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which culminates in the production of effector proteins and transcripts
that elicit the biological response. Multiple upstream cellular pathways
converge on transcription factors and alter their functional state, direct-
ly influencing the target genes regulated by these factors. Activated
transcription factors function in the context of multi-protein complexes
with cofactors, and bind directly to specific sites on accessible DNA to
regulate gene expression via recruitment of the RNA polymerase II
machinery [1].

In cancer, this process can be dysregulated at multiple levels, includ-
ing alterations in upstream signals, or at the level of the transcription
factor itself, or both — a common feature observed in acquired resis-
tance secondary to treatment. In all cases, transcription of critical target
genes can be considered a common endpoint in oncogenic cell signal-
ling pathways. Thus transcriptional machinery can be viewed as
“hubs” that influence the development of many of the hallmarks of
cancer progression [2], and the factors that regulate transcription
represent attractive therapeutic targets that could circumvent many of
the issues of cross-talk, redundancy and resistance that are inherent in
targeting upstream cell signalling enzymes.

Despite the motivation to directly modulate transcription factors
in cancer therapeutics, they have proved to be challenging targets
and are commonly termed ‘undruggable’ [3]. However, some of the
most commonly prescribed and utilized treatments for both cancer
and non-cancer related conditions work by directly targeting a spe-
cific class of transcription factors called nuclear receptors. For exam-
ple, glucocorticoid receptor ligands (e.g. synthetic glucocorticoids
such as hydrocortisone, dexamethasone, prednisolone and methyl-
prednisolone) are widely utilized for their anti-inflammatory and
immunosuppressive effect in conditions such as asthma, arthritis
and auto-immune disorders — as well as for their pro-apoptotic
effect in haematological malignancies such as multiple myeloma [4,
5]. It is possible that nuclear receptors constitute an unusual class
of transcription factors with substantially greater druggability;
however, in recent years, an increased understanding of transcrip-
tional regulation, coupled with technological advances, has made
the direct or indirect targeting of other transcription factors realistic
options.

Before a transcription factor can become a realistic and bona fide
drug target, it is important that we understand and define the underly-
ing biological properties of that protein, in order to identify the right
family member to target, the correct clinical context when this factor
is essential for cancer progression and any potential feedback
mechanisms that might influence the efficacy of a targeted agent.
Furthermore, because many transcription factors are expressed in a
range of normal tissues where they play important physiological roles,
it is important to anticipate and study potential unwanted effects of
targeting oncogenic transcription programmes. Due to advances in
‘omic’ technologies, we have a greater understanding of transcription
factor binding sites, the chromatin states that can influence binding
dynamics, the associated proteins that contribute to transcription factor
function and the key downstream target genes. This information has
revealed the key factors regulating transcriptional activity that likely
function as putative drug targets (summarized in Fig. 1), whilst also
identifying less tractable options.

To target these factors, approaches include the use of small
molecules, peptides and g-quadruplex regulatory mechanisms, all of
which have resulted in the identification of compounds that are
currently being assessed in clinical trials. Furthermore, RNA regulation
has been explored as a way of targeting transcription factor function,
by short-circuiting the key downstream targets of driving transcription
factors.

This review aims to highlight specific examples of these evolving
concepts that are being utilized to treat cancer by targeting its driving
transcription factors (Table 1). In addition, we will detail some of the
emerging concepts and technical advances that may reveal new oppor-
tunities for drugging these important regulatory factors in cancer.

2. Targeting transcription factors
2.1. Direct targeting of transcription factors

2.1.1. Nuclear receptors

Direct therapeutic modulators of nuclear receptor function work by
physical interaction with the transcription factor (the nuclear receptor)
itself, resulting in conformational changes that influence the interac-
tions with co-activators or co-repressors [7]. The presence of a ligand
binding domain pocket in nuclear receptors creates the opportunity
for eliciting distinct conformation changes and therefore different
gene expression programmes by using different ligands. As an example,
the oestrogen receptor (ER), which is the defining and driving transcrip-
tion factor in 75% of breast cancers [8] can be blocked by different
classes of antagonists that have distinct mechanisms and different
clinical efficacy [9,10].

