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Abstract: Deregulated transcription is a well-known characteristic of cancer cells, with differentially
expressed genes being a common feature of several cancers. Often, deregulated transcription is a
consequence of alterations in transcription factors (TFs), which play a crucial role in gene expression
and can act as tumour suppressors or proto-oncogenes. In eukaryotic organisms, transcription is
carried out by three distinct RNA polymerase complexes: Pol I, Pol II, and Pol III. Pol II, specifically,
is responsible for transcribing messenger RNA (mRNA), the protein coding part of the genome, as
well as long non-coding RNAs (lncRNAs). While there is considerable research on the impact of
specific deregulated transcription factors in cancer development, there is a lack of studies focusing on
defects within the RNA polymerase complexes and their subunits. This review aims to shed light in
particular on the Pol II complex and highlight the deregulation of its subunits that have a significant
impact on tumour development, prognosis, and survival. By providing a comprehensive overview
of our current understanding of Pol II subunits in cancer, this review emphasizes the importance
of further research in this area. It suggests that exploring these subunits’ deregulations could lead
to the identification of valuable biomarkers and potential therapeutic targets, making it a topic of
collective interest.
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1. Introduction

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 coding part of the genome, messenger RNA
(mRNA), 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 [1,2]. 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 [3]. The subunits specific
to RNA Pol I are encoded by the genes POLR1A-H.

• In the 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, RPB9, and
the disordered c-terminal domain (CTD) of RPB1 subunit are specific to Pol II [4]. The
genes encoding for Pol II 12 subunits are POLR2A-K.

• RNA Pol III is comprised 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 [5].
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RNA polymerase complexes work in concert with transcription activators and repres-
sors. 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 transcrip-
tion [6–10]. The activity of TFs is also controlled by coactivators and corepressors, which 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 [11]; (ii) altering chromatin accessibility, as, for example, through nucleosome
remodelling by the ATP-dependent complex hSWI/SNF, or post-translational modifica-
tions 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 [12–15].

In 2000, a seminal 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 anti-
growth signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis,
and tissue invasion and metastasis [16]. In the subsequent years, genome instability, among
others, has also emerged as new hallmark of cancer, together with deregulated transcrip-
tion (Figure 1) [17,18]. 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 [19].
Among them, it is worthwhile 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 activity on E2F is
controlled through the cell cycle, tightly regulated to control cell proliferation. Cancers
commonly bear a disruption of this pRB-E2F regulation [20,21]; 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 involved in the 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 [22]. 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 [23–30]. Beyond deregulations of TFs,
there is also evidence of transcription deregulations of RNA Pol I and Pol III complexes
in cancers [19,31,32], while specific Pol II deregulations in relation to cancer remain elu-
sive. Moreover, although the transcription regulation mediated by TFs occurs via their
interaction with the subunits composing the RNA polymerase complexes [6–9], studies on
the subunits of the RNA Polymerase II machinery itself remain elusive. The purpose of
this review is to describe which are the mutations/deregulations affecting Pol II subunits
linked to cancer development identified by research so far.
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Figure 1. 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 tran-
scription and result in altered gene expression. Cancer cells’ increased demand of cellular compo-
nents to sustain their high proliferation need is satisfied by increased Pol III transcription and in-
creased 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. 

2. Pol I 
Hyperactivation of ribosomal DNA (rDNA) transcription and enlarged nucleoli (nu-

cleolar hypertrophy) are common features of aggressive tumours, together with deregu-
lation of ribosome biosynthesis (RiBi) and overexpression of rRNA [33]. These observa-
tions led to suggestions 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 im-
portant roles in ribosome biogenesis, making the activation of the ribosomal surveillance 
pathway and consequent p53 activation a useful therapeutic means for a wide range of 
tumours [31,32,34]. Furthermore, well-known transcription factors which are tumour sup-
pressor genes or oncogenes, for example, RB and MYC, regulate the transcription of Up-
stream Binding Factor (UBF), an essential component of the Pol I pre-initiation complex, 
resulting in repression or upregulation of Pol I transcription, respectively (Figure 1) 
[32,35,36]. Myc stimulates the expression of UBF, upregulating ribosome biosynthesis, 
and 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 tu-
mour cells more than in normal cells [36]. Among the Pol I inhibitors, CX-5461 prevents 
the formation of Pol I pre-initiation complex and inhibits transcription initiation by 
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Figure 1. 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.

