencing with chemical fragmentation of RNA 
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observed in the empty vector cell line, the overexpression of the single subunits had however 

a clear impact on transcribing Pol II (Figure 39). 

 

 

 

 

 

 

Figure 39 Representative average metagene profiles from transcription start site (TTS) to 

transcription termination site (TTS) on transcribed genes in HeLa in: Empty vector (EV) 

uninduced (ctl) in orange and induced (dox) in black, POLR2A ctl and dox, POLR2C ctl and dox 

and POLR2D ctl and dox, according to forward (right) and reverse (left) strands. 
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The metagene profiles from the TSS to the TTS of transcribed genes, showed that the 

overexpression of all three subunits, to a different extent, lead to higher transcription levels 

(Figure 39). The doxycycline treated samples (dox, in black) show increased transcription 

levels compared to the corresponding uninduced control samples (in orange), independently 

of the gene region (TSS, GB or TTS) (Figure 39).  

As metagene profiles present only an average picture of the impact of the overexpressions of 

the subunits on transcription activity, to determine how many genes were specifically affected 

we calculated the gene-to-gene fold change of induced (dox) vs uninduced (ctl) samples on 

transcribed genes. For this, we quantified TT-Chem-Seq transcription levels from TSS to the 

TTS of all genes, in a strand-specific manner specifically for the sense transcription. We also 

removed all genes that had no TT-Seq quantification (value = 0), in order to facilitate our 

analysis. We observed that the effect of doxycycline was slightly decreasing the FCs in the EV 

cell line, and this was observed in both repeats (Figure 40). Therefore, to take into account 

the doxycycline effect, when calculating the gene-to-gene fold change in the other three cell 

lines, we normalized the results to the corresponding EV FCs. What we observed in the 

average metagene profiles was confirmed when calculating gene-to-gene fold changes. In 

fact, all three cell lines showed average FCs values above one for both replicates (Figure 40). 

POLR2A cell line appeared to have the strongest phenotype among all three cell lines. The 

same trend observed in the two replicates of each cell line was efficiently recapitulated also 

when averaging the two replicates together (Figure 40E). Therefore, the next analysis were 

done on the average of the replicates. 
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Figure 40 Gene-to-gene fold change quantification in induced vs uninduced calculated from TSS 

to TTS of transcribed genes in A) Empty vector uninduced, B) POLR2A, C) POLR2C D) POLR2D cell 

lines and E) gene-to-gene fold change induced vs uninduced from TSS to TTS of transcribed genes 

of averaged replicates. 
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To analyse which genes are more affected by transcription deregulation, we selected genes 

with a FC (dox/ctl) above or equal to 1.5 in the three cell lines and analysed the gene length 

distribution. Overall, with some variability, the average gene length of genes with highest 

transcription is between 10-30Kb, with a distribution from 10 to 70Kb, generally shorter than 

the average gene length (Figure 41) . 

 

 

 

3.3.2 Characterization of transient transcription at the TSS, GB and TTS 

To further characterize the transcriptional phenotype and better understand where in the 

gene the effect of the subunits overexpression was mainly impacting, whether more at the 

beginning, the middle or towards the end of the gene, we quantified TT-Seq levels at different 

locations. This would be important to identify potentially the specific phase(s) of the 

transcription process that were more affected, initiation, elongation or termination. For this, 

we analysed TT-Seq levels specifically around the transcription start site, (TSS + 1Kb), in the 

Figure 41 Average gene length of all genes and of genes with dox/ctl FC above or equal to 1.5 

in POLR2A, POLR2D and POLR2D cell lines. 
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gene body (GB, comprised between TSS +1Kb and TTS), and at the transcription termination 

site (TTS + 1Kb). Next, we calculated the gene-to-gene fold changes dox/ctl and normalized 

them to the EV dox/ctl (Figure 42A-C). As before, we looked at the average between the two 

replicates (Figure 42 left). Additionally, given that the average gene length distribution of 

genes most affected was comprised between 10 and 70Kb, we decided to specifically assess 

what happened to the longer genes (100Kb and more), to assess whether they would maintain 

the same general trend or they would behave differently from shorter genes (Figure 42 right). 

In the POLR2C, more than in POLR2A and POLR2D, cell line the higher FCs are at the TSS of the 

gene, with no difference between long and all genes (Figure 42B-E). In the POLR2D and 

POLR2A cell lines, the overexpression of the corresponding subunit is causing an increase in 

transcription activity at the TSS, less pronounced than in POLR2C (Figure 42A-C), even on long 

genes (Figure 42D-F). 
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Figure 42 Gene to gene fold change quantification of transcription Left, Gene to gene fold change 

at the TSS + 1Kb, GB (TSS+1Kb to TTS-1Kb), and TTS-1Kb of induced vs uninduced on HeLa 

transcribed genes, in A) POLR2A, B) POLR2C, C) POLR2D cell lines. Right, Gene to gene fold change 

at the TSS + 1Kb, GB (TSS+1Kb to TTS-1Kb), and TTS-1Kb of induced vs uninduced on HeLa 

transcribed genes longer or equal to 100Kb, in D) POLR2A, E) POLR2C, F) POLR2D cell lines. All 

values were normalised to the Empty Vector.  
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3.3.3 Travel ratio 

In order to better characterize if there is any possible defect arising at the beginning of the 

genes, in particular a difference between the amount of RNA Pol II that is loaded at the TSS 

that then progresses into active elongation, we decided to carry a further analysis and to 

calculate the travel ratio (TR) upon each subunit overexpression. To do so, we quantified the 

transcription levels on the gene list of all transcribed genes longer than 1Kb. The 

quantifications were done in two different regions of the gene, at the TSS (-50bp, +300bp) and 

at the TSS+300bp to TSS+1KB, in a strand-specific manner. For convenience, we named these 

regions TSS and GB respectively. To calculate the TR then the quantifications done at the GB 

region are divided by the quantification at the TSS, thus obtaining a ratio value. If this value is 

greater than one it indicates that more Pol II is accumulating at the TSS and not proceeding in 

the GB. Plotting TR values from the lowest to the highest for the different cell lines showed 

that on average overall, none of the subunit overexpression was changing the initiation-

elongation transcription dynamics of cells (Figure 43).  
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Figure 43 Travel Ratio in POLR2A (left), POLR2C  (right) and POLR2D (bottom) cell lines and corresponding 

empty vector, ranked from the lowest to the highest. 
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To validate this further, we calculated the gene-to-gene FC of induced vs uninduced samples 

in both gene regions to see if we could observe a change specifically in either the TSS or GB 

region. This because a decrease in the GB region in respect to the TSS region could indicate 

that Pol II is stalling/pausing more at the TSS (and therefore there is an accumulation of reads) 

and not moving further into the gene, underlying a possible problem in promoter proximal 

pausing regulation; at the same time an increase in the GB region respect to the TSS region 

could indicate that the Pol II is instead stalling/pausing less at the TSS and moving more 

frequently into the gene, again indicating a deregulation of the promoter proximal regulation 

of transcription. As before, we did our analysis on both all transcribed genes and specifically 

long genes and there appears to be no impact of the overexpression of POLR2A subunit in Pol 

II escaping the promoter proximal pausing and moving into the gene body (Figure 44). This is 

line with our previous data showing increase transcription levels throughout the gene length. 

