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Abstract
General transcription is required for the growth and survival of all living cells. However, tumor cells require
extraordinary levels of transcription, including the transcription of ribosomal RNA genes by RNA polymerase I (RNPI)
and mRNA by RNA polymerase II (RNPII). In fact, cancer cells have mutations that directly enhance transcription and
are frequently required for cancer transformation. For example, the recent discovery that MYC enhances the
transcription of the majority genes in the genome correlates with the fact that several transcription interfering
drugs preferentially kill cancer cells. In recent years, advances in the mechanistic studies of the basal transcription
machinery and the discovery of drugs that interfere with multiple components of transcription are being used to
combat cancer. For example, drugs such as triptolide that targets the general transcription factors TFIIH and JQ1 to
inhibit BRD4 are administered to target the high proliferative rate of cancer cells. Given the importance of finding
new strategies to preferentially sensitize tumor cells, this review primarily focuses on several transcription inhibitory
drugs to demonstrate that the basal transcription machinery constitutes a potential target for the design of novel
cancer drugs. We highlight the drugs’ mechanisms for interfering with tumor cell survival, their importance in
cancer treatment and the challenges of clinical application.
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Review
Cells require transcription for basic processes, such as
survival, cell growth and differentiation. Transformation
highly correlates with enhanced transcription of oncogenes
and other transcription factors in cancer cells [1]. For many
years, genotoxic drugs have been administered to combat
cancer. In fact, several compounds that reduce cancer cell
proliferation also directly or indirectly affect global transcription, a characteristic that mechanistically contributes
to their cytotoxicity. For example, intercalator compounds, such as cisplatin, induce DNA damage but also
disrupt transcription [1,2].
Interestingly, several studies in various models have demonstrated that oncogenically transformed cells are more
susceptible to apoptosis in response to transcriptional
inhibition, suggesting that transcriptional inhibition has
direct cytotoxic effects in malignant cells. In mouse lymphoma models, tumor cells were more sensitive to apoptosis than wild-type cells after treatment with an inhibitor
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of RNPI (RNA polymerase I) transcription [3], and similar
effects were observed using RNPII (RNA polymerase II) inhibitors [4-6]. The reduction of basal transcription may
interfere with transcriptional programming directed by key
oncogenes, thereby exerting a greater effect in cancer cells
versus normal cells. These findings support the link between transcription and transformation, suggesting that the
basal transcription machinery is a promising druggable target to block cancer cell proliferation. Thus, the basal transcription machinery is an increasingly important target for
cancer therapies.
In this review, we briefly describe transcriptional machinery components and several transcription inhibitory
drugs. We discuss how these drugs interfere with survival of tumor cells as well as the challenges and limitations for clinical application.
General transcription machinery: RNPI and RNPII

The basal transcription machinery, a central component of
general transcription, consists of several universal components that are required for promoter interaction, thereby
achieving efficient and regulated transcription. Several
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components of these transcriptional complexes exhibit
enzymatic activity, which can potentially be inhibited by
newly designed drugs (Figure 1). In addition, other
drugs can be designed that disturb the protein-protein
or DNA-protein interactions of these complexes.
RNPI-mediated transcription

The rRNA genes are located in the nucleolus and are
transcribed by RNPI in eukaryotic cells. rRNA genes are
transcribed during the S and G2 phases of the cell cycle;
however, transcription is repressed during mitosis and is
slowly recovered in G1 [7]. Selectivity factor 1 (SL1 in
humans, TIF-1B in mouse) and upstream binding factor
(UBF) are required for promoter binding and the recruitment of RNPI as well as various accessory factors,
such as TFIIH; protein kinase CK2; nuclear actin; myosin (NM1); the chromatin modifiers G9A, PCAF and
SIRT7; proteins involved in replication and repair; oncogenes and tumor suppressors for review, see: [7,8]. Moreover, rRNA gene expression is highly regulated in response
to various environment conditions, including growth factors, nutrients and stress. Thus, the modulation of rRNA
synthesis involves several signaling pathways that regulate
cell growth and proliferation [8].
RNPII-mediated transcription

The main component of the basal transcription machinery is RNPII, which is composed of 12 subunits [9] and
requires accessory factors, such as TFIIA, TFIIB, TFIIE,
TFIIF, TFIID, TFIIH, SAGA, P-TEFb and Mediator, at
various steps of transcription for review, see [9,10].
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TFIID and SAGA (Spt–Ada–Gcn5–acetyltransferase)
interact with the promoter and participate in the recruitment of the pre-initiation complex (PIC). SAGA specifically
activates gene transcription in response to environmental
stress [11-13]. After SAGA or TFIID binding to the promoter, several transcription factors are recruited to form
the PIC. PIC factors include TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, TFIIH, Mediator and RNPII [10]. TFIIH not only
participates in transcription but also nucleotide excision repair (NER) and cell cycle regulation. The XPB subunit is
important for open complex formation, which is critical for
promoter escape. CDK7 phosphorylates Ser 5 and 7 in the
carboxy-terminal domain (CTD) heptapeptide repeat sequence of the large subunit of RNPII, which is important
for the recruitment of the mRNA processing machinery
during transcription [14,15].
Mediator is a multisubunit complex that cooperatively
binds with RNPII and a subset of general factors during
an intermediate step of PIC formation. Mediator is a
transducer of the signals that link the activators with the
general transcription machinery, thereby activating transcription [16,17]. However, these signals inhibit RNPII in
certain scenarios [18,19]. On the other hand, the positive
elongation factor (P-TEFb) complex is fundamental for
transcription elongation through RNPII. The CDK9 subunit of P-TEFb phosphorylates the CTD of RNPII at Ser
2 for transcription elongation [20,21]. Interestingly, PTEFb interacts with the super elongation complex (SEC)
[22]. In addition, P-TEFb also interacts with the bromodomain proteins BRD3 and BRD4, which are required
for the efficient recruitment of the P-TEFb complex to

Figure 1 Different subunits of protein complexes involved in basal in basal transcription have different enzymatic activities that are or
can be target by drugs inhibiting RNPII transcription. In the case of BRD4, in addition to its kinase activity, the Brm domain is the target of
JQ1 and I-BET151, which interferes with the binding to acetylated histones; therefore future drugs that target components of the basal transcription
machinery could be designed to interfere the interaction between different subunits into the complex. The different subunits with enzymatic activities
of a corresponding complex are indicated in the figure.
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the promoter and the activation of transcription elongation through binding to acetylated histones [23,24]. Recently, it was demonstrated that BRD4 is a kinase that
phosphorylates Ser 2 of the RNPII CTD domain, suggesting a direct role for BRD4 in transcription elongation [25].
Cancer cells require high levels of transcription

Transformed cells require active transcription for proliferation and survival. Certain oncogenes, ribosomal genes
and components of the transcriptional machinery are
overexpressed in tumor cells to maintain proliferation
[8,26,27]. For RNPI transcription, increased rRNA synthesis is associated with uncontrolled cancer cell proliferation. In fact, enhanced RNPI activity triggers nucleoli
enlargement, a marker of aggressive cancer cells associated with a poor prognosis [28]. In addition, RNPII transcription is required to support the high demand of the
transcripts, including oncogenes and anti-apoptotic factors, which is necessary for the maintenance of rapid
growth and apoptosis resistance (Figure 2). For example,
RNPII increases the global transcription of the majority
of genes expressed in the cell through P-TEFb, which is
important for maintaining the transformed phenotype
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[29,30]. Likewise, RNPIII activity is increased in tumor
cells compared with normal cells, and the overexpression of BRF2, a RNPIII factor, is associated with several
cancers [27].
Interestingly, the depletion of Xist RNA, involved in mammalian X-chromosome inactivation, induces hematological
cancer in mice due to the increased expression of Xspecific transcripts that are potentially associated
with carcinogenesis [31]. In this work, Xist RNA depletion induces genome-wide alterations given that
X-chromosome reactivation enhances transcription of
X-specific transcripts, suggesting that Xist RNA is a
cancer suppressor in vivo. Additionally, cancer cells
can modulate their transcriptome and physiology to
enhance survival and proliferation under stress conditions.
This notion was demonstrated for heat shock factor 1
(HSF1), which drives a transcriptional program different
from the heat shock supporting oncogenic processes,
including protein folding, stress response, cell cycle and
signaling genes, to maintain highly malignant human
cancers [32]. These findings highlight the important role
of transcription in maintaining the transcript supply of
cancer cells.