Tamoxifen, an endocrine therapy introduced into the clinic in the
1980s to treat ER positive breast cancer, represents one of the most
successful targeted cancer therapies to date, having a significant im-
pact on survival rates in breast cancer patients [11]. Fulvestrant (ICI
182780) is a newer agent for the direct inhibition of ER protein
levels, which can be an effective secondary transcription factor mod-
ulator when tumours have acquired resistance to tamoxifen [12].
Similarly a number of therapies exist for inhibition of the androgen
receptor (AR), which functions as a driving transcription factor in
prostate cancer. Direct AR antagonists include established agents
such as bicalutamide and more recently, enzalutamide [13,14],
both of which have had significant impacts on patient survival.
Enzalutamide binds directly to the AR with greater affinity than
bicalutamide, and targets AR-mediated gene expression by
inhibiting its nuclear translocation and its ability to recruit cofactors
and bind to DNA [15]. Drugs targeting ER and AR, the key transcrip-
tion factors in breast and prostate cancers, respectively, have be-
come the mainstays of treatment for these hormone dependent
cancers.

Targeting nuclear receptors in hormone dependent cancers has had
a substantial impact on patient survival rates. One reason why nuclear
receptors are likely to be more amenable to drug targeting than most
other transcription factors is the existence of a ligand regulated binding
domain. Such a common druggable pocket that exists within an entire
family of transcription factors is either lacking or uncharacterized in
many other types of transcription factors. As such, it is not particularly
surprising that there has been a notable absence of therapeutic
compounds targeting other classes of transcription factors in the clinic.
However, alternative strategies have been developed to target non-
nuclear receptor transcription factors, both directly and indirectly.
These are outlined below.

2.1.2. Non-nuclear receptor transcription factors

Beyond the nuclear receptor, there are relatively few examples of
the direct targeting of other transcription factor proteins using small
molecules, and efforts have focused on indirect targeting of transcrip-
tion factor function via interacting molecules [7].

However, a precedent for the inhibition of non-nuclear receptor
transcription factors by direct interaction was recently established
in breast cancer cells using a natural product, thiostrepton [16].
This naturally-occurring antibiotic was demonstrated to bind
directly and specifically to the forkhead box protein FoxM1 - an on-
cogenic forkhead box transcription factor upregulated in a wide
range of cancers [17] - resulting in inhibition of genomic FoxM1-
DNA interactions.

This proof of concept study may reinvigorate the effort to target
transcription factors by direct interaction. Meanwhile, there has been
considerable progress in targeting transcription factors via protein and
DNA interactions, which is summarized below.
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Fig. 1. Targeting transcription factors and chromatin proteins in cancer. TF = transcription factor; CoF = cofactor; HDAC = histone deacetylase; BET = bromodomain and extra-terminal;
DNMT = DNA methyltransferase. Cancer hallmarks [6] that would be impacted by TF targeting include (from left to right): activating invasion and metastasis; deregulating cellular en-
ergetics; sustaining proliferative signalling; evading growth suppressors; resisting cell death; inducing angiogenesis.

2.2. Indirect targeting of transcription factors

2.2.1. Via inhibition of protein interactions

2.2.1.1. Small molecules. Targeting protein interactions has historically
proven elusive because proteins generally offer relatively large and

flat interacting surfaces that are not readily perturbed by small molecule
drugs [18]. However, a precedent for targeting transcription factors via
protein-protein interactions was established a decade ago with the
development of a small molecule inhibitor, Nutlin, which perturbs the
interaction between the p53 tumour suppressor (a transcription factor)
and its negative regulator MDM2 [19,20].

Table 1
Examples of therapeutic agents designed to target a transcription factor pathway.
Mechanism Class Example Target Tumour Development
Targeting transcription factors
Direct Nuclear receptor NR modulator Tamoxifen ER Breast Approved (1977)
Non-nuclear receptor Small molecule Thiostrepton  FoxM1 Breast In vitro
Indirect Protein interaction Small molecule RG7112 p53-MDM2 Liposarcoma; acute leukaemia ~ Phase I
Stapled peptide ALRN-6924 P53-MDM2-MDMX Solid tumours (wild-type p53)  Phase I/II
Peptidomimetic ABT-199 BCL-2 Chronic lymphocytic leukaemia  Phase III
DNA-protein interaction Decoy oligonucleotide STAT3 decoy  STAT3 Head and neck squamous Phase 0
cell carcinoma
G-quadruplex stabilizer TMPyP4 cMyc Various In vitro
RNA degradation Small interfering RNA ALN-VSP02 VEGF & KSP* Solid tumours with Phase I
liver metastasis
Antisense oligonucleotide AZD9150 STAT3 Lymphoma; various Phase |
solid tumours
Direct enzymatic regulator  Kinase inhibitor Ruxolitinib STAT proteins Myoproliferative neoplasms Approved (2011)
Targeting chromatin regulator proteins
DNA modification DNA methyltransferase 5-azacytidine DNMT1/DNMT3a/DNMT3b  Myelodysplastic syndromes Approved (2004)
(DNMT)
Histone modification Histone deacetylase (HDAC) Vorinostat HDAC Cutaneous T-cell lymphoma Approved (2006)
inhibitor
Histone methyltransferase (HMT) EPZ-5676 DOTIL MLL-fusion leukaemia Phase I
inhibitor
BET protein inhibitors I-BET151 BRD3, BRD4, SEC MLL-fusion leukaemia In vivo