However, there seems to be increased accumulation of signal at the TSS of both POLR2C and 

even more in POLR2D cell lines upon subunits overexpression, indicating a possible increased 

stalling and release defect, both on short and long genes (Figure 44 right). 
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Figure 44 Gene to gene fold change quantification of travel ratio Left, gene to gene fold change at the 

TSS -50bp/+300bp (TSS), and TSS +300bp-1Kb (GB) of induced vs uninduced on transcribed genes, in A) 

POLR2A, B) POLR2C, C) POLR2D cell lines. Right, gene to gene fold change at the TSS -50bp/+300bp 

(TSS), and TSS +300bp-1Kb (GB) of induced vs uninduced on transcribed genes longer or equal to 100Kb, 

in D) POLR2A, E) POLR2C, F) POLR2D cell lines. All values were normalised to the Empty Vector.  
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3.3.4 Elongation and termination analysis 

Our results show that the Pol II subunits overexpression had effect on changing the transition 

between initiation and elongation in the POLR2C and POLR2D cell lines, but not in the POLR2A 

cell line. Since these results are restricted to the very beginning of the gene and are indicative 

of the promoter proximal pausing stage, we expanded our analysis further into the gene, at a 

greater distance from the TSS, therefore looking at the elongation stage. To do so, we selected 

all genes longer than 5Kb and we calculated the FC dox/ctl at the TSS+2Kb, TTS, and the region 

in between (referred to as GB in the figures). We also repeated the same quantifications 

specifically on long genes (>100Kb) (Figure 45 right). Also in this case, the POLR2C and POLR2D 

overexpression affect how Pol II moves further in the gene (Figure 45). POLR2A overexpression 

affect how Pol II moves into the gene body, far from the TSS. The fact that this phenotype can 

be observed when looking far from the TSS (2Kb), and not with travel ratio in the case of 

POLR2A cell line, indicates that possibly POLR2A overexpression is interfering with 

transcription in productive elongation (Figure 45). The trend is also conserved on long genes 

(Figure 45 right). 
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Figure 45 Gene to gene fold change quantification of transcription levels gene to gene fold change at 

the TSS+2Kb (TSS), TSS+2Kb to TTS (GB), TTS and TTS+2Kb of induced vs uninduced on transcribed genes 

longer than 5Kb, in POLR2A, POLR2C, POLR2D cell lines in all transcribed genes (left) and genes longer 

than 100Kb (right). All values were normalised to the Empty Vector.  
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Finally, we wanted to assess whether the increase of transcription observed upon subunits 

overexpression could be seen also past the TTS, maybe indicating increased Pol II readthrough 

past the termination sites. Therefore, we quantified in the region from the end of the gene to 

2Kb (TTS+2Kb), on all transcribed genes and only on long genes (Figure 45). The increased fold 

change above 1 is observed also past the TTS, on all genes and long genes, with the same drop 

in TT-chem-Seq levels in respect to the TSS observed at GB and TTS. Surprisingly, POLR2D 

overexpression seems to cause some readthrough activity, especially on long genes (Figure 45 

right), since there is no difference from the TSS quantifications, with still high levels of 

transcription activity. 
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3.3.5 γH2AX genes have more transcription 

Given the DNA damage phenotype previously observed (3.1), we wanted to understand 

whether there was a link between the increase damage and deregulated transcription. To do 

so, we assessed how much TT-Seq signal is deregulated in the list of genes with increased 

γH2AX fold change (>1.5) identified in each cell line, identifying therefore the most affected 

genes upon each subunit overexpression. Once we had the gene lists we compared the 

transcription levels of the γH2AX affected genes and all the other genes. By doing so, we 

observed that independently of the cell line, the genes with more γH2AX showed also a slightly 

more increased in transcription levels compared to other genes, especially in the POLR2D cell 

line, indicating a possible link between transcription deregulation and DNA damage increase 

(Figure 46). 
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Figure 46 Transcription levels at genes affected by more DNA damage Gene to gene fold change 

from TSS to TTS of HeLa transcribed genes of all genes and of genes with γH2AX FC >1.5 in A) 

POLR2A, B) POLR2C and C) POLR2D cell lines 
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3.3.6 RNA Pol II ChIP-Seq identifies specific CTD phosphorylation defects 

Transcription is a tightly regulated process and part of its regulation relies in the correct 

phosphorylation of its C-terminal domain (CTD). Therefore, we thought that the mechanism 

lying behind the transcriptional defects observed could be identified by studying the CTD 

phosphorylation upon subunits overexpression. To do so, we performed a Chromatin Immuno 

Precipitation followed by sequencing (ChIP-Seq) of the phospho-Ser5 and phosphor-Ser2 Pol 

II, using specific antibodies according to the phosphorylated CTD form. We chose these 

phosphorylated forms of the CTD being the most abundant and because they mark the 

initiation phase and elongation phase (Schüller et al. 2016). We also performed a ChIP-Seq of 

the total Pol II, using an antibody for the N-terminal domain (NTD), in order to verify Pol II 

occupancy on genes, unbiased from its CTD phosphorylations.  

After the chromatin IP reaction and DNA purification, also 10% of the input DNA was purified. 

Firstly, we verified by qPCR the ChIP efficiency and specificity, calculating the percentage over 

the input on a house keeping gene and in a gene desert region. We used primers for the gene 

body of ACTB gene and primers amplifying a region on Chr2 where no genes are annotated 

(N2 region). We evaluated the percentage over the input for each IP reaction in both regions 

(Figure 47) to assess that the IP reaction was comparable between the induced and uninduced 

samples.  
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After validating our ChIP reactions by qPCR, we proceeded to library preparation and 

sequencing. As previously done for our sequencing results, we generated the average 

metagene profile over HeLa transcribed genes, from the TSS to the TTS, and we compared the 

profiles in uninduced (in orange) and induced (in black) samples in the four cell lines (EV, 2A, 

2C and 2D) (Figure 48). To our surprise, our ChIP-Sequencing results revealed important 

differences among our cell lines, with the overexpression of each subunit affecting Pol II in a 

specific and unique manner. For instance, while no difference can be appreciated between 

induced and uninduced samples upon POLR2C overexpression on the Ser5-CTD 

phosphorylated Pol II, it is striking the hyperphosphorylation on its CTD Ser2 residue upon the 

subunit overexpression, from the beginning to the end of the gene (Figure 48, black line). On 

the contrary, POLR2D overexpression appears not to affect the Ser2-CTD phosphorylation, 

however it seems to profoundly impair Ser5 phosphorylation from the beginning of the gene 

(Figure 48). Finally, the overexpression of POLR2A subunit has no effect, or only a very mild 

Figure 47 ChIP validation by qPCR Representative figure of ChIP qPCR validation. qPCR on ACTB 

gene body and gene desert region on Ch2 (N2) on phospho-Ser2 ChIP reactions in EV, POLR2A, 

POLR2C and POLR2D cell lines induced and uninduced.  
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effect, on either Ser5 or Ser2 phosphorylation. Importantly, these CTD deregulations 

observed, which vary according to which subunit is overexpressed, are not observed in the 

empty vector cell line (Figure 48). Furthermore, our ChIP-Seq metagene profile on total Pol II 

shows no particular difference between induced and uninduced samples, indicating that we 

were able to identify specific CTD defects and that the phenotypes observed are not biased 

by Pol II being more or less abundant in the induced samples. Importantly, a slight increase of 

total Pol II can be observed at the TSS of transcribed genes upon POLR2A overexpression 

(Figure 48).  
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Figure 48 Metagene profile of ChIP-Seq for Total Pol II, phosphor-Ser2 (pSer2) and phosphor-Ser5 

