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FIRST THINGS FIRST
¡ Definition…

¡ Transcription factors (TF) are proteins involved in the 
process of converting, or transcribing, DNA into RNA
(https://www.nature.com/scitable/definition/transcription-factor-transcription-factors-
167/)

¡ Transcription factors (TFs) recognize specific DNA 
sequences to control chromatin and transcription, 
forming a complex system that guides expression of the 
genome (Lambert et al., 2018. Cell 172: 650)

Key features:
DNA Binding

Transcription Regulation
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This Review synthesizes current understanding of TF 
function and gene regulation with emerging pharmaco-
logical approaches that can or could be used to drug this 
target class. We discuss the basic mechanisms by which 
TFs participate in gene regulation and drive myriad dis-
eases, and then evaluate key lessons from successful and 
promising examples of TF modulator development. We 
close by highlighting technologies that could facilitate 
progress in drugging even the most recalcitrant TFs and 
reflect on how emerging medicinal chemistry, biophys-
ics and chemical biology approaches could be adapted 
to address the unique challenges associated with TFs.

Functional domains of TFs
The key role of a TF is to recruit transcriptional regula-
tory machinery to specific genomic loci to regulate gene 
expression14. A minimal TF is thus defined by just the 
presence of two key elements: a DNA- binding domain 
(DBD) that recognizes specific DNA sequences, and 
an effector domain that recruits members of transcrip-
tional activation or repression machinery14 (FIG. 1). TFs 
that act as transcriptional activators use a transactivation 
domain to recruit chromatin remodelling enzymes, his-
tone modifying enzymes, transcriptional co- activators 
and/or many general TFs to increase the accessibility 
of target genes, epigenetically mark them as active, and 
recruit and activate RNA polymerase II (Pol II)12,14–18. 
Conversely, TFs that behave as transcriptional repres-
sors use a transrepression domain to recruit chromatin 
remodelling and epigenetic enzymes to decrease the 
accessibility of target genes and mark them as inactive17. 
In some cases, prototypical transactivation domains 
can have repressive functions that are controlled by the 

presence and/or activity of co- repressors19. By this basic 
mechanism of recruitment, TFs act as the directors of 
transcriptional output of the genome and play key roles 
across wide- ranging cellular processes18.

The structural and biophysical mechanisms by which 
key TF regulatory domains function have been a sub-
ject of intense study for decades. The determinants of 
DBD specificity for DNA sequence in vitro have been 
extensively dissected with advances in high- throughput 
binding assays and determination of numerous DBD 
structures, in both the presence and absence of DNA20. 
However, significant challenges in predicting func-
tional TF binding sites in the genome remain, which is 
complicated by the complex three- dimensional chro-
matin architecture and an abundance of non- specific TF 
binding sites that can compete with TF binding to scarcer 
specific TF binding sites21.

Conversely, the basic mechanisms by which effec-
tor domains function are much less defined. Although 
there are certainly some instances of well- studied and 
functionally important PPIs made by single effector 
domains22–24, the generalizability of these examples to the 
class as a whole has not been possible25–27. For example, 
although several structures of transactivation domains 
bound to co- activators such as CBP/p300 (REF.24) have 
been proposed, these structures do not explain the 
repeated observation that roughly 1% of any random 
sequence of amino acids — with the only commonal-
ity being the preponderance of acidic and hydrophobic 
residues — stitched to a DBD can function as transac-
tivation domains25,27. Thus, the general mechanisms by 
which effector domains actually effectuate recruitment 
are still under considerable debate. Current universal 
models of effector domain function hypothesize that 
they form non- specific dynamic PPIs with transcrip-
tional machinery as well as phase- separating with dis-
ordered regions of co- activators/co- repressors to form 
transcriptional condensates13,28–30, although in some indi-
vidual cases there is evidence that other mechanisms are 
more consistent with experimental data31,32. Put together, 
there are many remaining questions about the mecha-
nisms by which the two key TF domains function that 
may have drastic implications for the success of various 
targeting strategies.