2 Non-transcription factor targets.
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Aberrations in p53 signalling are almost universal in human cancer
[21]. Half of these aberrations are due to p53 mutation, whilst the
other half are attributed to inactivation of wild type p53 by negative
regulators such as MDM2 and MDMX — offering the potential to reacti-
vate p53 to treat a range of cancers. Nutlin binds selectively to the
MDM?2 binding pocket of p53, inhibiting p53-MDM2 interaction and
MDM2-mediated ubiquitination of p53, hence prolonging the half-life
of activated p53 [19]. Nutlin demonstrated antitumour effects in multi-
ple cancer cell line models and in mouse xenograft models of prostate
cancer and osteosarcoma [19,22]. The Nutlin derivative compound
RG7112 is undergoing clinical trial in liposarcoma [23] and leukaemia
[24]. Phase 1 clinical trial of patients with acute leukaemia indicated
single agent clinical efficacy at the minimum tolerated dose, with a
remarkable 16% (5 out of 31) complete response rate in those with
heavily pre-treated acute myeloid leukaemia who completed cycle 1
dosing (31 out of 43) [24]. These data confirm that protein-protein
interactions between transcription factors and regulatory proteins can
be blocked successfully with chemical inhibitors [25]. However, issues
relating to the tolerability and toxicity of p53 reactivating agents such
asRG7112 are not insignificant. For example, during the RG7112 clinical
trial in liposarcoma, all patients experienced at least one adverse event,
most commonly nausea and vomiting, and there were 12 serious
adverse events in 8 patients, including neutropenia (6 patients) and
thrombocytopenia (3 patients) [23].

In the last few years, several classes of potent, selective, and effica-
cious small molecule MDM2 inhibitors have been designed and devel-
oped, and several such compounds are being evaluated in clinical
trials as new anticancer drugs [21,26,27]. Additionally, small-molecule
MDMX inhibitors have been reported, with the goal of targeting other
members of the p53 complex, for example in models of leukaemia and
breast cancer [28,29].

Reactivation of mutated p53 is another therapeutic option that has
been explored using a variety of approaches including small molecules
[21]. Such compounds act to rescue wild-type p53 function by stabiliz-
ing specific tumour-associated p53 mutants in their active conforma-
tion [30,31]. Several p53 reactivating drugs, e.g. PRIMA-1, CP31398
and PhiKan083, have demonstrated efficacy in pre-clinical models
[32]. Recently, a PRIMA-1 analogue (APR-246), entered phase Ib/II
clinical trial for the treatment of recurrent high grade serous ovarian
cancer in combination with standard platinum-based cytotoxic therapy.

2.2.1.2. Stapled peptides. An alternative approach for blocking protein-
protein interactions is via peptide inhibitors. Early attempts at using
peptides revealed problems with peptide stability, which was partially
bypassed by the development and utilization of modified peptides
with improved stability. Specifically, the introduction of a hydrocarbon
backbone (staple) to short peptides maintains them in their active
alpha-helical state. This approach has been shown to improve the
pharmacologic performance of peptides, increase target affinity, proteo-
lytic resistance and serum half-life whilst conferring higher levels of cell
penetration through endocytic vesicle trafficking [33].

Such an approach has been explored in vivo to target BCL-2 family
proteins (critical apoptosis regulators) using a stabilized alpha-helix of
the essential BID death domain, BH3, with evidence of growth inhibition
in a leukaemia xenograft model [34]. Subsequently, in vivo evidence of
successful targeting of specific transcription factor protein interactions
has been demonstrated from xenograft models of leukaemia (inhibition
of NOTCH transcriptional complex formation), and choriocarcinoma
(via p53-inhibitory protein interactions) [35,36].

Whilst technical reproducibility issues exist for stapled peptide
approaches and their potential use in patients [37,38], there are peptide
inhibitors of transcription factors that are moving into the early stages
of clinical trial development. For example, the compound ALRN-7041
which stabilizes wild-type p53 by binding and inhibiting both MDM?2
and MDMX, is currently being explored in pre-clinical models of osteo-
sarcoma and breast cancer that overexpress MDM2 and MDMX [36,39].

More recently, a dual inhibitor of MDM2/MDMX called ALRN-6924 has
moved into phase I clinical trial for patients with advanced solid tu-
mours expressing wild-type p53.