(pSer5) from the transcription start site (TTS) to the transcription termination site (TTS) on transcribed 

genes in HeLas in: Empty vector (EV) uninduced (ctl) in orange and induced (dox) in black, POLR2A ctl 

and dox, POLR2C ctl and dox and POLR2D ctl and dox. 
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As we have previously done for our other sequencing data, to be more precise with our 

analysis, we calculated the gene-to-gene fold change of the ChIP-Seq levels quantified on all 

transcribed genes, from the TSS to the TSS of the gene. As before, we also normalized our 

quantifications to the empty vector cell line, in order to consider the possible doxycycline 

effect. Strikingly, the gene-to-gene fold changes clearly show that each subunit 

overexpression induces a different Pol II deregulation: it can be appreciated that only in 

POLR2A cell line the fold change induced vs uninduced of total Pol II is above one, while there 

is no effect observed in the other two cell lines (Figure 49); POLR2C cell line shows increased 

pSer2 (fold change >1.5) upon induction, even if also in the POLR2D cell line there appears to 

be an increase in pSer2 FCs, which was not observed in the metagene profile (Figure 49); The 

overexpression of POLR2D clearly causes a drop in Ser5 phosphorylation (FC <1), while it can’t 

be observed in the other two cell lines (Figure 49). These phenotypes are also conserved, even 

if slightly less prominent, on long genes (Figure 49 right). POLR2C cell lines and also POLR2C 

cell lines show an increase in the pSer2 Pol II, more pronounced in POLR2C cell line, upon 

subunits overexpression, which indicates increased transcription in the gene body, 

consistently with our TT-Seq results. Similarly, POLR2A overexpression increases the levels of 

total Pol II also in line with the TT-Seq results. However, it has to be considered that the TT-

Seq analysis were done normalising all the samples to the yeast spike-in, which may have 

influenced the phenotypes observed. Further analysis without normalising to the spike-in are 

needed in order to better compare the TT-Seq and the ChIP-Seq results.  
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Figure 49 ChIP gene to gene fold change quantification Left, gene-to-gene fold change FC 

induced/uninduced in POLR2A (2A), POLR2C (2C) POLR2D (2D) cell lines of total Pol II, pSer2 and 

pSer5 ChIP-Seq level quantified in all transcribed genes from the TSS to the TTS. Right, as in left 

but on genes longer than 100Kb. All the FC are normalized to the EV and are the average of the 

two replicates. 
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3.3.7 Pol II deregulations and DNA damage 

We identified each RNA Pol II deregulation happening upon specific subunit overexpression 

and we have showed that each subunits impacts differently on how Pol II and/or its CTD are 

deregulated. We wanted to link the Pol II phenotypes we identified with the increased DNA 

damage. For POLR2A cell line, we compared the gene-to-gene fold change of total Pol II and 

all transcribed genes with the fold change on genes with high γH2AX levels (FC >1.5). We found 

that the increased FC upon POLR2A overexpression on total Pol II levels is even greater in the 

genes affected by higher DNA damage (Figure 50). With the same approach, we compared the 

Ser2 and Ser5 phosphorylation levels upon the overexpression of POLR2C and POLR2D 

respectively, among all transcribed genes and γH2AX increased genes. Strikingly, the Pol II CTD 

deregulation is exacerbated on those genes that have higher γH2AX FC, in both cell lines 

(Figure 50).    

Figure 50 ChIP quantification at genes affected by DNA damage gene-to-gene fold change FC 

induced/uninduced over all transcribed genes and over genes with high (FC>1.5) γH2AX levels 

of A) total Pol II in POLR2A (2A); B) pSer2 ChIP-Seq in POLR2C (2C) and C) pSer5 ChIP-Seq in 

POLR2D (2D). The FCs are normalized to the empty vector and are the average of two 

replicates. 
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 3.3.8 Transcription levels  by EU labeling 

An alternative approach to asses a transcription phenotype is by EU (ethyl uridine) RNA 

labelling followed by Click-it reaction.  After 48h of induction, cells were labeled with 1mM EU 

for 1h at 37 degrees, before proceeding with staining and imaging.  

Our results show specifically increase in EU nuclear intensity in the POLR2C cell line in the 

doxycycline induced sample, consistently with our results. However, in the two other cell lines 

there is a slight decrease upon POLR2A overexpression and a significant decrease upon 

POLR2D overexpression (Figure 51). 

 

   



 169 

 

  

Figure 51 EU intensity analysis Above, representative figure of EU-Click-it microscope 

images. Bottom, EU intensity measured in the nuclei of EV, POLR2A, POLR2C and POLR2D 

cell lines uninduced (ctl) and induced (dox). N=3. 
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3.3.9 TT-Chem-Seq and ChIP-Seq single gene examples 

Apart of presenting ensemble analyses of the different genome-wide experiments, below are 

snapshots of two housekeeping gene examples, ACTB and GAPDH, respectively reverse and 

forward strand, presenting the normalized TT-Chem-Seq profiles (Figure 52) and of the ChIP-

Seqs (total Pol II, pSer-2 and p-Ser5-Pol II) (Figure 53), for all the four cell lines with and without 

subunits overexpression. 

 

 

Figure 52 Single gene snapshot of TT-Chem-Seq forward (left) and reverse (right), in all 

samples uninduced (ctl) and induced (dox). A single replicate is shown as an example 
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Figure 53 Single gene snapshots of ChIP-Seqs on GAPDH (above) and ACTB (bottom) in all samples 

uninduced (ctl) and induced (dox). A single replicate is shown as an example 
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3.3.10 Subunit overexpression interferes with correct TFs recruitment to chromatin 

Giving the phenotypes observed with the TT-Chem-Seq and ChIP-Seq analysis, we decided to 

analyse recruitment to the chromatin of specific TFs, known to play a role in either 

transcription termination (XRN2), promoter proximal pausing and release into elongation 

(SPT5), or elongation (BRD4, phospho-SPT5) (Altendorfer et al. 2022; Hartzog and Fu 2013; 

Skourti-Stathaki et al. 2011). We found that the overexpression of POLR2C appears to impair 

the correct recruitment of BRD4 to chromatin. On the other hand, POLR2D overexpression 

affects SPT5 recruitment to chromatin while POLR2A overexpression results in XRN2 

accumulation (Figure 54B). We also wanted to assess whether the transcription deregulations 

observed upon the overexpression of POLR2C and POLR2D could be corroborated by western 

blotting for the Ser2 and Ser5 phosphorylated forms of Pol II, respectively in POLR2C and 

POLR2D. Consistently with our sequencing data, we can see increased Ser2 phosphorylation 

in POLR2C dox treated sample compared to its control and similarly we detect less Ser5 

phosphorylated Pol II in POLR2D dox sample, on the chromatin fraction (Figure 54C). Due to 

time constrain, the analysis of the CTD phosphorylation patterns and TFs recruitment to 

chromatin is only preliminary .  
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Figure 54 Recruitment of transcription factors to chromatin upon single subunits overexpression A) 

representative western blot to characterise the three cellular fractions, cytoplasmatic, nuclear and 

chromatin (F1, F2 and F3 respectively), blotting for TUBULIN in F1, sRNP U1 in F2 and histone H3 in F3. 