Figure 2 Cancer cells require high levels of basal transcription. To maintain a proliferative state cancer cells need active transcription by the
three RNA polymerases. In particular the expression of oncogenes as well genes that suppress apoptosis is enhanced in tumour cells. Also, the
enhancement of global transcription by MYC is necessary to maintain the cancerous phenotype. This situation is similar to the requirements of
the transcription activity in ectopic expression genes, which is more sensible to the reduction of global transcription than normally expressed
genes. Different kind of genes in the genome, require different levels of transcriptional activity. For instance, metabolic and regulatory genes do
not require high levels of transcriptional activity. On the other hand, genes that express product of terminal differentiation require higher levels of
transcriptional activity. Unregulated and ectopically expressed genes as well as overexpressed genes as response to stress, a situation that occurs
in many cancers, require even higher transcriptional activity to maintain a transformed phenotype. Therefore, the reduction of the basal transcription
activity preferentially affects these genes.
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Transcription inhibitors

Drugs that potentially target the basal transcription machinery components could preferentially affect highly proliferative cells. Various components targeted by drugs
include cyclin-dependent kinases (CDKs), RNA polymerases or components of associated transcriptional
complexes.
CDK and kinases

Several CDKs that participate in RNPII transcription are
targets for global transcription inhibition. CDK7 is a
component of the basal transcription factor TFIIH that
phosphorylates Ser 5 and 7 in the C-terminal domain
(CTD) heptapeptide repeat sequence of the large subunit of RNPII, which is important for promoter escape
and the recruitment of the mRNA processing machinery
during transcription. CDK7 is a target of global transcription inhibition [14,15]. Additionally, CDK9, a component of P-TEFb, phosphorylates the CTD of RNPII at
Ser 2 for transcription elongation [20,21]. Thus, many
drugs target CDKs given that CDKs are deregulated in
cancer cells. Mechanistically, CDK inhibitors compete
with ATP at the enzyme active site. Therefore, CDK inhibition results in RNPII hypophosphorylation [33]. Although CDK inhibitors affect the activity of CDK7,
CDK8 and CDK9, most drugs have affinities for several
targets, including CDKs not related to transcription and
other kinases (see Table 1) [34].
The most commonly used transcription inhibition drugs
are flavopiridol and DRB. The flavone flavopiridol is a potent CDK9 inhibitor with a ki of 3 nM. In addition, flavopiridol inhibits CDK8 with a ki of 18 nM [35,64]. In
chronic lymphocytic leukemia (CLL), flavopiridol cytotoxicity is associated with transcription inhibition mediated
by the anti-apoptotic factor Mcl-1 [64]. In addition,
flavopiridol is highly toxic, causing severe side effects
and acute lysis tumor syndrome [34,65]. In fact, it was
recently reported that flavopiridol induces double strand
breaks (DSBs), explaining the drug’s toxicity [47]. DRB
(5,6-dichloro-1-β-D-ribofuranosylbenzimidazole) is an
adenosine analog that specifically inhibits CDK9 and
moderately inhibits CDK7 and CDK8, disrupting initiation and elongation [33,66]. DRB is widely used as a
transcription inhibitor and to measure transcription
rates given its rapid uptake; however, it is not used to
treat cancer [33].
The isoquinolinesulphonamide derivatives H-7 and H8 inhibit transcription elongation, inducing RNPII dephosphorylation [36]. However, these compounds belong
to a broad spectrum of protein kinase inhibitors that target other kinases, such as PKC, PKA and PKG, with affinities similar those reported for CDK7, CDK8 and CDK9
[35,67]. Isoquinoline compounds are widely used to inhibit signaling pathways to elucidate signal transduction
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mechanisms; these compounds are typically not employed
for cancer treatment [68].
Other CDK inhibitors exhibit cytotoxicity due to the
transcriptional inhibition of anti-apoptotic proteins [34].
A number of these drugs are currently approved for
cancer treatment, and others are currently being explored
in clinical trials for various malignancies (Table 1). Transcription inhibitors can also downregulate genes involved
in angiogenesis and metastasis. For example, the antiangiogenic properties of flavopiridol and SNS-032 are
partially attributed to the downregulation of VEGF
mRNA and protein, the most potent tumor angiogenic
factor [69-71].
Other novel compounds exhibit promising antitumor
activity and display lower toxicities compared with traditional inhibitors. CDKI-71 is a novel CDK9 inhibitor that
displays a high affinity for CDK9 (ki = 6 nM), similar to flavopiridol. In fact, CDKI-71 induces apoptosis by downregulating the anti-apoptotic factor Mcl-1 in various cancer
cell lines with minimal effects in normal fibroblasts and B
and T-cells. Interestingly, CDKI-71 triggers apoptosis in
several cancer cell lines with heterogeneous genetic backgrounds, including Rb and p53 mutations, suggesting that
cell death is p53-independent [47]. Given that several tumors harbor p53 mutations, the activation of p53independent cell death pathways represents a promising
option to induce apoptosis in these tumors. Ibulocydine is
a CDK inhibitor pro-drug that targets CDK7 and CDK9,
thereby triggering apoptosis. The apoptotic effects of ibulocydine result in the downregulation of expression of
anti-apoptotic factors, including Mcl-1, XIAP and survivin. Ibulocydine is currently under investigation and has
exhibited promising results. For example, ibulocydine induces apoptosis without toxic side effects in mouse xenografts of hepatocellular carcinoma (HCC) [72].
Other compounds, such as hypericin, rottlerin and
SP600125, are kinase inhibitors that inhibit transcription. The mechanisms of action for each drug have not
been described. However, these drugs inhibit TBP phosphorylation during elongation, and SP600125 also inhibits phosphorylation at Ser 2 and 5 of the CTD of
RNPII [73]. Similar to other drugs, these compounds also
have additional targets. Hypericin inhibits epidermal
growth factor, PKC and MAP kinase [74,75], whereas rottlerin inhibits PRAK and MAPKAP-K2 [76]. SP600125 inhibits JNK [77]. These drugs only have been characterized
at the biochemical level; thus, research involving in vivo
models should be explored. Wogonin, a flavone isolated
from Scutellaria baicalensis, was recently identified as a
novel compound. Wogonin inhibits CDK9 and blocks the
phosphorylation of the CTD of RNPII. Wogonin induces
apoptosis and suppress growth in several cancer cell lines
and human cancer xenografts, respectively. The antitumor
properties of wogonin reduce RNA synthesis and

Drug

Target

H-7

Mechanism of action

Class gene
inhibited

Other targets

Cancer treatment

References

CDK7, CDK8, CDK9 Reduce levels of phosphorylated RNP lII inhibiting
elongation

I, II

PKC

Only research

[35-38]

H-8

CDK7, CDK9, CDK8 Reduce levels of phosphorylated RNP II inhibiting
elongation

I, II

PKA, PKC, PKG, MLCK

Only research

[29,30]

AT8319

CDK9

Inhibits RNP II phosphorylation on Ser 2 disrupting II
transcription elongation

ND

MM, advanced solid tumors, and refractory non-Hodgkin’s
lymphoma

[34]

Dinaciclib/
SCH-727965

CDK9

Inhibits RNP II phosphorylation on Ser 2 disrupting I, II
transcription elongation. Impaired rRNA processing

CDK1, CDK2, CDK4,
CDK5, CDK7

Solid tumors, hematologicalmalignancies, MM, melanoma,
plasma cell neoplasia

[33,34]

RGB-286638

CDK9

Inhibits Ser 2 phosphorylation of RNP II disrupting
transcription elongation

II

CDK1, CDK2, CDK4,
CDK5, CDK6, CDK7

Hematological malignancies

[34]

R547

CDK9

Inhibits Ser 2 phosphorylation of RNP II disrupting
transcription elongation

II

CDK1, CDK2, CDK4,
CDK5, CDK7

Solid tumors

[34,39]

CDK9

Inhibits transcription elongation

II

CDK1, CDK4

MM, breast, pancreas, melanoma, MCL, HNSCC

[34]

CDK9

Inhibits RNP II phosphorylation on Ser 2. Impaired
rRNA processing

I, II

CDK2, CDK4, CDK7,
CDK8, casein kinase I
and II

Only Research

[33,34,40]

Roscovitine/
Seliciclib

CDK7 and CDK9

I, II
Acts as a competitor for ATP binding inhibiting
kinase activity and Ser 5 phosphorylation or RNP II
Inhibits rRNA processing

Cdc2, CDK2, CDK5,
Erk1, Erk2, Dyrk,
piridoxal kinase

Breast, solid tumors, B-cell malignancies, non-small cell lung [33,41-43]
cancer, and nasopharyngeal cancer

ARC

CDK9

Inhibits phosphorylation Ser 2 and Ser 5 of RNP II
inhibiting transcription elongation

II

PKC

CLL, ALL, hairy cell leukaemia

[5,44]

ZK 304709

CDK7, CDK9

Inhibits RNP II phosphorylation on Ser 2.

II

CDK1, CDK2, CDK4,
VEGFR1-3, PDGFR-β,
Flt-3

Relapsed and/or refractory tumors

[45]

Wogonin

CDK9

Inhibits RNP II phosphorylation on Ser 2.

II

CDK7

Xenografts

[46]

CDKI-71

CDK9

Inhibits RNP II phosphorylation on Ser 2.

II

CDK1, CDK2, CDK7,
CDK6

Under evaluation in cancer cell lines

[47]

Flavopiridol

CDK9, CDK8

Inhibits phosphorylation of Ser 2 in CTD of RNPII
and interrupts RNA elongation; impaired rRNA
processing

I, II

CDK1, CDK2, CDK4,
CLL, MM, MCL, indolent B-cell non-Hodgkin’s lymphomas,
CDK6, CDK7, PKC, Src, germ line tumor, melanoma, ALM
EGFR, ERK1

[33-35,48]

SNS-032

CDK9

Inhibits Ser 2 phosphorylation of RNP II disrupting
transcription elongation

II

CDK2, CDK7, GSK3

CLL, ALL, MM

[34,45]

AT7519

CDK9

Inhibit RNP II phosphorylation of Ser 2 and 5

II

CDK2, CDK4, CDK5,
GSK-3

MM, solid tumor

[34,45,49]

CX-5461

SL1 complex

Disrupts formation of SL1-rDNA complex

I

ND

Lymphoma and leukemia human cancer xenograft model

[3, 671]

α-amatinin

RNP II and III

Binds to the largest subunit of RNP II and RNP III

II, III

ND

None due to hepatotoxicity

[33,50]

TAS-106

RNA polymerases

Ribonucleoside Inhibits RNA polymerases

I, II and III

ND

Solid tumors

[51,52]

Page 5 of 15

P276-00
DRB

Villicaña et al. Cancer Cell International 2014, 14:18
http://www.cancerci.com/content/14/1/18

Table 1 Drugs targeting proteins involved in transcription

Triptolide

XPB subunit of
TFIIH

Inhibits RNP I and II by inhibiting XPB ATPase
activity. It triggers RNP II degradation

I, II

Polycystin-2 calcium
channel, ADAM10.