2.2.1.3. Peptidomimetics. Other peptide approaches showing promise
include the use of peptidomimetics: small organic molecules that target
specific protein-protein interactions by arranging essential functional
groups (pharmacophores) into three-dimensional conformations that
are complimentary to the binding pocket in the protein [40]. In theory,
peptidomimetics combine the advantages of both peptides (high effica-
cy and target selectivity) and small organic molecules (cell permeabili-
ty, stability from protease-mediated proteolytic degradation, oral
activity and bioavailability) [41]. However, in practice, issues of in vivo
metabolic susceptibility and cellular permeability have hindered clinical
translation [42], and resolution of these issues is essential for utilization
of these approaches.

Despite this, there are a number of peptidomimetic compounds in
pre-clinical and clinical development that target transcription factors.
For example, STAT3 (Signal Transducer and Activator of Transcription
3), which is an oncogenic transcription factor commonly found consti-
tutively activated in breast cancer cell lines and tumour specimens
[43-46], has been targeted for the treatment of breast cancer using
peptidomimetics [47]. A similar approach has been used to target
nuclear receptor transcription factor function via co-regulator interac-
tions. As an example, interaction of ER with steroid receptor co-
activators (SRC) can be selectively inhibited with potential application
in breast cancer [48]. In prostate cancer, there is pre-clinical evidence
that targeting the interaction between AR and the co-regulator PELP1
using peptidomimetics may be a viable treatment option for patients
with advanced disease [41].

In BCL-2 dependent haematological cancers, the BH3-mimetic
ABT-199 has reached phase III clinical trial for the treatment of
relapsed/refractory chronic lymphocytic leukaemia (CLL) in combi-
nation with existing therapy (rituximab). In contrast to previous
small molecule approaches that inhibit both BCL-2 and BCL-2-like 1
(BCL-XL) [49], the peptidomimetic ABT-199 is selective for BCL-2.
Since BCL-XL suppression causes dose-limiting thrombocytopenia
in patients and is not required for therapeutic effect, ABT-199 offers
greater potential for clinical utility in the treatment of CLL and other
haematological malignancies (e.g. diffuse large B-cell lymphoma), as
well as in solid tumours such as lung cancer [50,51].

2.2.2. Via DNA-protein interactions

2.2.2.1. Decoy oligonucleotides. Decoy oligonucleotides are short, double-
stranded DNA molecules bearing the consensus binding motif of a
specific target transcription factor. Binding of a transcription factor to
its decoy oligonucleotide has the potential to inhibit transcriptional
activation by competitive inhibition of binding to gene promoter or
enhancer elements, resulting in the removal of the bound trans-factor
from the endogenous cis-element [52-54]. A major limitation of the
decoy approach has been the rapid degradation of phosphodiester
oligonucleotides by serum and intracellular nucleases. To address this
issue, nuclease-resistant oligonucleotides have been developed;
specifically, replacement of a non-bridging oxygen in phosphate link-
ages with sulphur has resulted in greater stability of DNA oligonucleo-
tide decoys [54].

Recently, a “first-in-human” phase 0 trial of a phosphorothioate-
modified duplex oligonucleotide targeting STAT3 in head and neck
squamous cell cancer (HNSCC) was reported [55]. Intratumoural injec-
tion of a STAT3 decoy DNA target resulted in decreased STAT3 target
gene expression, as assessed by immunohistochemical staining of tissue
microarray, suggesting that addition of STAT3 binding DNA decoys can
effectively downregulate the transcriptional activity of STAT3 on endog-
enous target genes. Further work using a cyclic STAT3 decoy - designed
to avoid 3’ end nuclease degradation by circularizing the duplex
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oligonucleotide using a hexa-ethyleneglycol linkage — demonstrated
improved stability, evidence of STAT3-specific targeting and growth in-
hibition in HNSCC xenograft models [55]. These studies may prove a sig-
nificant step forward in the systemic administration of oligonucleotide
therapy to target the function of transcription factors.

2.2.2.2. G-quadruplex stabilizers. G-quadruplexes are secondary DNA
structures formed by nucleic acid sequences containing several short
runs of guanine nucleotides. Guanine-rich regions with the potential
to form G quadruplexes are over-represented in telomeres and
transcriptional start sites [56-58] — especially within genes involved
in transcription and DNA replication, such as oncogenes [59]. There is
emerging evidence that G-quadruplex motifs and structure formation
modulate transcription factor binding. Enrichment in G-quadruplexes
has been found in computationally predicted transcription factor bind-
ing sites [60,61]. Small molecules that stabilize G-quadruplexes in
promoter regions of transcription factors have been explored [59],
with the goal of destabilizing or perturbing transcription factor function
by indirectly affecting the structure and consequent accessibility of DNA
to regulatory proteins.