B)Representative western blot in the nuclear and chromatin fractions (NF and CF respectively) in EV, 

POLR2C, POLR2D cell lines and only CF in POLR2A cell line, induced and uninduced (ctl and dox), of 

BRD4, SPT5 and XRN2. Histone H3 and sRNP70 serve as controls of CF and NF respectively. C) Western 

blot on NF and CF in POLR2C and POLR2D cell lines induced and uninduced (ctl and dox) of pSer2 in 

POLR2C and pSer5 in POLR2D. H3 serves as loading control for CF. N=2 
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3.3.11 BRD4 overexpression rescues POLR2C overexpression phenotypes and can be 

specifically targeted  

As shown by chromatin fractionation (Figure 54), the overexpression of POLR2C impairs the 

correct recruitment of BRD4 to the chromatin. BRD4 is a transcription factor belonging to the 

BET bromodomain containing protein family, and is involved in pTEFb activation and 

consequent Ser2 phosphorylation by CDK9 (Altendorfer et al. 2022) . Given the hyper Ser2 

phosphorylation arising upon POLR2C overexpression, we hypothesized that the deregulation 

in BRD4 could be at least in part responsible for the phenotype observed, as there are 

evidences of treatment with the BET bromodomain inhibitor JQ1 increasing Ser2 

phosphorylation (Bowry et al. 2018). To characterise this into more details, we performed an 

immunoprecipitation of total Pol II from the chromatin to analyse whether apart of the 

reduced BRD4 recruitment to chromatin, there is also impaired interaction of BRD4 with Pol 

II. Indeed, our cell fractionation (Figure 54) and the subsequent immuno-precipitation with 

total Pol II (Figure 55) show decreased BRD4 on chromatin and decreased BRD4 interaction 

with Pol II, respectively, upon POLR2C overexpression. Our initial hypothesis was that the 

overexpression of single subunits could affect the recruitments of specific TFs to transcribing 

Pol II. Hence, to understand whether the defective recruitment of BRD4 could be responsible, 

at least in part, for the transcription deregulation and the DNA damage phenotypes observed 

following POLR2C overexpression, we decided to check whether overexpression of BRD4 could 

rescue some of the phenotypes observed following the overexpression of POLR2C. 

Interestingly, the overexpression of BRD4 was sufficient to significantly reduced the EU 

intensity increase and to reduce the γH2AX intensity upon POLR2C overexpression (Figure 
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56A-B). Due to time constraints, we were not able to characterize the TF altered recruitment 

further in POLR2A and POLR2D cell line. 

Figure 55 BRD4 Co-immunoprecipitation with Pol II western blot of BRD4 and Total Pol II (RNAPII) 

in Immuno precipitation of Total Pol II in POLR2C cell line uninduced (-dox) and induced (+dox). 

N=2 



 176 

  

Figure 56 BRD4 overexpression rescues POLR2C hyper-transcription A) representative figure of 

microscope images staining for γH2AX and EU-clickit in POLR2C cell line untreated + BRD4, treated 

(dox) – BRD4 and treated (dox) + BRD4. B) Corresponding γH2AX nuclear intensity (left) and EU 

nuclear intensity (right). C) representative WB showing BRD4 overexpression, tubulin serves as 

loading control. 
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 3.3.12 Transcription deregulations can be targeted  

Our analysis showed that we were able to characterize the defective recruitment of BRD4 

upon POLR2C overexpression, and the defective recruitment of SPT5 upon POLR2D 

overexpression. Moreover, we found an important Ser5 hypo phosphorylation upon POLR2D 

overexpression, altogether indicating perhaps a defect in CDK7 kinase activity and/or 

regulation. Therefore, we decided to assess in this study the sensitivity towards the inhibitors 

JQ1 and THZ1, because of their specific role. The first one, JQ1, is an inhibitor of BET 

bromodomain containing proteins, among which four is also BRD4 (Jiang et al. 2020). The 

latter, THZ1, is a specific inhibitor of CDK7, the kinase devoted to CTD phosphorylation on Ser5 

(Kwiatkowski et al. 2014).  We tested therefore cells’ sensitivity to these inhibitors on all the 

cell lines after doxycycline treatment. We measured cell survival for 5 days after inhibitor 

treatment and we normalized our results to the DMSO control and to day 1. As cells were 

stained with crystal violet, cell survival was measured by measuring the optical density with a 

plate reader of the crystal violet stain. We found that the inhibitors had the strongest effect 

on day 2 and that then this effect was lost unless we treated cells again on day 3 (data not 

shown). Therefore, we calculated the survival on day 2. Strikingly, the effect of JQ1 is strongest 

on cells that overexpress POLR2C, while it has no effect on POLR2D and POLR2A 

overexpressing samples. On the other hand, THZ1 significantly sensitizes POLR2D 

overexpressing cells, while it has no significant effect on POLR2D and POLR2A cell lines with 

or without induction (Figure 57). POLR2A induced samples show a slight sensitivity to both 

drugs, but it is not significant.  
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Next, we used our data from the DMSO treated samples in order to assess whether the 

overexpression of the single subunits itself could impact on cell proliferation. We did not find 

any difference between induced and uninduced samples (Figure 58A). Given the variability 

between experiments, we calculated the fold change (dox/ctl) on each day for all four cell 

lines. Only POLR2D overexpression appears to slightly reduce cell proliferation, though not 

significantly (Figure 58B). These data are in line with our FACS data, which showed no cell cycle 

defect arising upon subunits overexpression.  

 

  

Figure 57 Drug resistance analysis upon subunits overexpression THZ1 and JQ1 impact on cell 

survival in empty vector (EV) POLR2A-2C-2D cell lines uninduced (-dox) and induced (+dox) at 

day2 post treatment. OD= optical density 
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Figure 58 Cell proliferation A) representative image of cell proliferation curve on 5 days 

measurements in all four cell lines treated (dox) and non-treated (ctl). B) Fold change of cell 

growth (measured as OD) between treated and non-treated samples at each day over a 

period of 5 days. 

A 

B 
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3.3.13 Discussion 

In this chapter we have described how the upregulation of the three Pol II subunits (POLR2A-

2C-2D) affects transcription regulation. Moreover, we began to characterise the mechanism 

lying behind transcription deregulations to potentially exploit it therapeutically by targeting it 

with commercial inhibitors. The first approach we decided to pursue for transcription 

characterization is the TT-chem-Seq, which is the sequencing of transient transcription. There 

are different approaches to track nascent RNA synthesis, as reviewed by Wissink and 

colleagues (Wissink et al. 2019). The chromatin associated RNA Sequencing (ca-RNA-Seq) 

(Bhatt et al. 2012), which uses strong salt washes to separate mature nuclear and 

cytoplasmatic RNA from the RNA still bound to chromatin (nascent). It is indeed a powerful 

tool when combined with other methods investigating co-transcriptional processes, however, 

it can also capture some mature RNAs (such as lncRNAs) that are strongly bound to chromatin. 

For example, this method can be combined with the enzymatic digestion of RNAs not 

protected by 5’ cap to provide high resolution information on TSS and initiation. Similarly, NET-

Seq (native elongating transcript sequencing) (Nojima et al. 2015) captures the RNA bound to 

Pol II, thus enriching specifically for Pol II nascent RNA, excluding Pol I and Pol III transcription; 

however, it is a method biased by the efficiency of Pol II immuno-precipitation. Indeed, the 

choice of antibody (against specific CTD phosphorylated forms for instance), can select for 

specific phases of transcription. Other methods for nascent transcription sequencing rely on 

isolating RNAs that are undergoing synthesis, i.e. RNAs from transcriptionally competent Pol 

II. Among them, worth of mentioning is GRO-Seq (Global run-on Sequencing) (Leighton et al. 

2008), which relies on the labelling of nascent RNA with 5-bromouridine 5ʹ-triphosphate 

(BrUTP) and its isolation by BrUTP pull down, and the PRO-Seq (Precision run-on Sequencing) 
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(Kwak et al. 2013), which instead incorporates biotin-labelled terminating NTPs, generating 

nucleotide resolution maps and reducing background signal. While in the run-on RNA labeling 

occurs in vitro, the TT-Seq (Gregersen et al. 2020)(method used in this work) relies on the 

metabolic reaction occurring in cells that incorporate a modified nucleoside, such as 4SU, by 

active transcription. This technique does not allow single nucleotide resolution, but it allows 

to measure the RNA synthesis in living cells. While other methods can be Pol II specific or have 

nucleotide resolution, TT-Seq is the only method that allows capturing RNAs from actively 

transcribing Pol II without having to extract the nuclei like in GRO/PRO-Seq, a process that can 

cause stress and interfere with transcription regulation by removing regulatory factors from 