2. Pol I

Hyperactivation of ribosomal DNA (rDNA) transcription and enlarged nucleoli (nucle-
olar hypertrophy) are common features of aggressive tumours, together with deregulation
of ribosome biosynthesis (RiBi) and overexpression of rRNA [33]. These observations led to
suggestions 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 con-
sequent p53 activation a useful therapeutic means for a wide range of tumours [31,32,34].
Furthermore, well-known transcription factors which are tumour suppressor genes or onco-
genes, for example, RB and MYC, regulate the transcription of Upstream Binding Factor
(UBF), an essential component of the Pol I pre-initiation complex, resulting in repression
or upregulation of Pol I transcription, respectively (Figure 1) [32,35,36]. Myc stimulates
the expression of UBF, upregulating ribosome biosynthesis, and 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 [36]. 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,
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and is very specific to Pol I and does not affect Pol II or III [36,37]. This small-molecule
inhibitor has shown promising results in killing Eµ-MYC lymphoma cells by activating
p53-dependent apoptosis [34]. Interestingly, CX-5461 has also been successful in the treat-
ment of chemoresistant ovarian cancers, showing promising results in taxane resistant
cells, which are instead sensitive to CX-5461 [38,39]. 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
the triggering of apoptosis [35]. BMH-21 is a potent compound capable of inducing p53
activation selectively in different cancer cell lines but not in normal cells, which works by
binding DNA GC-rich regions. Being rDNA highly GC-rich, it has been shown that BMH-21
functions by disassembling the Pol I complex at rDNA promoter regions to inhibit rDNA
transcription [40]. Recently, it was also found that Pol I activity is upregulated in prostate
cancers. CX-5461 blocked proliferation and suppressed prostate cancer tumorigenesis in
a p53-dependent manner [41]. Similarly, BMH-21 decreased prostate cancer cell growth
in vitro and in vivo in different cell lines, also in a p53-independent manner [41].

Deregulations specifically affecting 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 [42]. Similarly, POLR1B is usually upregulated in a broad range
of human cancers including non-small cells lung cancer (NSCLC), where knockdown of
POLR1B resulted in reduced cell proliferation [43]. Furthermore, in ER-positive breast
cancer, it can be considered a biomarker for resistance to fulvestrant [44]. The POLR1C
subunit is differentially expressed in breast cancer patients compared to normal tissue and
either amplified or overexpressed in gastric cancer [45]. In colorectal cancer, a region in
13q containing POLR1D is frequently amplified, resulting in POLR1D overexpression [46],
which is associated with higher risk, poorer overall survival, and acquired resistance
to bevacizumab, identifying POLR1D as a potential therapeutic target [47–49]. Finally,
POLR1E expression correlates with increased tumour stage in bladder cancer [50].

3. RNA Polymerase III

Similar to Pol I transcription, Pol III transcription can also 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 [51,52]. 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 [53]. 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 [54], and TFIIIC2 was found to be
overexpressed in ovarian carcinomas [52]. It was also found that Pol III activity is elevated
in primary human fibroblasts carrying loss of function mutations in p53 [55], as well as in
mice lacking Rb [56,57]. 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 (Figure 1) ([32] and citations therein). This supports the belief that limiting
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 [53,58]. More recently, it has been found that the subunit POLR3G
is capable of binding the telomerase reverse transcriptase TERT [59], 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 [60] and that POLR3G overexpression correlated with
poor prognosis of transitional cell carcinoma [61]. POLR3G was also identified in clinical
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data as one out of five genes in a risk signature predicting the prognosis of patients with
hepatocellular carcinoma [62]. 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 [63]. 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 [64–67]. Furthermore, POLR3K subunit high
expression is correlated with poorer overall and disease free survival in ovarian cancer [68].