As well as the two class- defining TF functional 
domains, many TFs contain additional layers of regu-
lation that add further complexity to their function and 
regulation (FIG. 1). For example, the STAT family of TFs 
contain a SH2 domain that controls homodimerization 
or heterodimerization with other STAT TFs, and thereby 
regulates the TF localization to the nucleus33. Nuclear 
receptors, by far the most druggable family of TFs, con-
tain a ligand- binding domain (LBD) that typically acts in 
cooperation with a prototypical disordered transactiva-
tion domain to recruit transcriptional machinery when 
bound to a small- molecule ligand34. Other TFs such as 
the basic helix–loop–helix family require dimerization 
with other family members to form competent DBDs35. 
These diverse regulatory domains and mechanisms 
have historically served as the most promising entry 
points for medicinal chemists to develop effective TF 
modulators6.

DNA-binding domain
• Sequence-specific
   recognition

Regulatory domain
(optional)
• Dimerization
• Nuclear transport
• Autoinhibition

Effector domain
• Recruitment

Collaborators

Chromatin remodelling
enzymes

Co-activators/
co-repressors

General transcriptional
machinery

Fig. 1 | Anatomy of a TF. All transcription factors (TFs) contain two general protein 
domains: a DNA- binding domain (DBD) that binds to specific DNA regulatory sequences, 
and an effector domain that recruits various transcriptional ‘collaborators’ to regulate 
chromatin accessibility and transcriptional output. Many TFs also contain one or more 
regulatory domains, which typically serve to regulate TF localization and functional 
activity.

Non- specific TF binding 
sites
Sequences of DNA that do  
not contain the consensus 
sequence for a transcription 
factor (TF) DNA- binding 
domain (DBD). Most DBDs 
have low affinity for 
non- specific sites, but because 
of the exceptionally high ratio 
of non- specific to specific sites, 
TFs often spend significant 
time at non- specific sites.

Specific TF binding sites
Sequences of DNA that contain 
the consensus sequence for  
a transcription factor (TF) 
DNA- binding domain.

Transcriptional condensates
Liquid–liquid phase- separated 
droplets containing 
transcription factors, 
co- activators, RNA polymerase 
II (Pol II) and other 
transcriptional machinery.
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Over 1600 described 
Transcription Factors!

Main Interactions:
PROTEIN-DNA 
PROTEIN-PROTEIN 



(Lambert et al., 2018. Cell 172: 650)

Arie S. Mobley, in Neural Stem 
Cells and Adult Neurogenesis, 
2019

https://www.sciencedirect.com/book/9780128110140/neural-stem-cells-and-adult-neurogenesis
https://www.sciencedirect.com/book/9780128110140/neural-stem-cells-and-adult-neurogenesis


   | 2253WU ET AL.

to xenobiotic and oxidative stress. Under basal condition, 
Nrf2 interacts with two molecules of Keap1 through its 
Neh2 ETGE and DLG motifs to activate Cullin 3 (Cul3)‐
based E3 ligase complex‐mediated Nrf2 ubiquitination 
reaction.7 Once Nrf2 is ubiquitinated, it will be rapidly 
degraded by 26S proteasome and maintained at a very 
low level in the cytoplasm.8 On exposure of cells to oxi-
dative stress or chemopreventive compounds, the cysteine 
residues of Keap1 are modified and the conformation 
changes, resulting in the detachment of Nrf2 DLG motifs 
from Keap1, disrupting the ubiquitination and degrada-
tion of Nrf2. The binding affinity between Nrf2 and Keap1 
is reduced and the ubiquitination system of Nrf2‐Cul3 is 
disrupted. This allows the de novo‐synthesized Nrf2 to 
translocate into nucleus, forms a heterodimer with one 
of sMafs, and binds to antioxidant element (ARE) in the 
upstream promoter region of multiple genes. On recovery 
of the redox balance, Nrf2 is dissociated from the ARE 
sequence. Keap1 enters into the nucleus and escorts Nrf2 
out of the nucleus to the cytoplasmic Cul3‐E3 ubiquitin 
ligase machinery for degradation. Ultimately, a low level 
of Nrf2 is reattained; the Nrf2/Keap1 signaling pathway is 
switched off (Figure 1).9,10

2.2 | Downstream targets of Nrf2
The Nrf2 downstream targets are classified into three major 
groups: phase I and phase II drug metabolizing enzymes as 
well as phase III drug transporters (Table 1). Briefly, phase 
I enzymes oxidize drugs or xenobiotics; while phase II en-
zymes conjugate products of phase I reactions, phase III en-
zymes transport the final metabolites out of cells, cooperating 
to exert a cytoprotective function. Phase I‐metabolizing en-
zymes oxidize, reduce, or hydrolyze xenobiotics and drugs, 
such as aldo‐keto reductases (AKR) and cytochrome P450s 
(CYPs) encoded by genes regulated by Nrf2.