One of the most well studied transcription factors in cancer is the
oncogene c-Myc, which is deregulated in many haematological and
solid cancer types [62-64]. The transcriptional expression of c-Myc
can be repressed by stabilization of a G-quadruplex in the MYC
promoter region using a small molecule cationic porphyrin TMPyP4
[65]. There is evidence that TMPyP4 acts via the c-Myc transcriptional
activation protein, NM23H2, preventing it from binding to and unwind-
ing the G-quadruplex [66], thereby modulating the expression of c-Myc
mRNA. This would imply that perturbation of specific G-quadruplexes
function to influence a transcription factor that is critical for tumour
progression via modification of a functionally linked regulatory tran-
scription factor. Other transcription factors demonstrating potential to
be targeted via G-quadruplexes include HIF1a in renal cancer [67] and
Bcl-2 in lymphoma and colorectal cancer [68].

2.2.3. Via RNA degradation

2.2.3.1. Small interfering RNA. Another possible way to specifically block a
driving transcription factor of interest is via destabilization of the mRNA
of that factor. RNA expression of specific genes can be downregulated by
the delivery of small interfering RNA (siRNA) molecules into cells. These
short (usually 21 base pair) double-stranded RNAs directly incorporate
into the RNA-induced silencing complex (RISC) [69], where the strands
are separated by the catalytic protein, argonaute [70]. One strand then
guides RISC to the complementary mRNA strands of the target gene,
suppressing its expression and translation into the protein product [71].
Although siRNA is a standard laboratory based tool for mRNA
regulation, applying this novel approach to targeting transcription
factors and other proto-oncogenes has been limited by issues related
to the short in vivo half life of siRNA, problems associated with delivery
to the organs of interest, and uptake into the cytoplasm of target cells.
Novel strategies to overcome these issues include the use of liquid
nanoparticle delivery systems and the combination of two complemen-
tary gene targets. For example, to inhibit angiogenesis in solid tumours,
co-targeting of both vascular endothelial growth factor (VGEF) and
kinesin spindle protein (KSP) is thought to have greater efficacy. Phase
1 trial data for a joint VEGF and KSP siRNA therapy (ALN-VSP02) recently
reported anti-VEGF activity in advanced solid tumours with liver in-
volvement, and is the first study to report a therapeutic anti-tumour re-
sponse following systemic administration of siRNA therapy [72].
Disease in the liver is a prime target of the siRNA approach because
larger molecules (up to 200 nm in diameter) including drug delivery
nanocarriers are able to pass readily into the liver from the vasculature
[73]. By contrast, in many other tissues, molecules greater than 5 nm
diameter do not readily cross the vascular endothelial barrier, implying

that liver-related diseases are likely to be a major therapeutic focal area
of this type of technology.

An alternative approach, with the potential to improve on the half-
life of siRNA, is the use of short hairpin (sh) RNA. This utilizes a double
stranded RNA that is expressed in the target cell following insertion of
a DNA construct encoding the shRNA of interest, leading to more durable
gene silencing [74]. The shRNA transcript is processed by the enzyme
Dicer in the cytoplasm, and incorporated into RISC — whereupon the
process continues in the same way as for siRNA [71]. Future pre-clinical
and clinical trials will attest to the effectiveness of using shRNA-based
strategies. Meanwhile, technological advances such as the advent of
CRISPR-associated RNA-guided endonuclease Cas9 technology, may
make it possible to achieve stable gene silencing or accurate gene editing
for cancer therapeutic applications [75].

2.2.3.2. Antisense oligonucleotides. Another approach for targeting
transcription factors via gene expression is the use of antisense oli-
gonucleotides. These have two alternative mechanisms of action:
oligonucleotide-assisted RNase H-dependent reduction of targeted
RNA expression; and the steric-blocker oligonucleotides, which
physically prevent or inhibit the progression of splicing or the trans-
lational machinery [76].

As an example, AZD9150 (ISIS-STAT3Rx or ISIS 481464), a synthetic
antisense oligonucleotide against STAT3, has undergone phase 1 clinical
trial in patients with advanced lymphoma and solid tumours [77]. Pre-
liminary findings from fifteen heavily pre-treated patients, composed
of six advanced lymphoma cases (three diffuse large B cell lymphoma
(DLBCL), two Hodgkin's lymphoma, one mantle cell lymphoma) and
nine cases with various solid tumours were recently published. Partial
response was observed in two out of three DLBCL patients, both
resulting in a greater than 50% reduction in tumour size. No responses
were observed in any of the patients with solid tumours. A phase 2
dose-expansion study is currently underway in patients with DLBCL
and other advanced lymphomas [78].