Leukemia, myeloma, lymphoma, cholangiosarcoma,
hepatocelular, cervical, pancreatic, gastric and oral cancer,
anaplastic thyroid carcinoma

[33,39,53-55]

BMH-21

RNA polymerase I

Degradation of the RPA194 subunit of the RNA
polymerase I

I

Induce p53

Melanoma

[56]

XPB subunit
of TFIIH

Promotes XPB degradation

II

Antagonist of
aldosterone

Sensitizes carcinoma cells to cis- platinium

[57]

BRD3 and BRD4

Displace BRD3 and BRD4 from chromatin

II

ND

Multiple myeloma, leukaemia, lymphoma and lung
adenocarcinoma in animal models

[57-63]

JQ1 and IBET151

Abbreviations: ND, non detected; CLL, chronic lymphocytic leukemia; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia, CML, chronic myelogenousleukemia; HNSCC, head and neck squamous cell
carcinoma; MCL, mantle cell lymphoma; MM, multiple myeloma.
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Table 1 Drugs targeting proteins involved in transcription (Continued)
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downregulate Mcl-1 in a fashion that primarily affects malignant versus normal T-cells [46].
RNP enzymes

Although the expected targets for transcription inhibition are RNP enzymes, only a few drugs that directly
affect these enzymes have been described. To date, αamanitin and TAS-106 are two drugs that directly target
RNP enzymes and inhibit transcription. α-amanitin is a
cyclic octapeptide isolated from Amanita mushrooms
that is extremely toxic. α-amanitin inhibits RNPII and
III but not RNPI. RNPII is more sensitive to α-amanitin
compared with RNPIII, which is a hundred-fold less
sensitive than RNPII. The mechanism of action for αamanitin involves binding to RNA polymerase to prevent DNA and RNA translocation, but α-amanitin does
not affect nucleotide entry and RNA synthesis [33]. Although α-amanitin is an effective and specific transcription inhibitor, it is not used in cancer treatment due to
high hepatotoxicity [50].
TAS-106 (1-(3-C-ethynyl-b-D-ribo-pentofuranosyl)cytosineECyd) is a cytidine analog that exhibits potent cytotoxic and anti-tumor properties against solid tumors.
TAS-106’s main mechanism of cytotoxicity is inhibition of
RNPI-, II- and III-mediated RNA synthesis, thereby inducing apoptosis [78]. TAS-106 reduces the transcription of
several factors required for survival. For example, TAS106 induces apoptosis in radiation-resistant solid tumor
cells through the depletion of hypoxia-inducing factor
(HIF-α) [79]. In addition, TAS-106 also triggers apoptosis
in cancer cells by reducing DSBs repair via BRCA2 transcript depletion [51].
Recently, a study reported that BMH-21, a compound
that is a potent p53 activator and DNA intercalator at
GC rich regions, which are abundant in the rRNA genes
promoter, induces the degradation of the RPA194 subunit of RNPI, the largest RNPI subunit [56]. As a consequence, reduced rRNA synthesis generates a potent
anticancer effect [56]. This effect is independent of p53
and opens the possibility that this drug may be used in
cancer treatment. However, it is important to determine
the effect of BHM-21 on other GC-rich regions in the
genome, such as GpC islands.
Associated transcriptional complexes

Transcription can be disrupted via targeting of associated
transcriptional complex components. Triptolide is a diterpene triepoxide that covalently binds to the XPB subunit of
TFIIH and inhibits its ATPase activity. This action disrupts
the opening of double-stranded DNA for RNPII transcription and repair as well as RNPI transcription [53,80-82]. In
fact, triptolide cytotoxicity is associated with the transcriptional inhibition of anti-apoptotic factors and the induction
of apoptotic factors [83]. Triptolide has been widely used
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for the treatment of various cancers with promising outcomes (See Table 1). In Drosophila, triptolide phenocopies
mutations in TFIIH subunits, inducing apoptosis in the
wing discs. Interestingly, apoptosis is enhanced in p53deficient cells by JNK pathway activation [84]. This finding
is interesting as the majority of solid tumors harbor mutations in p53 or components of the p53 pathway, suggesting
that triptolide potentially induces apoptosis via JNK in these
malignancies. In addition, TFIIH also participates in RNPImediated transcription, and triptolide inhibits RNPI elongation [54]. Therefore, triptolide not only affects TFIIH in
RNPII transcription but also affects rRNA synthesis. With
regard to the XPB subunit of TFIIH, a recent small molecule screen identified spironolactone (SP) as a compound
that inhibits nucleotide excision repair (NER) [57]. Intriguingly, SP promotes XPB degradation via ubiquitination
and the proteasome. Therefore, SP affects both NER and
RNPII-mediated transcription. In this work, the authors focused on the role of SP in potentiating the effect of platinum in the induction of NER in cancer cells; however, SP
is also a compound that may be used to treat cancer by
inhibiting RNPII transcription, similar to triptolide.
BRD4 inhibition by JQ1 is an emerging and relevant
target for the treatment of various cancers. JQ1 is a
thieno-triazolo-1,4-diazepine that displaces BET bromodomains from chromatin through competitive binding
to the acetyl-lysine recognition pocket, preventing BRD4
reader activity [58]. JQ1 reduces c-MYC or FOSL1 transcription in multiple myeloma, leukemia, lymphoma and
lung adenocarcinoma models [59-61]. However, recent
evidence indicates that BRD3 and BRD4 exhibit a more
generalized effect on gene expression than previously
suggested; therefore, the inhibition of these factors has
a generalized effect on RNPII transcription [30]. In
addition, the GSK12015A (I-BET151) inhibitor developed by GlaxoSmithKline (GSK) displaces BRD3 and
BRD4 from chromatin. This action causes the downregulation of BCL-2, MYC and CDK6, thereby inducing
cell cycle arrest and apoptosis in leukemia models [62].
CX-5461 is another potent and selective drug that inhibits rRNA transcription by targeting RNPI basal machinery. CX-5461 specifically inhibits rRNA synthesis by
directly preventing the interaction between the SL1 complex and rDNA. CX-5461 does not affect RNPII transcription and DNA replication [85]. Interestingly, CX-5461
induces autophagic cell death in solid tumor cancer cells,
whereas it induces apoptotic cell death in hematological
malignancies [3,85]. Moreover, CX-5461 exhibits potent
anti-tumor effects in murine xenografts [3].
Significance of transcription inhibition in cancer treatment

One key of successful therapy is the identification of critical
nodes in the oncogenic network that can be inhibited to promote tumor growth cessation by apoptosis, differentiation,
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necrosis or senescence. Several findings suggest that
cancer cells require high transcription rates and harbor
mutations or genetic backgrounds that favor enhanced
transcription to sustain growth. Several MLL translocations and components of the SEC complex, including
P-TEFb, AF9 and ELL, have been described in various
leukemias, suggesting that transcription is misregulated
in leukemias [22]. Likewise, CDK8 activity is also associated with the enhanced expression of genes regulated in
response to serum and the Wnt/β-catenin pathway. In
fact, CDK8 overexpression correlates with β-catenin deregulation in some colon cancers [86]. In addition, the
importance of transcription inhibition is underscored by
the notion that tumor cells are more sensitive to apoptosis than normal cells. This fact has been demonstrated
in several models and tumor cell types [3-6]. Thus, the
transcription machinery is an attractive putative target
in cancer treatment because its specific tumor cell activity offers the possibility of directly attacking cancer cells
and reducing the damage to healthy tissues.
The use of selective inhibitors for the transcriptional machinery offers advantages as these agents are considered
less genotoxic to non-tumor cell populations compared
with commonly used chemotherapy or radiation. This observation is important because a transcription inhibitor that
specifically kills cancer cells may have a reduced incidence
of secondary tumors compared with genotoxic agents
that also affect normal cells. For example, chronic exposure to cisplatin leads to the development of resistance in patients and mouse models, and it has been
demonstrated that enhanced damage repair contributes
to tumor progression [87].
Initially, transcription-based therapies were primarily
used to inhibit specific oncogenes or key genes required
for tumor growth and survival. However, the use of these
drugs was limited because the heterogeneity of some tumors allowed for the survival of cancer cell populations.
For example, some tumors contain large hypoxic regions, which are generally are resistant to chemotherapy
and radiation. Reduced MYC levels have been demonstrated in colon cancer cell lines. Reduced MYC expression
is associated with survival because MYC is overexpressed
and induces apoptosis in regions with poor energy supply
[88]. In contrast, HIF is upregulated and contributes to
survival in hypoxic tumors [89]. In these tumor conditions, exclusive MYC targeting is insufficient because
each population exhibits different metabolic conditions; however, by targeting general transcription,
highly expressed genes, such as MYC and HIF, can be
repressed in various cell populations. Inhibitors can
also repress transcription through the inhibition of kinases that regulate transcription factors or coactivators
in specific tissues. For example, CDK9, which regulates
the androgen receptor through direct phosphorylation
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and downregulation, decreases AR-transcription and
proliferation genes in prostate cancer [90].
In addition, transcriptional inhibition also sensitizes stem
cell populations that are generally chemoresistant. CDK8
and CDK9 are required for the maintenance of undifferentiated states of tumor embryonic stem cells [91,92]. CDK8
regulates the expression of a subset of genes involved in
pluripotency. Moreover, CDK8 activity is partially mediated
by MYC, indicating that additional independent mechanisms for the maintenance of undifferentiated states in tumors and stem cells exist. Thus, the loss of CDK8 induces
differentiation. Similarly, JQ1-mediated BRD4 inhibition
induces apoptosis in leukemic stem cells (LSC), which
maintain and propagate the disease and are resistant to
conventional chemotherapies [93]. Although JQ1 represents a powerful tool for the elimination of resistant
cancer cells, its negative effects on the normal stem cell
population must be evaluated to determine toxicity.
On the other hand, the lack of knowledge regarding
the regulation of certain genes could generate different
outcomes for the same treatment in clinical trials. For
example, MYC is overexpressed in several tumors; however, MYC is surprisingly involved in the repression of
integrins, which are required for breast cancer cell invasion and motility. This finding suggests that MYC inhibition is contraindicated in certain tumors [47]. A gene
can possess oncogene or suppressor functions dependent
on the context.
Regardless of the nature of tumorigenic signal, the
transcription of certain oncogenic events can be disrupted
by transcription inhibition, and therefore the transcriptional
consequences cannot be predicted. Several recent findings
suggest mechanisms involved in sensitization, which will be
described in the following section.
Mechanisms of sensitization