4. RNA Pol II

The Pol II active centre is formed by the subunits RPB1 and RPB2, which sit at two
opposite sides of a positively charged “cleft”, the entry point of DNA for elongation,
together with RPB3, -10, -11, and -12 [69,70]. 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 [1,69]. A small portion of RPB2 and the
N-terminal of RPB6 contribute to the structure of the clamp [71]. From the base of the clamp
protrudes the “linker”, connecting RPB1 with its C-terminal domain (CTD) [70], which
is phosphorylated in order to coordinate transcription progression and co-transcriptional
events. RPB2 side of the cleft constitutes the “lobe” and “protrusion domains”, blocking
the end of the cleft [1,69].

Generally, Pol II is divided into functional domains defined as the clamp (compre-
hensive of RPB1 mainly and RPB2), the jaw lobe (RPB2, RPB1 and RPB9), the RPB5 jaw,
and the stalk (RPB4, RPB7) [72]. The latter binds the polymerase core through the 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 con-
tributing to promoter specificity [70]. Additionally, RPB4 tunes the CTD phosphorylation
levels [73] 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 [74–76].

For the purpose of this review, we will focus on the RNA Polymerase II complex
and its subunits. 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 [77–80]. 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 (Table 1).

5. 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 [81,82]. In fact, usually POLR2A is highly expressed in
tumour tissues compared to neighbouring normal tissues. For example, POLR2A overex-
pression has been found to induce proliferation in gastric cancer cells and inhibit apoptosis
both in vitro and in vivo [82]. Furthermore, POLR2A expression level was found to be
higher in patients derived xenograft models of ovarian cancer [83]. 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
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in reduced overall survival and increased tumour growth. Indeed, POLR2A KD reduced
cell proliferation and tumour growth in vitro and in vivo [84]. Analysing POLR2A mRNA
expression levels in TCGA dataset, it was also found that POLR2A upregulation occurs not
only in AML patients, but also in cholangiocarcinoma and thymoma [84]. 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 [85]. 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 α-amanitin [86] and POLR2A depletion with siRNAs, suggesting the
possibility of targeting POLR2A in p53−/+ cancer cells or cancers with a broader 17p
loss [87–90]. Similarly, siRNA inhibition of POLR2A in hemizygous TP53 TNBCs where
POLR2A is hemizygously co-deleted resulted in reduced tumour growth and enhanced
tumour suppression [91].

6. 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 [92,93]. Furthermore, POLR2B downregulation could play a role in cell
resistance to 5-Azacytidine (AZA), a DNA demethylating agent 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 [94]. More recent
studies analysing TCGA datasets found upregulated POLR2B in hepatocellular carcinoma
and high mRNA levels to be correlated with overall reduced patient 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 a diagnostic
biomarker in virus-related HCC [95].

7. POLR2C/RPB3

As for POLR2B, not much research highlights the role of POLR2C deregulations in
general in cancer. However, a few studies conducted in hepatocellular carcinoma (HCC)
cell lines and tissues found that POLR2C protein expression is increased by immunohis-
tochemical 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-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 [96,97]. Other than in HCC, POLR2C expression
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alterations were also found in osteosarcoma tumour samples, where mRNA expression
is significantly lower compared to normal osteoblasts [98], 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 [99].

8. POLR2D/RPB4

Some research has been conducted on POLR2D functions in tumour development. The
first evidence comes from colorectal cancer, where it was found that POLR2D mRNA expres-
sion 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 [100]. 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 [101]. The upregulation of POLR2D
is also important in prostate cancer, where, analysing patients on the TCGA database, it
was shown that high POLR2D expression associated with significantly lower disease-free
survival compared to patients with low expression of POLR2D [102]. 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 [103].

9. 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 the
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,
who reported, in a prostate cancer genome wide association study, that the SNP rs3787016
in POLR2E is associated with increased risk of prostate cancer occurrence [104]. They
proposed that this variant could interfere with correct splicing and therefore produce a dys-
functional POLR2E, thus impacting 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 de-
velopment [105]. 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 [106–109].