Pol II interaction. The main limitation of this method is the 4SU incorporation itself, which 

can’t be shorter than 5 minutes, and the longer it is done for the higher the chance of capturing 

co-transcriptionally processed RNAs (Wissink et al. 2019 and citations there in). We thought it 

would have been the best method to identify transcription alterations arising upon subunits 

overexpression. This method, like the others mentioned, primarily looks at Pol II produced 

nascent RNAs, hence we did not assess the impact of subunits overexpression on Pol I or Pol 

III transcription. Given that Pol II can play a role in regulating Pol I and Pol III transcription, and 

that some transcription factors and Pol II subunits itself are shared between polymerases 

(Arimbasseri et al. 2013; Cramer et al. 2008; Gerber et al. 2020; Michels and Hernandez 2006; 

Sanij et al. 2015), we do not exclude that the overexpression of the single subunits could also 

impact on Pol I and Pol III transcription.   

Another method widely used to characterize transcription is ChIP-Seq for RNA Pol II. With this 

method we identify the regions on the DNA that are bound by Pol II. ChIP-Seq allowed us to 

characterize Pol II CTD modifications. These are very important throughout the different 
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phases of transcription, and specific CTD modifications identify the different transcription 

stages (Heidemann et al. 2013). Combining ChIP-Seq with TT-chem-Seq allows us to identify 

deregulations in the transcription process itself, looking at actively transcribing Pol II and any 

specific defect affecting the polymerase in different parts of the gene.  

From our nascent RNA sequencing results, we observed that the overexpression of Pol II single 

subunits increased the transcription activity, especially upon the overexpression of POLR2A 

and POLR2C overexpression (Figure 39). However, the metagene profiles represent an average 

coverage of quantitative data from the TSS to the TTS of the genes, so as an average some 

phenotypes could be over or under-estimated if only a group of genes is particularly affected. 

With the quantification of the sequencing signal in different part of the gene, from the TSS to 

the TTS, we could look at how transcription is generally affected and what happens when 

moving from the start of the gene towards the end of the gene. With the gene-to-gene fold 

change between induced and uninduced samples, from the TSS to the TTS of transcribed 

genes, we confirmed the increased transcription levels observed in the metagene plots and 

then we assessed which genes, shorts or longs, were more affected (Figure 40; Figure 41). First 

of all, we selected all the actively transcribed genes and calculated the median gene length, 

which we compared to the gene length of genes with increased transcription levels in the 

POLR2A-2C-2D cell lines. While the genes with increased fold change (dox/ctl) in POLR2A cell 

lines show only slight decrease in regard to gene lengths to all genes transcribed, those 

affected in POLR2C and POLR2D cell lines are significantly shorter (Figure 41). Long and short 

genes generally undergo different transcription regulation, therefore they can be impacted 

differently. For instance, many house-keeping genes are short genes and are ubiquitously 

highly transcribed. Non house-keeping genes, on the contrary, are generally longer than 
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house-keeping, and are regulated with a wide plethora of TFs according to environmental 

stimuli, cell cycle stimuli, in response to DNA damage, are subjected to increased stall/pausing 

(Bertoli et al. 2013; Bregman et al. 2000; Brown 2021; Chiaromonte et al. 2003; Cho et al. 

2001; Cosma 2002; Eisenberg et al. 2003; Grishkevich and Yanai 2014; Lopes et al. 2021; 

Yonaha et al. 1995). For this reason, we decided in our analysis to characterize transcription 

on all transcribed genes but also to specifically analyze longer genes, which may show 

phenotypes not observed on shorter genes, or sustain the same phenotypes. When 

quantifying TT-chem-Seq fold change levels in different regions of the gene (TSS, GB and TTS), 

we observed that transcription levels seem to drop in respect when moving in to the gene 

body compared to how much there is at the beginning of the gene, upon the overexpression 

of POLR2A-2C and to less extent POLR2D subunit, especially on long genes (Figure 42). A 

change between how much Pol II is found at the start of the gene compared to the gene body 

can be indicative of changes in the regulation of the transition between the initiation and 

elongation phases of Pol II transcription, or highlight an inability to bring to completion all 

transcription events, because of an increase in stalling/pausing of Pol II along the way, a defect 

basically in the processivity of Pol II (Boettiger et al. 2011; Core and Adelman 2019). However, 

calculating the travel ratio (Reppas et al. 2006; Saponaro et al. 2014) in each cell line showed 

no differences between induced and uninduced samples, indicating that the drop in the gene 

body may not be due to an increased promoter proximal pausing and/or overall changes in 

the levels of Pol II loaded at the TSS that will enter productive elongation (Figure 43). However, 

the quantifications at the TSS and in the region between TSS+300bp and TSS+1Kb (GB region), 

there is a significant drop in TT-Seq levels in the GB region in POLR2C-2D cell lines, but not in 

POLR2A that shows no defect in escaping the promoter region (Figure 44). From the 
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quantification on start, middle, and end of the gene, we understand that subunits 

overexpression increase overall transcription activity, but there seems to be a drop after the 

TSS+1Kb in the  transcription activity, more pronounced in long genes and upon POLR2A and 

POLR2C overexpression. These observations seem to indicate that Pol II may be encountering 

issues at some point after the very beginning of the gene (1kb), but not be affected by PPP 

specifically. Pol II is paused at the PPP also to give time for correct recruitment of TFs acting 

co-transcriptionally in the following stages of transcription (Arnold et al. 2021; Fong et al. 

2017; Kuehner et al. 2011; Nojima et al. 2018). Thus, Pol II may be similarly released from its 

paused state when subunits are overexpressed, but its interaction with the splicing, 

elongation or termination components may be affected, thus interfering with its correct 

movement into the gene. Indeed, POLR2D quantifications at PPP sites (Figure 44), show that 

the overexpression of this subunits is causing an accumulation of signal at the TSS specifically. 

The fourth largest subunit of the Pol II complex, as being part of its stalk domain, interacts and 

regulates co-transcriptional processes, such as splicing and 3’end processing (Allepuz-Fuster 

et al. 2014, 2019; Compe et al. 2019; Garrido-Godino et al. 2016; Rengachari et al. 2021; 

Richard et al. 2019, 2021). For this reason, we also decided to look at the gene body even 

further away from the TSS, 2Kb past the TSS, when Pol II is productively elongating. We also 

quantified the TT-chem-Seq levels 2Kb past the TTS, in order to evaluate if Pol II encounters 

any termination defect upon subunits overexpressions (Figure 45). Especially on longer genes, 

the nascent transcription levels appear to be higher in the first part of the gene, while there 

is a drop further away from the start site, indicating that transcription levels decrease far from 

the TSS, as mentioned above, indicative of a potential processivity problem. In POLR2D cell 

line this elongation drop is not as pronounced as in the other cell lines (Figure 45), but it is the 



 185 

only cell line showing increased FCs after the termination site, possibly indicating a defect in 

the termination of Pol II. This is in line with the afore mentioned role of POLR2D in regulating 

co-transcriptional processes. 

Overall, we observed increased nascent transcription levels upon the single subunits 

overexpression, with each subunit showing a slightly different phenotype from the other. 