Phase II drug‐metabolizing enzymes regulated by Nrf2 
are mostly engaged in metabolic pathways through metab-
olizing xenobiotics via glucuronidation, glutathione conju-
gation, and sulfation. The primary function of intracellular 
redox‐balancing proteins is to maintain the cellular levels 
of glutathione (GSH) and thioredoxin (Trx), which scav-
enge reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) in cells.46 Nrf2/Keap1 signaling governs 
the expression of the xCT (aka SLC7a11 or system xc–),25 
which imports cysteine into the cell, along with gluta-
mate‐cysteine ligase (GCL) that catalyzes the rate‐limiting 

F I G U R E  1  Nrf2/Keap1 signaling pathway. Under basal conditions, Nrf2 binds to Keap1 by its two motifs (ETGE and DLG) and activates 
Cul3‐mediated ubiquitination followed by proteasomal degradation. Under stress conditions, due to the modification of Keap1 cysteine residues, 
Nrf2 dissociates from Keap1 and translocates into the nucleus. Nrf2 then forms a heterodimer with sMaf protein and binds to ARE to initiate the 
transcription of various downstream genes

2252  |     Cancer Medicine. 2019;8:2252–2267.wileyonlinelibrary.com/journal/cam4

1 |  INTRODUCTION
Nuclear factor (erythroid‐derived 2)‐like 2 (Nrf2) encoded 
by NFE2L2 gene belongs to a transcription factor subfamily 
with a Cap “n” Collar (CNC) structure and contains a basic 
leucine zipper DNA binding domain (b‐Zip) at the C termi-
nus. Nrf2 possesses six highly conserved domains named 
Nrf2‐ECH homology (Neh) domains. The bZip in Neh1 
domain allows Nrf2 to heterodimerize with small muscu-
loaponeurotic fibrosarcoma proteins (sMafs).1 The Neh2 
domain allows Nrf2 to bind and regulate its cytoplasmic 
chaperone molecule Kelch‐like‐ECH‐associated protein 1 
(Keap1) in physiological manner.2 The two motifs of Neh2 
domain, ETGE and DLG, bind to similar sites on the bottom 
surface of the Keap1 Kelch motif.3 Neh3 domain is nec-
essary for protein stability and transcriptional activation.4 

Neh4 and Neh5 function as two transactivation domains by 
interacting with CREB‐binding protein (CBP).2 Neh6 do-
main is rich in serine residues and contains a degron that is 
involved in the degradation of Nrf2 in oxidatively stressed 
cells.5 The activity of this degron could be increased by gly-
cogen synthase kinase‐3 (GSK‐3) activity, suggesting that 
the stimulation of the degron of Neh6 domain could be an 
effective method to overcome the constitutive upregulation 
of Nrf2.6

2 |  NRF2 ACTIVATION

2.1 | Keap1/Nrf2/ARE signaling pathway
The Keap1‐Nrf2 system is of primary importance in main-
taining cellular homeostasis in order to respond adaptively 
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Abstract
The Nrf2/Keap1 pathway is an important signaling cascade responsible for the resist-
ance of oxidative damage induced by exogenous chemicals. It maintains the redox ho-
meostasis, exerts anti‐inflammation and anticancer activity by regulating its multiple 
downstream cytoprotective genes, thereby plays a vital role in cell survival. Interestingly, 
in recent years, accumulating evidence suggests that Nrf2 has a contradictory role in 
cancers. Aberrant activation of Nrf2 is associated with poor prognosis. The constitutive 
activation of Nrf2 in various cancers induces pro‐survival genes and promotes cancer 
cell proliferation by metabolic reprogramming, repression of cancer cell apoptosis, and 
enhancement of self‐renewal capacity of cancer stem cells. More importantly, Nrf2 is 
proved to contribute to the chemoresistance and radioresistance of cancer cells as well 
as inflammation‐induced carcinogenesis. A number of Nrf2 inhibitors discovered for 
cancer treatment were reviewed in this report. These provide a new strategy that target-
ing Nrf2 could be a promising therapeutic approach against cancer. This review aims to 
summarize the dual effects of Nrf2 in cancer, revealing its function both in cancer pre-
vention and inhibition, to further discover novel anticancer treatment.