10. 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 carcinoma tissues compared to normal tissues, and specifically its overexpres-
sion correlated with early disease occurrence and relapse [110]. Previous studies showed
POLR2F to be upregulated in a colorectal cancer metastatic tumour cell line [111]. As previ-
ously 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 upregula-
tions could be involved in mechanisms of cisplatin resistance in gastric cancer [99]. Further-
more, 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 [112]. Lastly, a retrospective study on
prostate cancer integrating transcriptome and clinical and pathological data from different
databases identified POLR2F upregulation as being associated with poorer prognosis in
patients and predictive of worse outcomes in androgen deprivation therapy treatment [113].



Appl. Biosci. 2023, 2 466

Not only does the upregulation/overexpression of POLR2F have a potential prognostic
value in tumours, but there is evidence that downregulation of POLR2F could also 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 [114].
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 [115]. 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 [116,117].

11. 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 [118]. 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 [119].

12. 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. The first evidence shows that high mRNA expression of POLR2H
is found in HPV+ head and neck carcinomas [120]. More recent research in rectal cancer,
analysing both the TCGA and GEO databases, identified among a total of 18 prognostic
associated genes, and a subset of 11 genes including the subunits POLR2H and POLR2J
were associated with increased risk of poor overall survival in patients. Importantly, in
the high risk group, POLR2H was overexpressed [48]. In agreement with this analysis,
both POLR2H and POLR2J are overexpressed in rectal tumour organoids [121]. POLR2H
high mRNA levels are also associated with patients’ overall survival in hepatocellular
carcinoma [122]. 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 [123–125]. Furthermore, POLR2H mRNA levels
are significantly higher in lung cancer tissue samples compared to normal samples [126],
and its high expression significantly correlates with patients’ survival in lung squamous cell
carcinoma [127,128]. Interestingly, more recent data showed that POLR2H is upregulated
in a subset of breast cancer patients resistant to radiotherapy, potentially implicating its
role in the acquisition of radio-resistance [129,130].

13. 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, and PARP inhibitor olaparib and also
radiation therapy [131]. Furthermore, in a meta-analysis study of microarray datasets
aimed at identifying potential prognostic candidates in colorectal cancer cell lines with
different levels of aggressiveness, POLR2I was found as a candidate gene downregulated
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in less aggressive cell lines [132]. 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 producing aberrant transcripts [133,134].

14. 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 the 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, were significantly upregulated and associated with
cisplatin resistance [99]. Furthermore, POLR2L was among the seven candidate genes found
to be upregulated to significantly promote cell proliferation compared to control cells, iden-
tified 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 its colonization potential with the formation of metastasis to the lung.
Indeed, these cell lines showed increased invasion capability compared to the control [135].

15. POLR2J/RPB11

There are different gene copies of POLR2J1–4 on the human Chr 7, and at least
11 alternative mRNAs encoding different POLR2J isoforms. The first evidence of a role
of POLR2J in cancer came from expression studies in lung tumours, where 50 cases were
analysed and nine genes, including POLR2J, were found to show a two-fold increase
in expression compared with normal bronchial epithelial cells. POLR2J showed higher
expression in nine of the tumour samples, with two matched samples showing more
than double expression levels in the tumours [136]. 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 [137]. As mentioned above, POLR2J was associated with
higher risk and poorer survival in rectal cancers and was found to be overexpressed in
rectal tumour organoids [48,122]. 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 [138].
It was already established that upregulation of POLR2J is correlated with poor prognosis in
glioblastoma patients and that its downregulation is 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 [139]. Con-
sistently, 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 [138]. Finally, POLR2J has also been found associated with patients survival
of grade 2 ovarian cancers [140], testicular germ cell tumour prognosis [141], and breast
cancer susceptibility in a Belgian population [142].

16. 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 [143]. Similar to other
Pol II subunits, its increased expression is observed in different cancers. In HER2 breast
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cancers, POLR2K gain of expression by mRNA upregulation or gene amplification was
observed [144]; 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 [145]. Recently, along
with four other genes, higher POLR2K expression levels were found via machine learning
approaches in a high-risk group of patients for breast cancer [146]. 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 [147,148]. 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 [149].