Normal and tumor cells require transcription for survival. So, how does transcription inhibition lead to apoptosis in cancer cells? Transcription inhibition induces
apoptosis by four possible mechanisms: altering the balance of apoptotic and anti-apoptotic factors to favor
apoptosis, activating p53 and promoting its translocation
to mitochondria, inhibiting DNA replication and promoting the accumulation of aberrant proteins in the nucleus [94]. Supporting the first mechanism, the mRNAs
of many anti-apoptotic factors have short half-lives. The
transcripts of oncogenes and regulators of proliferation
also have reduced half-lives. Thus, although transcription
inhibitors affect global mRNAs synthesis, oncogene transcripts may be more rapidly downregulated than other
transcripts due to the rapid turnover of these mRNAs.
Moreover, transcription inhibitors potentially interrupt
the transcriptional program directed by these oncogenes,
thereby disrupting the tumor’s physiological state [95].
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In Drosophila, the ectopic expression of various genes
can be suppressed in a background that is partially deficient in transcription or by the pharmacological inhibition
of transcription without affecting the proper expression of
host genes [96,97]. Similar to this artificial overexpression
system, oncogenes that are frequently overexpressed in
cancer cells can be suppressed via transcription inhibition
without affecting other genes (Figure 3). For example,
various transcriptional inhibitors induce the downregulation of anti-apoptotic proteins, such as Mcl-1, XIAP and
survivin [34], or oncogenes, such as MYC, without disrupting the transcription of normal genes in cancer cell
lines [53,59]. Additionally, triptolide induces apoptosis by

A

downregulating Bcr-Abl in K562 cells [98] or MYC in
non-small lung cancer cells [83]. In addition to oncogenes,
the class of genes called non-oncogenes significantly contributes to tumor survival; however, non-oncogenes do
not induce cell transformation. Several non-oncogenes
have been identified in a variety of tumors, where they are
generally overexpressed [99,100]. Transcription inhibition
also can disrupt the overexpression of non-oncogenes that
are essential for cancer cell survival. For example, Heat
shock Factor 1 (HSF1) is involved in survival in several cancer cell lines. Cancer cells are more dependent on HSF1
than normal cells. HSF1 depletion only minimally impacts
normal cell viability, whereas cancer cells are strongly
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Figure 3 Transcription inhibitors affect differentially regulatory sequences of genes and trigger cell death in cancer cells. A) Transcription
inhibitors differentially affect the regulatory sequences of genes and trigger cell death in cancer cells. This fact is related to requirement of transcription
factors or coactivators recruited on regulatory sequences such as enhancers and promoters. Typical enhancers recruit several transcription factors and
coactivators in order to enhance transcription of downstream gene; however, super-enhancer needs an excess of transcription than a typical
enhancer, rendering the gene very sensitive to transcription perturbation. Similarly, transgene overexpression (whose promoter contain specific
sequences for transactivators or specific cis elements), has been demonstrated to be affected by transcription inhibitors o genetic deficient in transcription
[94,95]. In all cases, the final result is the depletion of messenger RNAs mainly genes that showed a high level of expression such as oncogenes. B) Cancer
cells are more sensitive to suffer cell death after exposition to transcription inhibitors compared with normal cells. As we have seen before, transcription
inhibitors cause a depletion of messenger RNAs mainly oncogenes and overexpressed genes; however, because cancer cells are oncogene-dependent
for survival, their depletion triggers cell death preferentially in cancer cells, while preserving normal cells. This principle represents a strategic point for
designing drug that targets directly cancer cells.
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affected by HSF1 depletion [101]. In fact, triptolide induces cell death in pancreatic cancer cells via the inhibition of heat shock proteins [102]. Thus, it is likely that
HSF1 depletion in these cells results from the inhibition
of general transcription.
How does an inhibitor of general transcription selectively
exert its effects on certain genes? Studies suggest that the
high levels of expression by transgenes or gain of function
mutations are dependent on their promoter, and these
proteins are affected when transcription is inhibited or
compromised. Moreover, cis structures on DNA called
super-enhancers have been identified in genes required for
cell identity and involved in cancer [63,103,104] (Figure 3).
Super-enhancers significantly increase the expression of associated genes compared with typical enhancers. Superenhancers are large DNA regions primarily occupied by
mediator and other coactivators; therefore, super-enhancers
are particularly sensitive to transcriptional perturbations
that disrupt the transcriptional activity of genes associated
with them. Indeed, the expression of Oct 4, a gene that
contains a super-enhancer, is reduced in embryonic stem
cells (ESC), inducing the downregulation of Mediator subunits [103]. More importantly, super-enhancers also have
been identified in oncogenes, such as MYC, in multiple
myeloma (MM) cells, and JQ1-mediated BRD4 inhibition
causes MYC downregulation [63]. Given that superenhancers require several-fold more transcription factors
than typical enhancers, these structures are exquisitely sensitive to transcription disruption. Thus, it is possible that
transcriptional inhibition by several drugs preferentially
triggers apoptosis in cancer cells that express more oncogenes than normal cells. Additionally, super-enhancers are
not associated with housekeeping genes, and it is plausible
that these genes are not downregulated after exposure to
transcription inhibitors, such as JQ1, thereby generating a
selective effect [103].
In summary, transcription inhibition can interrupt
transcriptional programs directed by key oncogenes or
disrupt favorable growth conditions associated with the
overexpression of non-oncogenes that contribute to survival and tumor progression.
Challenges and limitations
Differential sensitivity of cancer cell lines

Transcription inhibition potentiates apoptosis and other
types of cell death in tumor cells. However, studies have
demonstrated differential responses to various drugs in
a variety of cell lines and tumors. This differential sensitization might be dependent on a variety of factors,
such as genetic background, tissue type or tumor heterogeneity. Thus, drugs must be evaluated experimentally to determine clinical efficacy.
Genetic background is a key factor responsible for the
variable outcomes of chemotherapy. Triptolide treatment

Page 10 of 15

in two prostate cancer cell lines revealed that LNCaP cells
(androgen dependent) are more sensitive to triptolideinduced apoptosis than PC-3 cells (androgen independent)
[105]. These results indicate that different mechanisms are
responsible for triptolide-induced apoptosis and that the
genetic background of one cell line is more sensitive than
the other. In addition, specific tumor mutations could be
responsible for the differential responses. For example,
DRB does not induce apoptosis in colon carcinoma cell
lines with mutant p53 [106]. In fact, cells with p53 mutations are more chemoresistant [107]. With regard to tumor
heterogeneity, this finding importantly indicates that random mutations in different cell populations within a tumor
respond differently to the same treatment, thereby generating treatment-resistant populations. It is important to determine which factors are more effective in cancer stem
cells to avoid the generation of secondary tumors. Numerous leukemia cell lines show differential sensitivities based
on particular aberrations and genetic backgrounds. Exposure to the BRD4 inhibitor JQ1 sensitizes several leukemia
cell lines but not the BCR/ABL1-positive chronic myelogenous leukemia cell line K562 [108].
In addition to genetic background, differences in the
chemotherapy responses are dependent on the tissue type.
For example, CX5461-treated solid tumor cancer cell lines
display autophagy and senescence, not apoptosis. In contrast, CX5461 induces p53-dependent apoptotic cell death
in hematological malignancies. However, no correlation
exists between nucleolar stress and p53 status in solid
tumor cell lines, indicating that the stress response is
p53-independent [62]. In hematopoietic tissues, such as
B-cells, the induction of cell death is highly dependent
on p53, and p53 mutations have been associated with
poor prognosis in hematological malignancies [109]. In
contrast, other tissues, such as keratinocytes, are highly
resistant to p53-dependent cell death, demonstrating a
clear difference between tissues [110].
Unselective targets

Another interesting point to consider is unselectivity. In
this review, we describe the transcription inhibitory activities of many drugs, but only a few drugs exhibit specific
effects on transcription given that most drugs target several proteins. For example, most CDK inhibitory drugs exhibit a high affinity for numerous CDKs that are not
involved in transcription and proteins that are not cyclins.
This unselectivity does not distinguish the target’s transcriptional activities from its additional functions. Unselectivity might cause side effects given the association with
unspecific partners. Moreover, cytotoxicity may be induced by agents that generate DNA damage, such as flavopiridol [47]. Thus, the design of more specific drugs is a
current challenge. However, structural information regarding the enzyme’s active site or domains increasingly
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aids in the development of small compounds with more
specific inhibitory activity that disrupts protein-protein
and/or DNA-protein interactions.
Limitations