K E Y W O R D S
cancer, chemoresistance, inflammation, Keap1, Nrf2
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p53

The interplay between p53 and MDM2 is a critical network
node in the regulation of tumor suppression. MDM2 as well
as MDMX are tight regulators of p53 activity. Binding to p53
results in ubiquitinylation, thus marking the protein for
proteasomal degradation. Although MDMX is reported to
have less impact on the p53 pathway, MDMX null mice die
during embryogenesis. This phenotype can be rescued in a
p53-null background.27 MDM2 and MDMX are sensitive to

the deubiquitinase USP2a leading to accumulation of both
proteins and abrogation of p53 activity. This leads to a nega-
tive feedback loop between p53 and MDM2. Various p53 in-
dependent functions of MDM2 and MDMX have been
reported which include: association with the Mre:Rad50:Nbs1
DNA repair complex to inhibit DNA break repair,28 inhibition
of TGFβ and subsequent downregulation of SMAD proteins
responsible for tumor suppression and promotion;29 regula-
tion of E2F1, a TF regulating cell cycle genes,30 and growth
promotion in cells with activated K-Ras through CDK1, c-Jun

Fig. 2 Selected excerpts of TF pathways highlighted within this review, i.e. p53, Nrf2, CREB, and NF-κB.

Fig. 3 Chemical structures of modulators of Myc activity (1–2a/b).
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Table 1 Selected overview of small molecule transcription factor modulators, their modes and sites of action, and the PDB entry codes of the respec-
tive X-ray structures of the target TFs

Strategy TF Compound Mode of action Binding site PDB

Covalent stabilization of Y220C
mutant

p53 6SM Alkylation of Cys182 and subsequent
stabilization

Side chain of Cys182 5LAP

Inhibitor of p53:MDM2 interactions MDM2 p53 peptide Protein–protein interaction disruptor p53 binding site 4HFZ
Inhibitor of p53:MDM2 interactions MDM2 I09/RG7388 (6) Protein–protein interaction disruptor p53 binding site 4JRG
Inhibitor of p53:MDM2 interactions p53 NUT/nutlin-3a Antagonist of MDM2 p53 binding site 4HG7

Inhibitor of Keap1:Nrf2 interactions Keap1 IQK Protein–protein interaction disruptor Nrf2 binding site 4IQK
Inhibitor of Keap1:Nrf2 interactions Keap1 41P (12) Protein–protein interaction disruptor Nrf2 binding site 4XMB
Inhibitor of Keap1:Nrf2 interactions Keap1 2FS Protein–protein interaction disruptor Nrf2 binding site 4N1B
Inhibitor of Keap1:Nrf2 interactions Keap1 TX6/TX64014 Protein–protein interaction disruptor Nrf2 binding site 5DAD

Positive stimulation of ER signaling ER Estradiol Stabilizing active conformation, agonist Ligand binding
domain

1ERE

Selective modulation of ER signaling ER 4-Hydroxytamoxifen Stabilizing inactive conformation, SERM Ligand binding
domain

3ERT

Selective modulation of ER signaling ER Bazedoxifene Stabilizing inactive conformation, SERM Ligand binding
domain

4XI3

Induction of ER degradation ER AZD9496 (22) Selective estrogen receptor downregulator Ligand binding
domain

5ACC

Positive stimulation of AR signaling AR Testosterone Stabilizing active conformation, agonist Ligand binding
domain

2AM9

Inhibition of AR signaling AR Bicalutamide (23) Stabilizing inactive conformation, NSAA Ligand binding
domain

1Z95

Destabilizing HIF-2α:ARNT complex HIF 28 Allosteric protein–protein interaction
disruptor

HIF-2α PAS B
domain

4XT2

Destabilizing HIF-2α:ARNT complex HIF PT2399 (29) Allosteric protein–protein interaction
disruptor

HIF-2α PAS B
domain

5UFP

Disrupting HIF:pVHL complex HIF ZTD Protein–protein interaction inhibitor OH-Pro564 binding
site

3ZTD

Disrupting HIF:pVHL complex HIF VH298 (34) Protein–protein interaction inhibitor OH-Pro564 binding
site