POLR2A and POLR2C highest transcription levels appear to be restricted at the TSS of 

transcribed genes and more on long genes, with POLR2D showing a possible termination 

defect, also on long genes. POLR2A and POLR2C hyper transcription is found mainly at the TSS 

of the gene and also at 2Kb after the TSS we can observe a drop in transcription levels, 

indicating a possible elongation defect. The phenotypes observed are in line with the γH2AX 

ChIP-Seq profiles, showing increased levels at the TSS and more towards the TTS in POLR2A-

POLR2C and POLR2D, respectively.  

While the TT-chem-Seq identified the impact of the subunits overexpressions on actively 

transcribing Pol II, the ChIP-Seq identified specific alterations on Pol II itself. We know that the 

CTD can be phosphorylated all over its heptad repeat, with each phosphorylation being 

fundamental for the correct transcription process (Schüller et al., 2016; Suh et al., 2016). We 

performed ChIP-Seq for the main two phosphorylated forms of Pol II, Ser5 and Ser2, that 

decorate the CTD when Pol II moves from the transcription initiation to productive elongation 

(Suh et al. 2016).  

POLR2A overexpression causes an increase in total Pol II presence on transcribed genes (Figure 

48; Figure 49), which is consistent with what observed in the TT-Chem-Seq. When analyzing 

which transcription factors may be differentially recruited on chromatin upon POLR2A 

overexpression we found that XRN2 is more present on chromatin upon doxycycline induction 
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(Figure 54B). This data is preliminary, but it could point towards a premature transcription 

termination. Indeed, we observe increased Pol II only at the TSS of the genes and a drop in 

nascent transcription levels past the beginning of the gene (Figure 48). Despite being able to 

characterize the transcription defects arising upon POLR2A overexpression we were not able 

to define the specific mechanism behind the phenotypes observed, therefore we failed in 

identifying an inhibitor that could have targeted the subunit overexpression in a specific 

manner. Further studies to better address the possible termination defect in POLR2A dox 

samples are needed to understand how to target this Pol II deregulation for therapeutic 

purposes. 

POLR2C overexpression results in hyper-phosphorylation of the Ser2 residue, which is reduced 

on genes higher than 100Kb. Indeed, we noticed a decrease of transcription activity in the 

gene body (Figure 45 left) and especially on long genes by TT-Chem-Seq (Figure 45 right).  Ser2 

phosphorylation is highly dependent on the activity of CDK9, the kinase module of the positive 

elongation factor pTEF-b (Buratowski 2009; Fuda et al., 2009; Vos et al. 2018; Yang et al. 2005). 

Ser2 phosphorylation is also dependent on the activity of the transcription regulator BRD4, 

that positively regulates pTEF-b and stimulates transcription (Chen et al. 2014; Zhou et al. 

2022). Albeit BRD4 being considered a positive regulator of transcription, and evidence in 

support of this show how knock down or inhibition of BRD4 reduces transcription levels and 

pSer2-Pol II (Devaiah et al. 2012; Khoueiry et al. 2019; Yang et al. 2005), there is also evidence 

showing that reduced BRD4 levels/activity associated with hyper transcription and 

readthrough (Arnold et al. 2021; Bowry et al. 2018). It is suggested that BRD4 KD could impact 

differently on different classes of genes and that its loss could trigger a compensatory 

mechanism relying on HEXIM1 mediated pTEF-b regulation (Bowry et al. 2018), resulting in 
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hyper Ser2 phosphorylation and transcription. By cell fractionation and immune precipitation 

our preliminary data indicate that BRD4 is defectively recruited to chromatin (Figure 54B) and 

to Pol II (Figure 55) upon POLR2C overexpression. We hypothesized that this defect could be 

responsible for the phenotypes observed by ChIP-Seq and TT-chem-Seq, and by EU staining as 

well (Figure 51). Given the multiple roles of BRD4 in transcription elongation regulation 

(Altendorfer et al. 2022), its reduced interaction with Pol II could be also responsible further 

into the gene for the phenotype observed in TT-chem-Seq levels drop past the TSS. Our 

hypothesis of BRD4 impaired Pol II interaction being crucial for the phenotypes observed was 

confirmed with our rescue experiments with γH2AX staining and EU staining (Figure 56). 

Further experiments are needed to prove how BRD4 is scavenged away from Pol II on 

chromatin by the overexpressed POLR2C. It would be important to show that BRD4 is retained 

in the nuclear fraction together with POLR2C and to rescue the hyper phosphorylation of Ser2 

by ChIP and western blot. By ChIP for BRD4 upon POLR2C overexpression we could identify 

which genes promoters/enhancers are less bound by BRD4 and assess whether those genes 

are the same in which we observe more Ser2 phosphorylation in POLR2C dox sample. We then 

tested if the BRD4 defect could be targeted by the commercial inhibitor JQ1, which is widely 

used (Donati et al. 2018; Singh and Alauddin 2023). Strikingly cells that overexpress POLR2C 

are also more sensitive to the BRD4 inhibitor (Figure 57), further confirming that its impaired 

recruitment/interaction is the mechanism happening when POLR2C is overexpressed. 

Lastly, POLR2D overexpression causes a drop in Ser5 phosphorylation (Figure 48; Figure 49), 

while it only slightly affects Ser2 phosphorylation (which is increased) and does not affect Total 

Pol II levels on transcribed genes. However, the TT-chem-Seq shows a slight drop in 

transcription in the elongation stage and it even shows increased transcription past the 
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termination site (Figure 45). We could speculate that the defective Ser5 phosphorylation does 

not impact in the processive transcription, but it may affect the correct timing of Pol II pausing 

in the TSS region and therefore interfere with the correct recruitment of co-transcriptional 

factors, such as 3’end processing factors, capping factors, splicing factors (Ghosh et al., 2011; 

Maita & Nakagawa, 2020). As a result, Pol II which is correctly phosphorylated on its Ser2 

residue could proceed into the gene with regulatory elements that could be lost. Indeed, we 

found that POLR2D overexpression interferes with SPT5 and XRN2 recruitment on chromatin 

(Figure 54B), which are recruited at the TSS. We would need to confirm by Pol II IP that these 

factors present reduced interaction with the polymerase in the dox treated samples. The CTD 

of Pol II is phosphorylated on Ser5 by CDK7 kinase module of TFIIH , among other kinases 

(Abdella et al. 2021; Chen et al. 2021; Chen et al. 2018; Fuda et al. 2009; Haberle and Stark 

2018; Rengachari et al. 2021; Robinson et al. 2016; Soutourina 2018). Noticeably, CDK7 

inhibitor THZ1 (Fisher 2019; Kwiatkowski et al. 2014) is effective on POLR2D overexpressing 

cells, confirming the important role of Ser5 hypo phosphorylation indicative of a defect in 

CDK7 activity and regulation. Also, SPT5 can be phosphorylated by CDK7 (Larochelle et al. 

2006; Patel and Simon 2010). It should be assessed whether it is specifically the 

phosphorylated form of SPT that is less present on chromatin upon POLR2D overexpression. 

However, SPT5 is mainly phosphorylated by CDK9 in order to become a positive elongation 

factor (Hartzog and Fu 2013), therefore the mechanism leading to its impaired recruitment on 

chromatin needs to be further investigated.  