The targeting of transcriptional machinery represents an interesting mechanism to downregulate the key oncogenes
driving tumorigenesis. However, transcription is an essential process that occurs in all living cells. Therefore, this
strategy has several limitations. Whole organisms are comprised of several tissues and cell populations with different
sensitivities to transcriptional perturbation. Specifically, the
BRD4 inhibitor JQ1 disrupts cell specific factors in ESCs involved in pluripotency [103]. Therefore, it is important to
determine whether targeting the transcription machinery
affects the pluripotency of normal stem cell populations.
JQ1 induces cell cycle arrest and apoptosis in AML cells;
however, JQ1 only induces cell cycle arrest in normal bone
marrow cells even when higher doses are administered
[93]. Likewise, JQ1 does not display myelosuppressive effects in several in vivo models [59], suggesting that the
cytotoxic effects are specific to acute myeloid leukemia
(AML) cells. Nonetheless, the evaluation of results from
long-term drug exposure is important to determine potential side effects in animal models and clinical trials.
The downregulation of certain proteins involved in transcription results in tumor suppression. For example, the
downregulation of the MED-19 subunit of mediator inhibits cell growth and migration in tongue cancer [111],
and CDK8 downregulation induces tumor cell differentiation [92]. Thus, mediator represents a putative target for
drug inhibition. Recent work has shown that knockdown
of the MED-12 subunit confers drug resistance in cancer
cell lines by activating transforming growth factor (TGFβR2) [112]; the activation of TGF-βR2 appears to be a
unique function of the MED-12 subunit because other
subunits of mediator do not localize outside of the nucleus,
suggesting a MED-12-independent function of mediator. In
addition to transcription and repair, studies suggest that the
XPD and XPB subunits of TFIIH also participate in the
regulation of processes, such as chromosome segregation
and mitotic spindle dynamic, respectively [113,114]. BRD4
participates in the regulation of Aurora B expression. Reduced Aurora B expression causes severe cytokinesis and
abnormal centrosomes in keratinocytes and cancer cells,
increasing genomic instability [115]. Thus, the targeted selection of certain components of the transcription machinery should be evaluated if inhibition disrupts essential
processes independent of transcription, causing toxicity or
side effects.
Combined and personalized therapy

The efficacy of transcription inhibitory drugs can be enhanced when combined with other treatments. Triptolide
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has been combined with several agents to significantly increase the apoptosis in several tumors using lower doses of
the agents without increasing the side effects of chemotherapy [39]. JQ1 combined with Ara-C results in antileukemic
effects in several AML malignancies [93]. Various cancers
are resistant to certain drugs, but combinations of drugs
with varying mechanisms of action can synergize to increase apoptotic induction and sensitize a variety of tumors
compared with individually administered drugs.
Gene expression profiling of tumors can aid in the identification of molecular signatures that determine several
tumor characteristics, such as proliferation rate, differentiation and metastatic capacity. The technique can also
identify a possible spectrum of drugs that are effective for
tumor growth inhibition as well as specific drug doses.
In addition, possible drug synergies and the effects of genetic variation on clinical outcomes in patients can be
predicted. For example, the BCR/ABL1-positive chronic
myelogenous leukemia line K562 is resistant to JQ1; however, it may be sensitive to triptolide because triptolide
may have a more penetrant effect on global transcription
than JQ1 [108].

Conclusions
Cancer cells require increased levels of transcription for
growth and survival compared with normal cells. Cancer
cells are more susceptible to alterations in gene expression.
Various drugs that act as transcription inhibitors have been
traditionally used in cancer treatment given that they preferentially reduce the global transcription of tumor cells.
Thus, transcription inhibitors can potentially target the proteins that comprise the transcription machinery. As such,
the transcription machinery is considered an ideal target
for the design and improvement of drugs given that cancer
cells are exquisitely sensitive to transcription inhibition and
selectively affected by these drugs.
CDKs are one of the most common targets, but additional proteins have been targeted. However, some of
these drugs have an affinity for other targets not involved in transcription, thereby generating possible side
effects. Although drugs that inhibit transcription have
challenges in clinical application, these drugs can be improved based on new discoveries regarding their mechanisms of action and information from clinical trials.
As previously demonstrated, the clinical application
of drugs has several parameters that must be considered. However, future investigations on transcription
mechanisms in eukaryotic cells will generate more
knowledge that will aid in the design of novel drugs targeting new proteins and DNA with enhanced affinities
and effects on cancer cells. However, improvements in the
pharmacological properties of transcription inhibitors
can increase efficacy and potentially reduce toxicity and
side effects.
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In recent years, it has been established that the genomic
information of a tumor will indicate specific treatments for
each cancer patient. However, personalized therapy must
take into account the fact that tumor cells evolve and genomes are heterogeneous. Therefore, the use of drugs with
generalized effects will still be required. However, cancer
stem cells are typically chemoresistant. Thus, additional
studies on the effects of drugs that alter global transcription
must be performed in cancer stem cells to determine which
components of the basal transcription machinery preferentially affect cancer stem cells when depleted. It is important
to consider whether the cancer type is susceptible to drugs
that target the basal transcription machinery.
Although eukaryotic transcription machinery mechanisms still require additional investigation, novel discoveries will offer new targets for the treatment of cancer in
the near future.
Abbreviations
RNPI II, III: RNA polymerase I, II, III; TBP: TATA-binding protein; SL1: Selective
factor 1; UBF: Upstream binding factor; TFII: Transcription factor II; SAGA:
Spt–Ada–Gcn5–acetyltransferase; PIC: Pre-initiation complex; NER: Nucleotide
excision repair; CTD: Carboxy-terminal domain; P-TEFb: Positive elongation
factor b; CDK: Cyclin depending kinase; BRD4 3: Bromo domain containing
protein 4, 3; HSF1: Heat shock factor 1; HCC: Hepatocellular carcinoma;
JNK: June kinase; XPB XPD: Xeroderma pigmentosum,B or D; DSBs: Double
strand breaks; MM: Multiple myeloma; ESC: Embryonic stem cells; AML: Acute
myeloid leukemia; TGF: Transforming growth factor.

Page 12 of 15

7.
8.

9.
10.
11.

12.
13.
14.
15.

16.

17.
18.

19.
20.
21.

Competing interest
The authors of this manuscript declare that they have no competing
interests.
Authors’ contributions
CV, GC and MZ wrote the manuscript. All authors read and approved the
final manuscript.
Acknowledgments
M.Z. is supported by grants from the Programa de Apoyo a Proyectos de
Investigación e Inovación Tecnológica (PAPIIT)/Universidad Nacional
Autónoma de México (UNAM), the Consejo Nacional de Ciencia y Tecnología
(CONACYT) and the Miguel Alemán Foundation.

22.
23.
24.

25.

26.
Received: 19 November 2013 Accepted: 21 February 2014
Published: 28 February 2014
References
1. Bywater MJ, Pearson RB, McArthur GA, Hannan RD: Dysregulation of the
basal RNA polymerase transcription apparatus in cancer. Nature Reviews
in Cancer 2013, 13(5):299–314.
2. Todd RC, Lippard SJ: Inhibition of transcription by platinum antitumor
compounds. Metallomics 2009, 1(4):280–291.
3. Bywater MJ, Poortinga G, Sanij E, Hein N, Peck A, Cullinane C, Wall M, Cluse L,
Drygin D, Anderes K, Huser N, Proffitt C, Bliesath J, Haddach M, Schwaebe MK,
Ryckman DM, Rice WG, Schmitt C, Lowe SW, Johnstone RW, Pearson RB,
McArthur GA, Hannan RD: Inhibition of RNA polymerase I as a
therapeutic strategy to promote cancer-specific activation of p53.
Cancer Cell 2012, 22(1):51–65.
4. Koumenis C, Giaccia A: Transformed cells require continuous activity of
RNA polymerase II to resist oncogene-induced apoptosis. Mol Cell Biol
1997, 17(12):7306–7316.
5. Radhakrishnan SK, Gartel AL: A novel transcriptional inhibitor induces
apoptosis in tumor cells and exhibits antiangiogenic activity. Cancer Res
2006, 66(6):3264–3270.
6. Cho EC, Mitton B, Sakamoto KM: CREB and leukemogenesis. Crit Rev Oncog
2011, 16(1–2):37–46.

27.
28.
29.

30.

31.

32.

33.
34.