17. Conclusions

RNA Pol II transcription deregulation and transcription factors deregulations are
well-established markers of cancer. In this review, we have collected evidence of Pol II
subunits deregulations important for cancer development, progression, and aggressiveness.
Notably, most of the alterations affecting the subunits found in cancer are up-regulations.
However, in the same subset of patients, two subunits have rarely been found to be
upregulated together, nor their upregulation shown to be concurrent with POLR2A subunit
upregulation. This indicates that the phenotypes observed in patients and in cancer cells
could be dependent on the single subunits upregulations and not strictly related to an
overall increase in Pol II transcriptions. During transcription, Pol II subunits engage
in protein–protein and protein–DNA/RNA interactions with TFs and template DNA
and nascent mRNA. For instance, in the pre-initiation complex, POLR2A and POLR2B
subunits directly contact the general TFIIB and TFIIF dimerization module [71,150–152].
The Mediator complex facilitates the crosstalk between TFs bound enhancers and promoters
and Pol II, therefore positively regulating transcription through extensive interactions with
general TFs and Pol II itself [7,10,153–156]. Once moving into elongation, the general TFs
are released and Pol II establishes new interactions with elongation factors [8,9,157–159].
Not only does Pol II establish interactions with transcription factors and co-transcriptional
activators, but also with components of co-transcriptional processes such as RNA splicing,
capping, and 3′-end processing, which are regulated by CTD phosphorylation and CTD
phosphatases [160–166]. Interestingly, studies in yeast have highlighted the involvement
of RPB4 and RPB7 subunits (POLR2D and POLR2G) in recruiting CTD phosphatases
Fcp1 and Ssu72, keeping the CTD phosphorylation levels under control [73]. Indeed,
even if Pol II is always studied as a complex, it has recently become of interest how its
subunits could play independent roles in biological processes and can operate outside of the
complex [167,168]. We can speculate that the higher levels of Pol II subunits could interfere
with transcription and co-transcriptional processes, being the subunits the interacting
platform with general transcription factors and transcription activators/repressor. 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 [2,169]. 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.
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Table 1. Summarising RNA Pol II subunits deregulations in cancers.

Gene Deregulation Associated Cancer References

POLR2A

Upregulated/Overexpressed

Gastric cancer
Ovarian cancer
Acute Myeloid Leukaemia
Cholangiocarcinoma
Thymoma

[82–84]

Downregulated
Adrenocortical carcinoma
Testicular germ cell carcinoma
Endometrial carcinoma

[84]

Polymorphisms Non-small cell lung cancer [85]

Co-deletion with TP53 Colorectal cancer
Triple-negative breast cancer [86–91]

POLR2B

Mutated Breast cancer [92,93]

Upregulated/Overexpressed Hepatocellular carcinoma [95]

Downregulated Acute myeloid leukaemia [94]

POLR2C
Upregulated/Overexpressed Hepatocellular carcinoma

Gastric cancer [96,97,99]

Downregulated Osteosarcoma [98]

POLR2D Upregulated/Overexpressed
Colorectal cancer
Ovarian cancer
Prostate cancer

[100–102]

POLR2E Polymorphisms

Prostate cancer
Oesophageal cancer
Breast cancer
Papillary thyroid carcinoma
Liver cancer

[104–109]

POLR2F
Upregulated/Overexpressed

Colorectal cancer
Gastric cancer
Triple negative breast cancer
Prostate cancer
Glioblastoma

[99,110–115]

Downregulated Cervical cancer (HPV18+) [116,117]

POLR2G Upregulated/Overexpressed Hepatocellular carcinoma [118,119]

POLR2H Upregulated/Overexpressed

Head and neck carcinomas
Colorectal cancer
Hepatocellular carcinoma
Prostate cancer
Lung cancer
Breast cancer

[48,120–130]

POLR2I
Upregulated/Overexpressed Ovarian cancer

Head and neck cancer [131,132]

Downregulated Hepatocellular carcinoma [133,134]

POLR2L Upregulated/Overexpressed Gastric cancer
Hepatocellular carcinoma [99,135]

POLR2J Upregulated/Overexpressed

Lung cancer
Colorectal cancer
Glioblastoma
Ovarian cancer
Testicular germ cell carcinoma
Breast cancer

[48,136–142]

POLR2K Upregulated/Overexpressed

Hepatocellular carcinoma
Breast cancer
Prostate cancer
Bladder cancer

[143–149]
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