5LLI

Inhibition of non-canonical NF-κB
pathway

NF-κB T28 ATP-competitive inhibition of NIK NIK ATP binding
site

4IDT

Inhibition of non-canonical NF-κB
pathway

NF-κB 0WC ATP-competitive inhibition of NIK NIK ATP binding
site

4G3E

Inhibition of non-canonical NF-κB
pathway

NF-κB 76Z ATP-competitive inhibition of NIK NIK ATP binding
site

5T8O

Inhibition of acetyl lysine binding Brd4 JQ1 (43) Protein–protein interaction disruptor Ac-Lys binding site 3ONI
Inhibition of acetyl lysine binding Brd4 47 Protein–protein interaction disruptor Ac-Lys binding site 5J0D

Table 2 Overview of examples of approved drugs of transcription factors, their commercial name, active ingredient, mode of action, therapeutic use
and date of first approval (FDA)

Commercial name TF Active ingredient Mode of action Therapeutic use
First
approval

Tecfidera, Fumaderm Nrf2 Dimethyl fumarate Alkylation of Keap1 Multiple sclerosis, psoriasis 2013

Feminone, Lynoral and others ER Ethinyl estradiol ER agonist Contraceptive 2001
Faslodex ER Fulvestrant ER antagonist Treatment of HR-positive metastatic breast

cancer in postmenopausal women
2002

Femtrace, Femring ER Estradiol acetate ER agonist Contraceptive 2003
Femtab, Progynova and others ER Estradiol valerate ER agonist Contraceptive 2010
Osphena ER Ospemifene ER modulator Dyspareunia 2013

Cosudex, Kalumid and others AR Bicalutamide (23) AR antagonist Treatment of prostate cancer 1995
Nilandron, Anadron and others AR Nilutamide AR antagonist Treatment of prostate cancer 1996
Xtandi AR Enzalutamide (24) AR antagonist Treatment of prostate cancer 2012
Andriol, Nebido and others AR Testosterone undecanoate AR agonist Treatment of low testosterone levels in men 2014
Erleada AR Apalutamide (25) AR antagonist Treatment of prostate cancer 2018
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Chemical modulation of transcription factors

Bianca Wiedemann,† Jörn Weisner† and Daniel Rauh *

Transcription factors (TFs) constitute a diverse class of sequence-specific DNA-binding proteins, which are

key to the modulation of gene expression. TFs have been associated with human diseases, including can-

cer, Alzheimer's and other neurodegenerative diseases, which makes this class of proteins attractive targets

for chemical biology and medicinal chemistry research. Since TFs lack a common binding site or structural

similarity, the development of small molecules to efficiently modulate TF biology in cells and in vivo is a

challenging task. This review highlights various strategies that are currently being explored for the identifi-

cation and development of modulators of Myc, p53, Stat, Nrf2, CREB, ER, AR, HIF, NF-κB, and BET

proteins.

Introduction
Transcription factors (TF) are the final players of signal trans-
duction cascades that often begin with extracellular ligand
binding events, followed by signal integration and processing
and ultimately result in initiation or repression of target gene
transcription.

Ever since the first discovery of the crucial roles TFs play
in nearly every fundamental physiological and pathophysio-
logical process, enormous efforts have been undertaken to
identify pharmacologic and therapeutic modulators of these
transcriptional regulators.1

However, due to insufficient knowledge of overall struc-
tural features, appropriate small molecule binding sites, reg-
ulatory mechanisms, and interaction partners as well as sig-
naling pathway crosstalk, only a limited number of pathway-,
target-, and/or disease-specific TF modulators has been iden-
tified and characterized to date. On this basis, TFs have tradi-
tionally been referred to as “undruggable”.2 Nevertheless, a
few substances have entered pre-clinical or even clinical de-
velopment. For only a small subset of TFs, namely ligand-
activated nuclear receptors, targeted approaches have led to
the development of impactful, highly selective, and potent
small molecule modulators for use in the clinic for the treat-
ment of diverse forms of cancer.3 In contrast, for traditional
targets such as protein kinases, numerous selective small
molecule inhibitors have been developed and characterized.
Conversely, the arrangement of signaling pathways enables
the emergence of mechanisms that can render targeted

Med. Chem. Commun., 2018, 9, 1249–1272 | 1249This journal is © The Royal Society of Chemistry 2018
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Genetic fusion events that generate fusion TFs are a 
common cause of paediatric cancers, and typically dys-
regulate developmental transcriptional programmes 
to initiate transformation and drive proliferation80. 
Oncogenic viruses are known to initiate transformation 
via a combination of the activity of viral TFs in addition 
to other viral proteins that co- opt or dysregulate cellular 
TFs and transcriptional co- regulators81. There are also 
some cases, for example in certain gliomas82, where TFs 
drive oncogenic phenotypes simply by rewiring their 
transcriptional programmes to regulate a different set 
of effector genes83.