2.24. Via direct enzymatic regulators

Deregulated cell signalling enzymes that function upstream of tran-
scription factors can lead, ultimately, to many of the classic cancer hall-
marks via alteration of transcription factor function and gene expression
patterns. Multiple enzyme cascades converge on transcription factors
and catalyze the addition and removal of specific post-translational
modifications (PTMs). Alteration of PTMs can affect a range of transcrip-
tion factor activity: for example subcellular localization, protein-protein
interactions, and sequence-specific DNA binding [79].

Unlike transcription factors, traditionally, deregulated enzymes have
been viewed as eminently druggable. However, targeting the enzymes
upstream of transcription factors allows for greater opportunity for
cross-talk between enzymatic cascades, and greater risk of acquired
drug resistance via escape pathways, e.g. as an example of signalling
pathways that can lead to drug resistance, upregulation or alterations
in the PI3K/AKT/mTOR signalling pathway can contribute to ligand in-
dependent ER positive breast cancer [80]. One proven way to promote
effectiveness is to specifically target deregulated enzymes that directly
alter specific transcription factor PTMs.

Ruxolitinib is a tyrosine kinase inhibitor used in the treatment of
patients with myeloproliferative neoplasms (MPNs). It was developed
following the discovery of a high frequency of activating Janus kinase-2
(JAK2V617F) mutations in cases of MPN that do not harbour a BCR-
ABL1 translocation. JAK signalling activates the STAT family of proteins,
which includes a number of latent transcription factors that, when phos-
phorylated on tyrosine residues by the JAKs, drive the expression of genes
involved in proliferation, apoptosis, migration and differentiation, as well
as the production of angiogenic and inflammatory proteins [81,82].

If the goal is to target a transcription factor in cancer, via modulation
of a key upstream regulatory enzyme, it is important to identify the func-
tionally relevant PTMs on the target transcription factor or transcription
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factor associated co-factor in order to specifically modulate these via
their regulatory enzymes. As an example, FoxA2 is negatively regulated
by insulin via Akt-mediated phosphorylation at T156, and FoxA2 can
be rendered constitutively active by inducing a genetic mutation at this
locus (T156A) [83]. By linking PTMs with transcription factor function,
the possibility exists to target a DNA regulatory protein of interest via se-
lective modulation of specific upstream regulatory pathways.

In ER + breast cancer and in prostate cancer, it is well established
that DNA interactions and transcriptional potential of the driving
transcription factors (ER and AR) are influenced by the pioneer factor
FoxA1, which thereby plays an essential role in determining tumour
growth and progression [84-87]. The identification of PTMs on FoxA1l
that are essential for its function would potentially create an opportuni-
ty for indirect inhibition of ER or AR function in breast and prostate can-
cer, respectively, via modulation of the important associated
transcription factor. However, in order to anticipate potential side ef-
fects that result from FoxA1 inhibition, it would be necessary to explore
the physiological functional redundancy mechanisms that exist be-
tween FoxA1 and FoxA2 and the role of FoxA1l in non-target organs
such as the liver: notably glucose homeostasis and fat metabolism. Fur-
thermore, the specificity of this approach is limited by how many pro-
teins the putative upstream enzymatic target can regulate, beyond the
transcription factor in question.

3. Targeting chromatin regulator proteins

A key issue related to transcription factor activity is the accessibility
of chromatin for transcriptional activation or inhibition. Transcription
factors tend to bind to DNA at regulatory elements that are open and
accessible, implying that the factors that modulate chromatin accessibil-
ity may be important factors that assist or inhibit transcription factor
activity and may in fact be bona fide drug targets themselves.

Substantial work has revealed the importance of chromatin regula-
tory proteins that have the capacity for modifying histone proteins
(around which DNA is wrapped) including enzymatic “writers” and
“erasers” of epigenetic marks [88] (see Fig. 2). Other chromatin proteins
such as the bromodomain and extra-terminal domain (BET) family are
involved in the recognition of histone marks (termed the “readers”,
Fig. 2), and provide a platform for transcriptional cofactors [89]. In
recent years, several inhibitors that target these chromatin regulatory
proteins have reached the clinic for the treatment of various haemato-
logical malignancies and it is likely that these examples represent a
new direction for oncology treatment.

This section summarizes novel concepts in targeting chromatin
proteins and outlines the progress being made in translating these
into effective cancer treatments.