Grummt I: Life on a planet of its own: regulation of RNA polymerase I
transcription in the nucleolus. Genes Dev 2003, 17(14):1691–1702.
Drygin D, Rice WG, Grummt I: The RNA polymerase I transcription
machinery: an emerging target for the treatment of cancer. Annu Rev
Pharmacol Toxicol 2010, 50:131–156.
Nikolov DB, Burley SK: RNA polymerase II transcription initiation: a
structural view. Proc Natl Acad Sci U S A 1997, 9(1):15–22.
Thomas MC, Chiang CM: The general transcription machinery and
general cofactors. Crit Rev Biochem Mol Bio 2006, 41(3):105–178.
Huisinga KL, Pugh BF: A genome-wide housekeeping role for TFIID and a
highly regulated stress-related role for SAGA in Saccharomyces cerevisiae.
Mol Cell 2004, 13(4):573–585.
Rodríguez-Navarro S: Insights into SAGA function during gene expression.
EMBO Rep 2009, 10(8):843–850.
Spedale G, Timmers HT, Pijnappel WW: ATAC-king the complexity of SAGA
during evolution. Genes Dev 2012, 26(6):527–541.
Egly JM, Coin F: A history of TFIIH: two decades of molecular biology on
a pivotal transcription/repair factor. DNA Repair 2011, 10(7):714–721.
Akhtar MS, Heidemann M, Tietjen JR, Zhang DW, Chapman RD, Eick D,
Ansari AZ: TFIIH kinase places bivalent marks on the carboxy-terminal domain of RNA polymerase II. Mol Cell 2009, 34:387–393.
Mittler G, Kremmer E, Timmers HT, Meisterernst M: Novel critical role of a
human Mediator complex for basal RNA polymerase II transcription.
EMBO Rep 2001, 2(9):808–813.
Conaway RC, Conaway JW: Origins and activity of the Mediator complex.
Semin. Cell Dev Biol 2011, 22(7):729–734.
Hengartner CJ, Myer VE, Liao SM, Wilson CJ, Koh SS, Young RA: Temporal
regulation of RNA polymerase II by Srb10 and Kin28 cyclin-dependent
kinases. Mol Cell 1998, 2(1):43–53.
Akoulitchev S, Chuikov S, Reinberg D: TFIIH is negatively regulated by
CDK8-containing mediator complexes. Nature 2000, 407(6800):102–106.
Peng J, Liu M, Marion J, Zhu Y, Price DH: RNA polymerase II elongation
control. Cold Spring Harb Symp Quant Biol 1998, 63:365–370.
Fu TJ, Peng J, Lee G, Price DH, Flores O: Cyclin K functions as a CDK9
regulatory subunit and participates in RNA polymerase II transcription.
J Biol Chem 1999, 274(49):34527–34530.
Smith E, Lin C, Shilatifard A: The super elongation complex (SEC) and MLL
in development and disease. Genes Dev 2011, 25(7):661–672.
Luo Z, Lin C, Shilatifard A: The super elongation complex (SEC) family in
transcriptional control. Nat Rev Mol Cell Biol 2012, 13(13):543–547.
Wu SY, Chiang CM: The double bromodomain-containing chromatin
adaptor Brd4 and transcriptional regulation. J Biol Chem 2007,
282(18):13141–13145.
Devaiah BN, Lewis BA, Cherman N, Hewitt MC, Albrecht BK, Robey PG,
Ozato K, Sims RJ 3rd, Singer DS: BRD4 is an atypical kinase that
phosphorylates serine2 of the RNA polymerase II carboxy-terminal
domain. Proc Natl Acad Sci U S A 2012, 109(18):6927–6932.
Adhikary S, Eilers M: Transcriptional regulation and transformation by Myc
proteins. Nat Rev Mo Cell Biol 2005, 6(8):635–645.
Cabarcas S, Schramm L: RNA polymerase III transcription in cancer: the BRF2
connection. Molecular Cancer 2011, 10:47. doi: 10.1186/1476-4598-10-47.
Derenzini M, Montanaro L, Treré D: What nucleolus says to a tumor
pathologist. Histopathology 2009, 54(6):753–762.
Lin CY, Lovén J, Rahl PB, Paranal RM, Burge CB, Bradner JE, Lee TI, Young RA:
Transcriptional amplification in tumor cells with elevated c-Myc.
Cell 2012, 151(1):56–67.
Luo Z, Lin C, Guest E, Garrett AS, Mohaghegh N, Swanson S, Marshall S,
Florens L, Washburn MP, Shilatifard A: The super elongation complex
family of RNA polymerase II elongation factors: gene target specificity
and transcriptional output. Mol Cell Biol 2012, 32(13):2608–2617.
Yildirim E, Kirby JE, Brown DE, Mercier FE, Sadreyev RI, Scadden DT, Lee JT:
Xist RNA is a potent suppressor of hematologic cancer in mice. Cell 2013,
152(4):727–742.
Mendillo ML, Santagata S, Koeva M, Bell GW, Hu R, Tamimi RM, Fraenkel E,
Ince TA, Whitesell L, Lindquist S: HSF1 drives a transcriptional program
distinct from heat shock to support highly malignant human cancers.
Cell 2012, 150(3):549–562.
Bensaude O: Inhibiting eukaryotic transcription: which compound to
choose? How to evaluate its activity? Transcription 2011, 2(3):103–108.
Stellrecht CM, Chen LS: Transcription inhibition as a therapeutic target for
cancer. Cancers 2011, 3(4):4170–4190.

Villicaña et al. Cancer Cell International 2014, 14:18
http://www.cancerci.com/content/14/1/18

35. Rickert P, Corden JL, Lees E: Cyclin C/CDK8 and cyclin H/CDK7/p36 are
biochemically distinc CTD kinases. Oncogene 1999, 18(4):1093–1102.
36. Dubois MF, Nguyen VT, Bellier S, Bensaude O: Inhibitors of transcription such as
5,6-Dichloro-l-β-D-ribofuranosylbenzimidazole and isoquinolinesulfonamide
derivatives (H-8 and H-7*) promote dephosphorylation of the carboxylterminal domain of RNA polymerase II largest subunit. J Biol Chem 1994,
269(18):13331–13336.
37. Kumahara E: Immediate-early genes zif268 and c-fos by a mechanism
unrelated to inhibition of protein kinase C but possibly related to
inhibition of phosphorylaton of RNA polymerase II. J Biol Chem 1998,
274(15):10430–10438.
38. DePinto W, Chu XJ, Yin X, Smith M, Packman K, Goelzer P, Lovey A, Chen Y,
Qian H, Hamid R, Xiang Q, Tovar C, Blain R, Nevins T, Higgins B, Luistro L,
Kolinsky K, Felix B, Hussain S, Heimbrook D: In vitro and in vivo activity of
R547: a potent and selective cyclin-dependent kinase inhibitor currently
in phase I clinical trials. Mol Cancer Ther 2006, 5(11):2644–2658.
39. Liu Q: Triptolide and its expanding multiple pharmacological functions.
Int Immunopharmacol 2011, 11(3):377–383.
40. Tuniretto V, Porcedda P, Orlando L, De Marchi M, Amoroso A, Giachino C:
The cyclin-dependent kinase inhibitor 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole induces nongenotoxic, DNA replication-independent
apoptosis of normal and leukemic cells, regardless of their p53 status.
BMC Cancer 2009. doi:10.1186/1471-2407-9-281.
41. Bach S, Knockaert M, Reinhardt J, Lozach O, Schmitt S, Baratte B, Koken M,
Coburn SP, Tang L, Jiang T, Liang DC, Galons H, Dierick JF, Pinna LA, Meggio F,
Totzke F, Schächtele C, Lerman AS, Carnero A, Wan Y, Gray Meijer N:
Roscovitine targets, protein kinases and pyridoxal kinase. J Biol Chem 2005,
280(35):31208–31219.
42. Ljungman M, Paulsen MT: The cyclin-dependent kinase inhibitor roscovitine
inhibits RNA synthesis and triggers nuclear accumulation of p53 that is
unmodified at Ser15 and Lys382. Mol Pharmacol 2001, 60(4):785–789.
43. Hsieh WS, Soo R, Peh BK, Loh T, Dong D, Soh D, Wong LS, Green S,
Chiao J, Cui CY, Lai YF, Lee SC, Mow B, Soong R, Salto-Tellez M, Goh BC:
Pharmacodynamic effects of seliciclib, an orally administered cell
cycle modulator in undifferentiated nasopharyngeal cancer.
Clin Cancer Res. 2009, 15(4):1435–1442.
44. Stockwin LH, Yu SX, Stotler H, Hollingshead MG, Newton DL: ARS (NSC 188491)
has identical activity to sangivamycin (NSC65346) including inhibition of both
P-TEFb and PKC. BMC Cancer 2009. doi:10.1186/1471-2407-9-63.
45. Malumbres M, Pevarello P, Barbacid M, Bischoff JR: CDK inhibitors in cancer
therapy: what is the next? Trends Pharmacol Sci 2008, 29(1):16–21.
46. Polier G, Ding J, Konkimalla BV, Eick D, Ribeiro N, Köhler R, Giaisi M, Efferth T,
Desaubry L, Krammer PH, Li-Weber M: Wogonin and related natural
flavones are inhibitors of CDK9 that induce apoptosis in cancer cells
by transcriptional suppression of Mcl-1. Cell Death Dis 2011, 2:e182.
doi: 10.1038/cddis.2011.66.
47. Liu X, Shi S, Lam F, Pepper C, Fischer PM, Wang S: CDKI-71, a novel CDK9
inhibitor, is preferentially cytotoxic to cancer cells compared with
flavopiridol. Int J Cancer 2012, 130(5):1216–1226.
48. Chao SH, Price DH: Flavopiridol inactivates P-TEFb and blocks most RNA
polymerase II transcription in vivo. J Biol Chem 2001, 276:31793–31799.
49. Mahadevan D, Plummer R, Squires MS, Rensvold D, Kurtin S, Pretzinger
C, Dragovich T, Adams J, Lock V, Smith DM, Von Hoff D, Calvert H:
A phase I pharmacokinetic and pharmacodynamic study of AT7519, a
cyclin-dependent kinase inhibitor in patients with refractory solid
tumors. Annals of Oncology 2011, 22(9):2137–2143.
50. Zheleva A, Tolekova A, Zhelev M, Uzunova V, Platikanova M, Gadzheva V:
Free radical reactions might contribute to severe alpha amanitin
hepatotoxicity—A hypothesis. Med Hypotheses 2007, 69(2):361–367.
51. Meike S, Yamamori T, Yasui H, Eitaki M, Matsuda A, Morimatsu M, Fukushima M,
Yamasaki Y, Inanami O: A nucleoside anticancer drug, 1-(3-C- ethynyl-β-D-ribopentofuranosyl)cytosine (TAS-106), sensitizes cells to radiation by suppressing
BRCA2 expression. Molecular Cancer 2011. doi:10.1186/1476-4598-10-92.
52. Friday B, Lassere Y, Meyers CA, Mita A, Abbruzzese JL, Thomas MB: A phase
I study to determine the safety and pharmacokinetics of intravenous
administration of TAS-106 once per week for three consecutive weeks
every 28 days in patients with solid tumors. Anticancer Res 2012,
32(5):1689–1696.
53. Titov DV, Gilman B, He QL, Bhat S, Low WK, Dang Y, Smeaton M, Demain
AL, Miller PS, Kugel JF, Goodrich JA, Liu JO: XPB, a subunit of TFIIH, is a
target of the natural product triptolide. Nat Chem Biol 2011, 7(3):182–188.