Ultimately, we wanted to link the transcription defects with the DNA damage phenotypes. For 

POLR2A and POLR2D cell lines, but not POLR2C,  the genes with increased DNA damage levels 

are also the genes with slightly increased nascent transcription levels (Figure 46). This is the 
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first step for linking transcription deregulation and genome instability. Remarkably, when 

looking at the specific Pol II deregulation (identified by ChIP-Seq) we found that each 

deregulation (increased Pol II, hyper-pSer2 and hypo-pSer5) are even more exacerbated in 

those genes with higher γH2AX ChIP-Seq levels (Figure 50), strongly suggesting that it is indeed 

the transcriptional alteration arising upon single subunits overexpressions, more than just 

increased transcription levels, the cause of the increased genomic instability. 
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4. Discussion and conclusions 

In this work we propose Pol II single subunits POLR2A, POLR2B, POLR2C and POLR2D could 

constitute a new biomarker for high-risk patients. We found that patients baring upregulated 

at least one of the four largest subunits of Pol II, showed poorer survival and increased 

genomic instability (in the form of copy number alteration levels and mutation counts), 

compared to all other patients. We were also able to show that the phenotypes observed in 

patients appear to be independent from other oncogenes/tumour suppressor genes 

deregulation that may be concurrent, finding that the upregulation of Pol II subunit is 

generally not significantly associated with other drivers being mutated. Additionally, these 

phenotypes are not tumour specific, as we observed them in six different cancer studies. 

However, as our analyses assessed the impact of all subuntis together, we can’t exclude that 

for a specific tumour only one among the subunits could be leading in causing the phenotypes 

observed; unfortunately, the low number of patients obtained when only selecting for one 

subunit at the time compromises the possibility of performing a robust analysis. It is important 

to consider that new studies and new patients’ cohorts are continuously added to cBio-Portal, 

therefore it could be worth interrogating again the future the same and other cancer studies, 

thus building more robust and up to date data.  

The analysis carried out on cBio-Portal paved the way for this research, that characterized the 

role of Pol II subunits upregulations in a model cell line, in order to establish whether some of 

the phenotypes observed in the patients were directly dependent on Pol Up and to 

characterize the cause and consequences of the subunits overexpression. The cell line model 

we used to generate was based on the doxycycline inducible HeLa T-REx cell line, which is a 

modified version of HeLa cells that allows the conditional overexpression of a desired gene. 
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We chose this model because it allowed a consistent overexpression level that could be tuned 

with appropriate doxycycline concentrations, which we found being comparable with the 

expression levels in the cancer patients. We thought that this model was easy to use, very 

consistent and reproducible in expression levels in each experimental replicate, and it also 

allowed us to maintain the same levels of expression across the three subunits, without relying 

on high transfection efficiency for achieving the overexpression. Finally, as the cancer patients 

phenotypes were not specific to a single organ or tissue, we sought to use a potentially more 

generic cell line for our analysis. However, HeLa cells are known for their great genomic 

instability and high division rates (Landry et al. 2013), so we would like to confirm some of our 

results in less challenged cell lines and ideally in primary cell lines, to test whether the 

overexpression of the single subunits is sufficient to give to the cells features of cancer cells.  

Once our cell models were established, we were able to show that the single subunit 

overexpression increased DNA damage levels assessed by the formation and accumulation of 

a series of common DNA damage markers, and genomic instability, in the form of micronuclei 

and mitotic aberrations. Despite all subunits overexpression inducing increased DNA damage, 

there were some differences in the induction of specific markers, such as micronuclei 

formation or DNA bridges, indicating that overexpressed subunits may be impacting on 

genomic instability differently. This is also evident when looking at the γH2AX ChIP-Seq 

metagene profiles and gene-to-gene quantifications, which differ from each subunit. The 

γH2AX ChIP-Seq allowed us to identify the genes with higher γH2AX levels, and to link the 

increased DNA damage to specific transcription defects. Indeed, we found that genes with 

increased damage are also the genes in which the transcription defects arising upon the 

subunits overexpression are even more pronounced, indicating the strong link between 
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transcription deregulation and genomic instability. Strikingly, each transcription deregulation 

found in POLR2A, POLR2C and POLR2D, whether more transcription at the TSS or more 

towards the termination of the gene and past respectively, agrees with where γH2AX 

accumulated in the ChIP-Seq metagene profiles. It is important to mention that we quantified 

the γH2AX levels as well as ChIP-Seq and TT-chem-Seq exclusively of Pol II on transcribed 

genes, therefore excluding from our analysis other genomic regions, such as enhancers, which 

could also be affected by Pol II subunits overexpressions, since Pol II pausing is involved in 

stabilizing the interactions between enhancers and promoters (Barshad et al. 2023), or Pol I 

and Pol III transcribed genes, given the impact of Pol II transcription also on Pol I and Pol III 

(Arimbasseri et al. 2013; Cramer et al. 2008; Gerber et al. 2020; Michels and Hernandez 2006; 

Oler et al. 2010; Sanij et al. 2015). Furthermore, the DNA damage phenotypes could be 

explored more, characterizing for example the replication stress phenotype that could be 

arising upon subunits overexpression. First, we could look at how replication is affected by 

DNA fiber assay and by BrdU-Seq, which uses bromodehoxyuridine (BrdU) to label DNA 

synthesis in cells in vivo in order to look at replication dynamics (Hulke et al. 2020; Peace et 

al. 2016). Secondly, we could characterize if the increased DNA damage observed is 

consequence of more damage formation, perhaps caused by defective transcription affecting 

DNA replication and resulting in replication stress, or whether it is a consequence of impaired 

DNA damage repair abilities of spontaneous endogenous lesions. The lack in RAD51 foci 

formation, and its significantly reduced mRNA levels upon POLR2C overexpression, suggest 

that the HR pathway could be to some extent compromised, which could be confirmed with 

an HR-reporter assay. Moreover, it would be necessary to check the kinetics of RAD51 foci 

formation at DNA damage sites after inducing DNA damage with ionizing radiaton (IR). 
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Additionally, the defective recruitment to chromatin of BRD4 upon POLR2C overexpression 

could increase replication fork reversal, as previously shown with inhibition of BRD4. In this 

scenario, RAD51 activity would be crucial to prevent/ reduce fork reversal and avoid DNA 

damage formation (Bowry et al. 2018).  

Although we observed increased DNA damage, when we tested the effect of DDR protein 

inhibitors in the cell proliferation assays in the different cell lines following subunits 

overexpression, they did not show differences in survival of  cells , but our screening could be 

explored further, for example it could be worth to test inhibitors targeting the HR pathway in 

POLR2C cell line, given its defective RAD51 foci formation phenotype and decreased RAD51 

expression (Berte et al. 2016; Chernikova et al. 2012; Lord and Ashworth 2008; Tseng et al. 

2021). The description of specific transcription defects by TT-chem-Seq and ChIP-Seq pointed 

us towards the understanding of the mechanisms and the consequent identification of 

inhibitors to which cells overexpressing the subunits were more sensitive. We hypothesized 

that the overexpressed subunits could be interfering with transcribing Pol II, by interfering 

with the correct CTD phosphorylation and the correct interaction of Pol II with transcription 

factors. It has been shown recently that Pol II subunits can be found not in the complex (Li et 

al. 2023) and that each Pol II subunit can have different roles aside of the structural/enzymatic 

role in the transcribing complex (Li et al. 2022). The ChIP-Seq data is limited to the CTD 

modifications we investigated. It is not excluded that subunits overexpression may interfere 

with other CTD modifications, as important as pSer2 and pSer5. Further Pol II ChIP-Seq 

experiments with all the CTD phosphorylations are crucial to completely characterize the 

impact of Pol II subunits overexpression on transcription regulation. Furthermore, in the 

transcription factor screening by cell fractionation and immune-precipitation, we only 
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investigated a limited number of transcription factors, which we know interact with Pol II to 

regulate its phosphorylated forms or are efficiently recruited during transcription. However, 

we did not consider in our analysis other factors that may be directly involved in the CTD 

phosphorylation phenotype observed, such as phosphatases, which together with kinases are 

also crucial regulators of transcription (reviewd in Cossa et al. 2021). 