The TF MYB serves as an excellent example of a sin-
gle oncogenic TF that can act by several of the mech-
anisms outlined above84. MYB is intimately involved 
in a variety of cancers including leukaemia (especially 
acute myeloid leukaemia (AML)), adenoid cystic car-
cinoma, colorectal cancer and breast cancer, where it 
generally drives oncogenesis by becoming overactivated. 
Most commonly, gene duplications and overexpression 
of MYB lead to overactivation of MYB target genes, 
but MYB can also become overactivated by genetic trans-
locations (for example, MYB- NFIB) that fuse it to other 
proteins, typically eliminating the MYB transrepression 
domain in the process83. In other cases, genetic changes 
can generate new MYB binding sites that enhance other 
oncogenic drivers. For example, in some forms of T cell 
acute lymphoblastic leukaemias, novel MYB binding 
sites can form in the enhancer for the driver TF TAL1 
and increase its expression85.

The central role of TFs in driving oncogenesis fre-
quently leads to reliance of malignancies on the activ-
ity of individual TFs74. A classic example of a TF that 

exhibits this ‘oncogenic addiction’ behaviour across 
a variety of cancers is MYC. MYC is a TF in the basic 
helix–loop–helix family that, along with its binding part-
ner MAX, binds to the widespread E- box sequences at 
promoters and enhancers across the genome86. MYC 
primarily functions by recruiting transcriptional elon-
gation machinery to enhancers to increase transcrip-
tional output87,88. MYC is one of the most frequently 
overexpressed oncogenes and is thought to act as a gen-
eral transcriptional ‘amplifier’ to drive a wide variety of 
oncogenic transcriptional programmes across diverse 
cancer types3,89,90. In vivo experiments using genetic 
knockdown of MYC and expression of dominant neg-
ative MYC variants have shown that several distinct 
cancers are addicted to MYC’s amplification activity, 
rapidly dying or differentiating into normal cell types 
upon MYC inhibition91–93. Similarly, TFs as a class rep-
resent a large fraction of hits in cancer genetic depen-
dency databases such as DepMap94, supporting the idea 
that oncogenic addiction to TFs is a shared vulnerabil-
ity across myriad cancers. Thus, there is exceptionally 
high potential for targeting TF activity as a therapeutic  
strategy for cancer.

In transcription, TFs do not function alone: the 
fundamental role of TFs is to recruit the requisite 
machinery to do the work required for transcriptional 
regulation14. Accordingly, much of the apparatus that 
facilitates TF- driven activation/repression can also 
be critical for maintaining oncogenic transcriptional 
programmes. This is especially relevant when consid-
ering the important roles that super- enhancers have 
been shown to play in cancer, given the heightened 
levels of cooperativity between TFs and cofactors at 

↑ Transcription

Upregulation
• Amplification
• Gain of function
• Pathway overactivation

Downregulation
• Loss of function
• Overactivation of
   repressors

Changes in target genes
• Chromatin architecture shifts
• Gene translocations
• Fusion transcription factors

Normal transcription

↓ Transcription

Transcription
of new gene

Fig. 3 | Common mechanisms of transcriptional dysregulation in disease. Various mechanisms by which the normal 
transcriptional profile of an example transcription factor (TF) effector gene (top middle) can be dysregulated in disease. 
Effector genes that drive a disease state can be upregulated by overactive and/or overabundant TFs, which commonly 
occurs by gene amplification, TF gain- of- function mutations and/or signalling pathway overactivation (bottom left). 
Effector genes that protect against disease can be aberrantly downregulated by TF loss- of- function mutations and 
overactivation of repressor proteins of the TF (bottom middle). Genes that are regulated by a TF in normal conditions  
can change due to chromatin architecture shifts, genetic translocation of enhancers to new effector genes and TF fusions 
that change or disrupt the DNA specificity of the parent TF(s) (bottom right).
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TRANSCRIPTION FACTORS IN CANCER