3.1. Targeting DNA methyltransferases

Cancer cells are characterized by global DNA hypomethylation
leading to genomic instability, alongside hypermethylation of a subset
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Fig. 2. Chromatin regulator proteins. (1) Writers, (2) readers and (3) erasers of epigenetic
marks. e.g. DNMT = DNA methyltransferase; BET = bromodomain and extra-terminal;
HDAC = histone deacetylase.

of gene promoters contained within CpG dinucleotide islands, which
leads to stable transcriptional silencing of tumour suppressors [90].

DNA methyltransferases DNMT1, DNMT3a and DNMT3b co-
ordinately regulate the methylation state of DNA [91] and therefore
represent attractive targets for cancer therapy. Azanucleoside com-
pounds such as 5-azacytidine and decytabine are cytidine analogues
that incorporate into DNA and form covalent complexes with DNA
methyltransferases, resulting in the depletion of all three active
DNMTs [92]. This leads to the reversal of aberrant DNA methylation
and the transcriptional reactivation of many genes, including tumour
suppressor genes [92-94].

Originally tested as an anti-cancer compound in the 1970s, 5-
azacytidine had encouraging clinical efficacy, but was limited by excess
gastrointestinal toxicity [95]. In recent years, the utility of 5-azacytidine
as an anticancer agent has been re-explored at lower doses [96] — leading
to its approval for use in patients with myelodysplastic syndromes (MDS)
[97]. Low dose 5-azacytidine has been demonstrated to increase the time
to conversion of MDS to acute myeloid leukaemia (AML), improve quality
of life in MDS patients and has become the first therapy to improve sur-
vival of patients with MDS compared to conventional therapy such as
cytarabine [98,99].

3.2. Targeting histone modifications

Enzymes that regulate transcription factor function by writing or
erasing epigenetic marks on chromatin proteins include histone
acetylases and deacetylases (HATs and HDACs), and histone methyl-
transferases (HMTs) and demethylases (e.g. lysine demethylase, KDM).

HDACs “erase” lysine acetylation on histone tails, repressing
transcriptional activation by promoting a shift towards a more con-
densed chromatin state [100,101]. Therapeutic targeting of HDAC en-
zymes can reverse the transcriptional repression of genes that
promote apoptosis and cell differentiation, while inhibiting cell cycle
progression and therefore cell division [102 (Fig. 3). Two HDAC inhibi-
tors have demonstrated clinical utility in treating cancer, namely
romidepsin and vorinostat, both of which have been approved for the
treatment of cutaneous T-cell lymphoma [103,104].

The mechanism of action of HDAC inhibitors is the subject of much
debate. The overall anti-tumour activity of HDAC inhibitors may be
due to modulation of a range of molecular processes beyond transcrip-
tion, via regulation of acetylation status

of both histone and non-histone proteins — leading to a diverse effect

on cellular physiology [100]. Proposed mechanisms of HDAC inhibitor
activity include induction of apoptosis via altered transcription of pro-
teins involved in the intrinsic and extrinsic pathways and induction of
proteosomal degradation [105]. With improving knowledge of the
pleiotropic anticancer effects of HDAC inhibitors, rational combination
therapies with, for example, proteasome inhibitors [106] are being ex-
plored in order to expand their role to treat a broader range of haema-
tological and solid malignancies.

Chromatin proteins that “read” epigenetic modifications on histones
include the BET (Bromodomain and Extra-Terminal) family. These
recognize polyacetylated lysine residues of histone tails, providing a
framework for transcriptional effector complexes, and promoting tran-
scriptional elongation. Translocation of the BET protein BRD4 has been
shown to be a driver event in an incurable subtype of paediatric squa-
mous cell carcinoma [107,108], whilst in mixed-lineage leukaemia
(MLL)-fusion leukaemia, translocation partners including BRD4 are
often members of transcriptional elongation complexes [109]. Com-
pounds that modify the function of BRD4 as a critical transcriptional
regulator have therefore been sought. The experimental compound
JQ1 has been established as a potent and selective inhibitor of the
bromodomain protein BRD4, with its antitumour effect in these settings
linked to reduction in c-Myc overactivity [110]. The bromodomain fam-
ily inhibitor compound I-BET151 has demonstrated in vivo preclinical
efficacy in murine models of MLL-fusion leukaemia, with parallel
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experiments in cell lines demonstrating that I-BET151 causes displace-
ment of bromodomain proteins BRD3, BRD4 and SEC from the chroma-
tin, leading to transcriptional repression of key oncogenes such as BCL-2
and c-Myc [108].

Another therapeutic target in MLL-fusion leukaemia is the histone
methyltransferase DOT1L, which is recruited by MLL-fusion proteins
to drive the transcription of leukemogenic target genes via hypermethy-
lation at H3K79. The small molecule DOT1L inhibitor, EPZ-5676, is
currently in early clinical trial in this context [111].