Page 13 of 15

54. Nonnekens J, Perez-Fernandez J, Theil AF, Gadal O, Bonnart C, Giglia-Mari G:
Mutations in TFIIH causing trichothiodystrophy are responsible for
defects in ribosomal RNA production and processing. Hum Mol Genet
2013, 22(14):2881–2893.
55. Soundararajan R, Sayat R, Robertson GS, Marignani PA: Triptolide: an
inhibitor of a disintegrin and metalloproteinase 10 (ADAM10) in cancer
cells. Cancer Biol Ther 2009, 8(21):2054–2062.
56. Peltonen K, Colis L, Liu H, Trivedi R, Moubarek MS, Moore HM, Bai B,
Rudek MA, Bieberich CJ, Laiho MA: Targeting modality for destruction
of RNA polymerase I that possesses anticancer activity. Cancer Cell 2014,
13(1):77–90.
57. Alekseev S, Ayadi M, Brino L, Egly JM, Larsen AK, Coin F: A small molecule
screen identifies an inhibitor of DNA repair inducing the degradation of
TFIIH and the chemosensitization of tumor cells to platinum. Chem Biol
2014. doi:10.1016/j.chembiol.2013.12.014. [Epub ahead of print].
58. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, Morse EM,
Keates T, Hickman TT, Felletar I, Philpott M, Munro S, McKeown MR, Wang Y,
Christie AL, West N, Cameron MJ, Schwartz B, Heightman TD, La Thangue N,
French CA, Wiest O, Kung AL, Knapp S, Bradner JE: Selective inhibition of
BET bromodomains. Nature 2010, 468(7327):1067–1073.
59. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, Kastritis E,
Gilpatrick T, Paranal RM, Qi J, Chesi M, Schinzel AC, McKeown MR, Heffernan
TP, Vakoc CR, Bergsagel PL, Ghobrial IM, Richardson PG, Young RA, Hahn WC,
Anderson KC, Kung AL, Bradner JE, Mitsiades CS: BET bromodomain inhibition
as a therapeutic strategy to target c-Myc. Cell 2011, 146(6):904–917.
60. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, Magoon D,
Qi J, Blatt K, Wunderlich M, Taylor MJ, Johns C, Chicas A, Mulloy JC,
Kogan SC, Brown P, Valent P, Bradner JE, Lowe SW, Vakoc CR: RNAi screen
identifies Brd4 as a therapeutic target in acute myeloid leukaemia.
Nature 2011, 478(7370):524–528.
61. Lockwood WW, Zejnullahu K, Bradner JE, Varmus H: Sensitivity of
human lung adenocarcinoma cell lines to targeted inhibition of
BET epigenetic signaling proteins. Proc Natl Acad Sci U S A 2011,
109(47):19408–19413.
62. Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M,
Chan WI, Robson SC, Chung CW, Hopf C, Savitski MM, Huthmacher C,
Gudgin E, Lugo D, Beinke S, Chapman TD, Roberts EJ, Soden PE, Auger
KR, Mirguet O, Doehner K, Delwel R, Burnett AK, Jeffrey P, Drewes G,
Lee K, Huntly BJ, Kouzarides T: Inhibition of BET recruitment to
chromatin as an effective treatment for MLL-fusion leukaemia.
Nature 2011, 478(7370):529–533.
63. Lovén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, Bradner JE, Lee TI,
Young RA: Selective inhibition of tumor oncogenes by disruption of
super-enhancers. Cell 2013, 153(2):320–344.
64. Chen R, Keating MJ, Gandhi V, Plunkett W: Transcription inhibition by
flavopiridol: mechanism of chronic lymphocytic leukemia cell death.
Blood 2005, 106(9):2513–2519.
65. Blum KA, Ruppert AS, Woyach JA, Jones JA, Andritsos L, Flynn JM, Rovin B,
Villalona-Calero M, Ji J, Phelps M, Johnson AJ, Grever MR, Byrd JC: Risk
factors for tumorlysis syndrome in patients with chronic lymphocytic
leukemia treated with the cyclin-dependent kinase inhibitor, flavopiridol.
Leukemia 2011, 25(9):1444–1451.
66. Yankulov K, Yamashita K, Roy R, Egly JM, Bentley DL: Inhibitor 5,6-dichloro1-β-D-ribofuranosylbenzimidazole inhibits transcription factor IIHassociated protein kinase. J Biol Chem 1995, 270(41):23922–23925.
67. Shima D, Yugami M, Tatsuno M, Wada T, Yamaguchi Y, Handa H:
Mechanism of H-8 inhibition of cyclin-dependent kinase 9: study using
inhibitor-inmobilized matrices. Genes to Cells 2003, 8(3):215–223.
68. Engh RA, Girod A, Kinzel V, Huber R, Bossemeyer D: Crystal structure of
catalytic subunit of cAMP-dependent protein kinase in complex with
isoquinolinesylfonyl protein kinase inhibitors H7, H8 and H89. J Biol
Chem 1996, 271(42):26157–26164.
69. Khattar V, Thottassery JV: Cks1: structure, emerging roles and implications
in multiple cancers. J Cancer Ther 2013, 4(8):1341–1354.
70. Ali MA, Choy H, Habib AA, Saha D: SNS-032 prevents tumor cell-induced
angiogenesis by inhibiting vascular endothelial growth factor. Neoplasia
2007, 9(5):370–381.
71. Melillo G, Sausville EA, Cloud K, Lahusen T, Varesio L, Senderowicz AM:
Flavopiridol, a protein kinase inhibitor, downregulates hypoxic induction of
vascular endothelial growth factor expression in human monocytes. Cancer
Res 1999, 59(21):5433–5437.

Villicaña et al. Cancer Cell International 2014, 14:18
http://www.cancerci.com/content/14/1/18

72. Cho SJ, Kim YJ, Surh YJ, Kim BM, Lee SK: Ibulocydine is a novel prodrug
Cdk inhibitor that effectively induces apoptosis in hepatocellular
carcinoma cells. J Biol Chem 2011, 286(22):19662–19671.
73. Morachis JM, Huang R, Emerson BM: Identification of kinase inhibitors that
target transcription initiation by RNA polymerase II. Oncotarget 2011,
1–2:18–28.
74. de Witte P, Gostinis P, Van Lint J, Merlevede W, Vandenheede JR: Inhibition
of epidermal growth factor receptor tyrosine kinase activity by
hypericin. Biochem Pharmacol 1993, 46(11):1929–1936.
75. Lavie G, Meruelo D, Aroyo K, Mandel M: Inhibition of the CD8+ T cellmediated cytotoxic reaction by hipericin: potential for treatment of T
cell-mediated diseases. Int Immunol 2000, 12(4):479–486.
76. Davies SP, Reddy H, Caivano M, Cohen: Specificity and mechanism of
action of some commonly used protein kinase inhibitors. Biochem 2000,
351(1):95–105.
77. Bennett BL, Bennett BL, Sasaki DT, Murray BW, O'Leary EC, Sakata ST, Xu W,
Leisten JC, Motiwala A, Pierce S, Satoh Y, Bhagwat SS, Manning AM,
Anderson DW: SP600125, an anthrapyrazolone inhibitor of Jun
N-terminal kinase. Proc Natl Acad Sci 2001, 98(4):13682–13686.
78. Shimamoto Y, Fujioka A, Kazuno H, Murakami Y, Ohshimo H, Kato T,
Matsuda A, Sasaki T, Fukushima M: Antitumor activity and
pharmacokinetics of TAS-106, 1-(3-C-ethynyl-β-D-ribo-pentofuranosyl)
cytosine. Cancer Res 2001, 92(3):343–351.
79. Yasui H, Ogura A, Asanuma T, Matsuda A, Kashiwakura I, Kuwabara M,
Inanami O: Inhibition of HIF-1α by the anticancer drug TAS106
enhances X-ray-induced apoptosis in vitro and in vivo. Br J Cancer 2008,
99(9):1442–1452.
80. Iben S, Tschochner H, Bier M, Hoogstraten D, Hozák P, Egly JM, Grummt I:
TFIIH plays an essential role in RNA polymerase I transcription. Cell 2002,
109(3):297–306.
81. Assfalg R, Lebedev A, Gonzalez OG, Schelling A, Koch S, Iben S: TFIIH is an
elongation factor of RNA polymerase I. Nucleic Acids Res 2011, 40(2):1–10.
82. Manzo SG, Zhou ZL, Wang YQ, Marinello J, He JX, Li YC, Ding J, Capranico
G, Miao ZH: Natural product triptolide mediates cancer cell death by
triggering CDK7-dependent degradation of RNA polymerase II. Cancer
Res 2012, 72(20):5363–5373.
83. Vispé S, DeVries L, Créancier L, Besse J, Bréand S, Hobson DJ, Svejstrup JQ,
Annereau JP, Cussac D, Dumontet C, Guilbaud N, Barret JM, Bailly C:
Triptolide is an inhibitor of RNA polymerase I and II-dependent transcription
leading predominantly to down-regulation of short-lived mRNA. Mol Cancer
Ther 2009, 8(10):2780–2790.
84. Villicaña C, Cruz G, Zurita M: The genetic depletion or the triptolide
inhibition of TFIIH in p53 deficient cells induce a JNK-dependent cell
death in Drosophila. J Cell Sci 2013, 126(11):2502–2515.
85. Drygin D, Lin A, Bliesath J, Ho CB, O'Brien SE, Proffitt C, Omori M, Haddach
M, Schwaebe MK, Siddiqui-Jain A, Streiner N, Quin JE, Sanij E, Bywater MJ,
Hannan RD, Ryckman D, Anderes K, Rice WG: CX-5461 Inhibits ribosomal
RNA synthesis and solid tumor growth. Cancer Res 2011, 71(4):1418–1430.
86. Morris EJ, Ji JY, Yang F, Di Stefano L, Herr A, Moon NS, Kwon EJ, Haigis KM,
Näär AM, Dyson NJ: E2F1 represses beta-catenin transcription and is antagonized by both pRB and CDK8. Nature 2008, 455(7212):552–556.
87. Oliver TG, Mercer KL, Sayles LC, Burke JR, Mendus D, Lovejoy KS, Cheng MH,
Subramanian A, Mu D, Powers S, Crowley D, Bronson RT, Whittaker CA, Bhutkar
A, Lippard SJ, Golub T, Thomale J, Jacks T, Sweet-Cordero EA: Chronic cisplatin
treatment promotes enhanced damage repair and tumor progression in a
mouse model of lung cancer. Genes Dev 2010, 24(8):837–852.
88. Okuyama H, Endo H, Akashika T, Kato K, Inoue M: Downregulation of
c-MYC protein levels contributes to cancer cell survival under dual
deficiency of oxygen and glucose. Cancer Res 2010, 70(24):10213–10223.
89. Whitessell L, Lindquist S: Inhibiting the transcription factor HSF1 as an
anticancer strategy. Expert Opin Ther Targets 2009, 13(4):469–478.
90. Gordon V, Bhadel S, Wunderlich W, Zhang J, Ficarro SB, Mollah SA,
Shabanowitz J, Hunt DF, Xenarios I, Hahn WC, Conaway M, Carey MF,
Gioeli D: CDK9 regulates AR promoter selectivity and cell growth through
serine 81 phosphorylation. Mol Endocrinol 2010, 24(12):2267–2280.
91. Kaichi S, Takaya T, Morimoto T, Sunagawa Y, Kawamura T, Ono K, Shimatsu A,
Baba S, Heike T, Nakahata T, Hasegawa K: Cyclin-dependent kinase 9 forms a
complex with GATA4 and is involved in the differentiation of mouse ES
cells into cardiomyocytes. J Cell Physiol 2011, 226(12):248–254.
92. Adler AS, McCleland ML, Truong T, Lau S, Modrusan Z, Soukup TM,
Roose-Girma M, Blackwood EM, Firestein R: CDK8 maintains tumor