However, our results with rescue experiments of POLR2C cell line phenotypes with BRD4 

overexpression and the effectiveness of JQ1 and THZ1 in POLR2C and POLR2D cell lines 

respectively, point towards the fact that the altered CTD phosphorylation is dependent on 

BRD4 in POLR2C and CDK7 in POLR2D. It is important to consider that JQ1 is an inhibitor 

targeting all Bromodomain containing proteins, so not only BRD4 but also BRD3 and BRD2, 

which have not been tested in our screening (Coudé et al. 2015; Singh and Alauddin 2023). 

Therefore it will be essential performing in future experiments with BRD4-specific inhibitor to 

assess that it is indeed the partial loss of BRD4 responsible of the phenotypes observed and 

sensitizing cells to JQ1 and not a secondary effect of targeting BRD3 and BRD2. 

 

In conclusion, we propose that overexpressed/upregulated subunits (PolUp) could constitute 

a new biomarker for high-risk patients across multiple cancer types, and with the 

understanding of the transcription deregulations and increased genomic instability arising 

upon single subunits overexpression we are one step closer to identifying a potentially more 

suitable targeted therapy. Additionally, we firstly describe new roles of the single subunits in 

the regulation of the CTD phosphorylation and efficient transcription beyond the boundaries 

of the transcribing Pol II complex, which are unique to each subunit. In our view, the 

overexpressed subunits actively interfere with transcription, by deregulating Pol II CTD 
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phosphorylation and interaction with transcription factors on chromatin (Figure 59), even if 

further studies are needed in order to define all the CTD modifications and identify the factors 

defectively recruited to transcribing Pol II, potentially expanding the pool of suitable targets 

for therapy. Indeed, our working model proposes that when subunits are overexpressed they 

interfere with TFs recruitment to transcribing Pol II, serving as a sponge scavenging away TFs. 

At the same time, when interfering with Pol II CTD phosphorylation events other transcription 

associated processes or the recruitment of TFs dependent on the CTD phosphorylation pattern 

may be altered. Altogether these deregulations would result in transcription defects and 

increased DNA damage (Figure 59). Ultimately, to give this research and our findings a more 

translational breath, it would be worth it to expand our work on primary cells and organoids, 

recapitulating some of the phenotypes observed in these models. It would be interesting, for 

example, to assess the drug sensitivity in organoids, which are complex systems and better 

represent the genomic complexity in which the deregulations of Pol II subunits may occur, 

giving us a clearer idea on the possibility of exploiting the Pol II subunit upregulation as a new 

biomarker and on how to precisely target each upregulation for therapeutic purposes. 
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Figure 59 Working model During unperturbed transcription, Pol II CTD is decorated with 

phosphorylation at the different stages of transcription, from the TSS to the TTS of the gene 

and transcription factors are correctly co-transcriptionally recruited to transcribing Pol II. When 

single subunits are overexpressed, they can interfere with transcription factors (TF1,2,3) 

recruitment and/or with correct CTD phosphorylation, resulting in hyper transcription, 

elongation defects, termination defects which impair the correct course of transcription and 

increase the chances of challenging DNA integrity, resulting in increased genomic instability. 
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Supplementary 

Gene Deregulation Associated Cancer References 

POLR2A Upregulated/Overexpressed Gastric cancer  

Ovarian cancer 

Acute Myeloid Leukemia 

Cholangiocarcinoma 

Thymoma 

Jiang et al., 2021  

Li et al., 2019  

Yu et al., 2019 
 

Downregulated Adrenocortical carcinoma 

Testicular germ cell carcinoma 

Endometrial carcinoma 

Yu et al., 2019 

Polymorphisms  Non-small cell lung cancer Yoo et al., 2017  

Co-deletion with TP53 Colorectal cancer  

Triple-negative breast cancer 

Liu et al., 2018 

Liu et al., 2015  

Cance & Bradner, 2015  

Van Der Jeught et al., 2018 

Yujing Li et al., 2021 

Xu et al., 2019 

POLR2B Mutated Breast cancer Luo et al., 2009,  

Huang & Vakoc, 2016,  

Gerlach et al., 2018,  

Iorio et al., 2016 

Upregulated/Overexpressed  Hepatocellular carcinoma Zhang, 2022 

Downregulated Acute myeloid leukemia Imanishi et al., 2014 

POLR2C Upregulated/Overexpressed Hepatocellular carcinoma 

Gastric cancer 

Fang et al., 2014 

Hu et al., 2021 

Zhou et al., 2018 
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Downregulated Osteosarcoma Chen et al., 2022 

POLR2D Upregulated/Overexpressed Colorectal cancer 

Ovarian cancer 

Prostate cancer 

Abba et al., 2012 

Kim et al., 2021 

Yamada et al., 2018 

POLR2E Polymorphisms Prostate cancer 

Esophageal cancer 

Breast cancer 

Papillary thyroid carcinoma 

Liver cancer 

Jin et al., 2011 

Sattarifard et al., 2019 

Chu et al., 2017 

Chen et al., 2019;  

Wang, et al., 2018 

Li, et al., 2018 

Chen et al., 2018 

POLR2F Upregulated/Overexpressed Colorectal cancer  

Gastric cancer 

Triple negative breast cancer 

Prostate cancer 

Glioblastoma 

Antonacopoulou et al., 2008 

Orian-Rousseau et al., 2005 

Zhou et al., 2018 

Naorem et al., 2019 

Yi et al., 2023 

Wang et al., 2023 

Masica & Karchin, 2011 

Downregulated Cervical cancer (HPV18+) Sample, 2020 

Wang et al., 2022 

POLR2G Upregulated/Overexpressed Hepatocellular carcinoma Yao et al., 2022 

Li et al., 2019 

POLR2H Upregulated/Overexpressed Head and neck carcinomas 

Colorectal cancer 

Hepatocellular carcinoma 

Prostate cancer 

Lung cancer 

Slebos et al., 2006 

Zhang et al., 2020 

Normal et al., 2020 

Ke et al., 2019 

Fan et al., 2018 
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Breast cancer Chen & Hu, 2019 

Wang et al., 2021 

Dong et al., 2021 

Jia et al., 2022 

Guttapadu et al., 2023 

Jia et al., 2015 

Miao et al., 2021 

POLR2I Upregulated/Overexpressed Ovarian cancer  

Head and neck cancer 

Gaponova et al., 2017  

Long et al., 2016 

 Downregulated Hepatocellular carcinoma Walmacq et al., 2009 

Ren et al., 2020 

POLR2L Upregulated/Overexpressed Gastric cancer 

Hepatocellular carcinoma 

Zhou et al., 2018 

Zhang et al., 2023 

POLR2J Upregulated/Overexpressed Lung cancer  

Colorectal cancer 

Glioblastoma 

Ovarian cancer 

Testicular germ cell carcinoma 

Breast cancer  

Campbell et al., 2008  

Rajput et al., 2013 

Zhang et al., 2020 

Normal et al., 2020 

Li, 2023 

Sánchez-Tilló et al., 2012 

Zhao et al., 2021 

Yao et al., 2021 

Farahmand et al., 2016 

POLR2K Upregulated/Overexpressed Hepatocellular carcinoma 

Breast cancer 

Prostate cancer 

Bladder cancer 

Woo et al., 2009 

Natrajan et al., 2010 

Yang & Wang, 2021 

Chen et al., 2023 

Kelly et al., 2016 
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Guo et al., 2021 

Yang et al., 2020 
 

 

Supplementary table 1 The main deregulations affecting each Pol II subunit in cancer 
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