Other chromatin protein targets in cancer include those that “write”
epigenetic marks on histones such as the HMT, Enhancer of Zeste Homo-
log 2 (EZH2), which has an activating mutation in DLBCL [112] and is
overexpressed in melanoma, breast and prostate cancer [113]. EZH2 has
been targeted using small molecules and peptide approaches [114,115].
Histone demethylase targets include lysine-specific demethylase-1
(KDMT1), which is overexpressed in neuroblastoma, colon, breast and
prostate cancer [116] and has been targeted using small molecules and
monoamine oxidase inhibitors [117,118].

Whilst there remain issues relating to the specificity of drugs
targeting epigenetic modifiers of DNA and chromatin proteins, such
compounds have gained a prominent role in the treatment of haemato-
logical cancers and their role is likely to expand to solid tumours, poten-
tially in combination with the standard of care, or as second line
treatment in the resistant context.

4. Future directions

One important variable that requires exploration is the importance
of changes in protein sequence and function that occurs in cancer. It is
becoming well known that some of the most commonly mutated
genes in cancer are transcription factors and chromatin regulatory
proteins [65,119-121]. This increasing body of mutational information
has helped pin-point crucial transcription factors within a specific
cancer of interest, but also reveals additional parameters that must be
considered if attempting to target transcription factors. As an example,
similar to what is observed for growth factors, mutant transcription
factors may be inert to drugs that modulate activity of the wild type
version, an important consideration when aiming to perturb a single
driving transcription factor.

As previously mentioned, ER transcriptional activity can be effective-
ly blocked with endocrine agents, but recent observations have shown
that ER is commonly mutated in the metastatic context [122-124],
with an enrichment for cells that have acquired mutations in the ligand
binding domain, altering the efficacy of current treatments. Again, an

understanding of these possible changes and events is of paramount im-
portance for maximizing our ability to effectively inhibit cancer cell
growth and tumour progression by targeting these specific types of
proteins. Equally an understanding of these mutations may allow
targeting of the mutant form of the protein only, thus improving the ef-
ficacy of the drug and restricting non-specific effects that result from in-
hibition of the wild type version of the protein.

However, whilst the traditional paradigm for a good therapeutic
protein target is that it should be mutated or over-expressed in a cancer,
recent examples highlight notable exceptions (e.g. BRD4 and HDACs),
which are often discovered via unbiased screens of compound libraries.
This highlights the variety of available mechanisms by which critical
regulators of transcription factor and chromatin protein targets can be
manipulated for therapeutic advantage, and the importance of ongoing
study into the complex nature of transcriptional regulation.

5. Summary and conclusions

Transcription factors, their associated proteins and the variables that
dictate chromatin accessibility have traditionally been thought of as
intractable drug targets. However they constitute the downstream
machinery that signalling pathways feed into, to ultimately drive the
gene expression programmes that influence tumour formation, cancer
progression and drug response. A step change is required to view the
transcription factors as genuine therapeutic targets. By inhibiting the
downstream transcription factors, redundancy mechanisms that exist
within complex signalling pathways can be minimized, potentially im-
proving the potency of targeted therapeutic approaches. Despite the
fact that transcription factors are commonly considered undruggable,
some of the most commonly utilized therapies (for both oncological
diseases and other conditions) target a class of transcription factors
called nuclear receptors. Nuclear receptors may be unusually amenable
to therapeutic intervention because of the existence of a ligand binding
pocket [125,126], but they epitomize the effectiveness and durability of
successfully targeting transcription factors to improve disease outcome.

There have been numerous recent advances that involve targeting of
transcription factors, either directly or indirectly (Fig. 3). Some of these
have been summarized in this review and include direct inhibition with
small molecules, modulation of the DNA targets, destabilization of the
mRNA precursors of transcription factors and inhibition of upstream
regulatory pathways that feed into the structure and function of tran-
scription factors. Some of these have entered clinical trials, attesting to
the potential impact of the diverse approaches explored. Numerous
years ago, kinases were considered difficult targets [127,128] yet they
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now constitute some of the most effective and malleable drug targets in
cancer.

It is hoped that in years to come, momentum and confidence will be
gained around the concept of targeting driving transcription factor
pathways for cancer treatment. This will require better understanding
of the key transcription factors in cancer, the post-translational modifi-
cations that influence the function of these transcription factors, the
redundancy that exists between family members of specific transcrip-
tion factors and the potential effects of modifying transcription factor
function on their wider physiological roles. Through continued effort
and scientific progress, the enormous untapped potential for improving
the lives of cancer patients using treatments that target transcription
factors and their associated factors and pathways will become reality.
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