Page 14 of 15

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

dedifferentiation and embryonic stem cell pluripotency. Cancer Res 2012,
72(8):2129–2139.
Herrmann H, Blatt K, Shi J, Gleixner KV, Cerny-Reiterer S, Müllauer L, Vakoc CR,
Sperr WR, Horny HP, Bradner JE, Zuber J, Valent P: Small-molecule inhibition of
BRD4 as a new potent approach to eliminate leukemic stem- and progenitor
cells in acute myeloid leukaemia (AML). Oncotarget 2012, 3(12):1588–1599.
Derheimer FA, Chang CW, Ljungman M: Transcription inhibition: a potential
strategy for cancer therapeutics. Eur J Cancer 2005, 41(16):2569–2576.
Lam LT, Pickeral OK, Peng AC, Rosenwald A, Hurt EM, Giltnane JM, Averett LM,
Zhao H, Davis RE, Sathyamoorthy M, Wahl LM, Harris ED, Mikovits JA, Monks
AP, Hollingshead MG, Sausville EA, Staudt LM: Genomic-scale measurement
of mRNA turnover and the mechanisms of action of the anti-cancer drug
flavopiridol. Genome Biol 2001, 2:research0041.0041-research0041.0011.
Gutiérrez L, Merino C, Vázquez M, Reynaud E, Zurita M: RNA polymerase II
140wimp mutant and mutations in the TFIIH subunit XPB differentially
affect homeotic gene expression in Drosophila. Genesis 2004, 40(1):58–66.
Merino CE, Reynaud M, Vazquez M, Zurita M: DNA repair and
transcriptional effects on mutations in TFIIH in Drosophila development.
Mol Biol Cell 2002, 13(19):3246–3256.
Lou YJ, Jin J: Triptolide down-regulates bcr-abl expression and induces
apoptosis in chronic myelogenous leukemia cells. Leuk Lymphoma 2004,
45(2):373–376.
Chen DY, Liu H, Takeda S, Tu HC, Sasagawa S, Van Tine BA, Lu D, Cheng
EH, Hsieh JJ: Taspase 1 function as a non-oncogene addiction protease
that coordinates cancer cell proliferation and apoptosis. Cancer Res
2010, 70(13):15358–15367.
Gabai VL, Meng L, Kim G, Mills TA, Benjamin IJ, Sherman MY: Heat shock
transcription factor HSF1 is envolved in tumor progresión via regulation
of hypoxia-inducible factor 1 and RNA-binding protein HuR. Mol Cell Biol
2012, 32(5):929–940.
Dai C, Meng L, Kim G, Mills TA, Benjamin IJ, Sherman MY: Heat shock
factor 1 is a powerful multifaceted modifier of carcinogenesis.
Cell 2007, 130(6):1005–1018.
Phillips DA, Dudeja V, McCarroll JA, Borja-Cacho D, Dawra RK, Grizzle WE,
Vickers SM, Saluja AK: Triptolide induces pancreatic cancer cell death via
inhibition of the heat shock protein 70. Cancer Res 2007, 67(19):9407–9416.
Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, Rahl PB,
Lee TI, Young RA: Master transcription factors and mediator establish
super-enhancers at key cell identity genes. Cell 2013, 153(2):307–319.
Kagey MH, Newman JJ, Bilodeau S, Zhan Y, Orlando DA, van Berkum NL,
Ebmeier CC, Goossens J, Rahl PB, Levine SS, Taatjes DJ, Dekker J, Young RA:
Mediator and cohesin connect gene expression and chromatin
architecture. Nature 2010, 467(7314):430–435.
Huang W, He T, Chai C, Yang Y, Zheng Y, Zhou P, Qiao X, Zhang B, Liu Z,
Wang J, Shi C, Lei L, Gao K, Li H, Zhong S, Yao L, Huang ME, Lei M: Triptolide
inhibits the proliferation of prostate cancer cells and down-regulates
SUMO-specific protease 1 expression. PLoS One 2012, 7(5):e37693.
Poele RH, Okorokov AL, Joel SP: RNA synthesis block by 5, 6-dichloro-1beta-D-ribofuranosylbenzimidazole (DRB) triggers p53-dependent
apoptosis in human colon carcinoma cells. Oncogene 1999,
18(42):5765–5772.
Stavrovskaya AA: Cellular mechanisms of multidrug resistance of tumor
cells. Biochemistry 2000, 65(1):95–106.
Ott CJ, Kopp N, Bird L, Paranal RM, Qi J, Bowman T, Rodig SJ, Kung AL,
Bradner JE, Weinstock DM: BET bromodomain inhibition targets both
c-Myc and IL7R in high-risk acute lymphoblastic leukemia. Blood 2012,
120(14):2843–2852.
Slatter TL, Ganesan P, Holzhauer C, Mehta R, Rubio C, Williams G, Wilson M,
Royds JA, Baird MA, Braithwaite AW: p53-mediated apoptosis prevents the
accumulation of progenitor B cells and B-cell tumors. Cell Death and
Differentiation 2010, 17(3):540–550.
Tron VA, Trotter MJ, Tang L, Krajewska M, Reed JC, Ho VC, Li G: p53regulated apoptosis is differentiation dependent in ultraviolet Birradiated mouse keratinocytes. Am J Pathol 1998, 153(2):579–585.
Zhu LJ, Yan WX, Chen ZW, Chen Y, Chen D, Zhang TH, Liao GQ: Disruption
of mediator complex subunit 19 (Med19) inhibits cell growth and
migration in tongue cancer. World J Surg Oncol 2013, 11:116.
Huang S, Hölzel M, Knijnenburg T, Schlicker A, Roepman P, McDermott U,
Garnett M, Grernrum W, Sun C, Prahallad A, Groenendijk FH, Mittempergher
L, Nijkamp W, Neefjes J, Salazar R, Dijke P, Uramoto H, Tanaka F,
Beijersbergen RL, Wessels LFA, Bernards R: MED12 controls the response to

Villicaña et al. Cancer Cell International 2014, 14:18
http://www.cancerci.com/content/14/1/18

Page 15 of 15

multiple cancer drugs through regulation of TGF-β receptor signaling.
Cell 2012, 151(5):937–950.
113. Ito S, Tan LJ, Andoh D, Narita T, Seki M, Hirano Y, Narita K, Kuraoka I,
Hiraoka Y, Tanaka K: MMXD, a TFIIH-independent XPD-MMS19 protein
complex involved in chromosome segregation. Mol Cell 2010, 39(4):632–640.
114. Weber A, Chung H, Springer E, Heitzmenn D, Warth R: The TFIIH subunit
p89 (XPB) localizes to the centrosome during mitosis. Cell Oncol 2010,
32(1–2):121–130.
115. You J, Li Q, Wu C, Kim J, Ottinger M, Howley PM: Regulation of Aurora B
expression by the bromodomain protein Brd4. Mol Cell Biol 2009,
29(18):5094–5103.
doi:10.1186/1475-2867-14-18
Cite this article as: Villicaña et al.: The basal transcription machinery as a
target for cancer therapy. Cancer Cell International 2014 14:18.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