¡ Transcription factors account for 20% of oncogenes in cancer

Hanahan and Weinberg, 2000. Cell 100: 57.
Hanahan and Weinberg, 2011. Cell 144: 646.
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diseases [3]. A more recent evaluation results in the implication of a larger number of transcription
factors in human diseases. For instance, by crossing the list of 1571 known and candidate oncogenic
proteins from the Network of Cancer Genes NCG5.0 (http://ncg.kcl.ac.uk/statistics.php) [4] with
the list of the 1988 human transcription factors and regulators [5], a list of 294 oncogenic transcription
factors and regulators is found (Table 1), corresponding to ~19% of all known oncogenes.

Table 1. List of the 294 known or candidate oncogenic transcription factors and regulators 1.

ABL1 CEBPA ERCC3 HIST1H2BE MDM4 PAX7 SMARCA4 TFPT
AFF1 CHD1 ERCC6 HIST1H2BG MED12 PAX8 SMARCB1 THRAP3
AFF3 CHD2 ERF HLF MEF2B PBX1 SMARCD1 TLX1
AFF4 CHD4 ERG HMGA1 MEF2C PEG3 SMARCE1 TLX3
APC CHD5 ESPL1 HMGA2 MEN1 PER1 SMURF2 TNFAIP3
AR CHD7 ESR1 HOXA11 MITF PHF3 SOX2 TP53

ARID1A CIC ETS1 HOXA13 MKL1 PHF6 SOX5 TRIM24
ARID1B CIITA ETV1 HOXA7 MLLT1 PHOX2B SOX9 TRIM33
ARID3B CNOT3 ETV4 HOXA9 MLLT10 PLAG1 SRCAP TRIP11
ARID5B CREB1 ETV5 HOXC11 MLLT3 PML SS18L1 TRPS1
ARNT CREB3L1 ETV6 HOXC13 MLLT6 PMS1 SSB TRRAP

ARNT2 CREBBP EWSR1 HOXD11 MYB PNN SSX1 TSC22D1
ASB15 CRTC1 EYA4 HOXD13 MYBL1 POU2AF1 SSX2 TSHZ3
ASXL1 CSDE1 EZH2 ID3 MYC POU2F2 SSX4 VHL
ATF1 CTCF FEV IRF2 MYCN POU5F1 STAT3 WHSC1

ATF7IP CTNNB1 FLI1 IRF4 MYOD1 PPARG STAT4 WHSC1L1
ATM DACH1 FOXA1 IRF6 NCOA1 PRDM1 STAT5B WT1
ATRX DACH2 FOXE1 IRF8 NCOA2 PRDM16 STAT6 WWP1

BAZ2B DAXX FOXL2 IRX6 NCOA4 PRDM9 SUFU WWTR1
BCL11A DDB2 FOXP1 JUN NCOR1 PRRX1 SUZ12 XBP1
BCL11B DDIT3 FOXQ1 KHDRBS2 NCOR2 PSIP1 TAF1 XPC

BCL3 DDX5 FUBP1 KHSRP NEUROG2 RARA TAF15 ZBTB16
BCL6 DEK FUS KLF2 NFE2L2 RB1 TAL1 ZBTB20

BCLAF1 DIP2C FXR1 KLF4 NFE2L3 RBM15 TAL2 ZFP36L1
BCOR DNMT1 GATA1 KLF5 NFIB RBMX TBX18 ZFX
BRCA1 DNMT3A GATA2 KLF6 NFKB2 REL TBX22 ZHX2
BRCA2 DOT1L GATA3 LDB1 NFKBIA RUNX1 TBX3 ZIC3
BRD7 EED GLI3 LMO1 NONO RUNX1T1 TCEA1 ZIM2
BRD8 EGR2 GTF2I LMO2 NOTCH2 RXRA TCEB1 ZNF208
BRIP1 ELAVL2 HDAC9 LMX1A NOTCH3 SALL3 TCERG1 ZNF226
BRPF3 ELF3 HEY1 LYL1 NPM1 SATB2 TCF12 ZNF331
BTG1 ELF4 HIST1H1B LZTR1 NR3C2 SETBP1 TCF3 ZNF384
BTG2 ELK4 HIST1H1C MAF NR4A3 SFPQ TCF7L2 ZNF469

CBFA2T3 ELL HIST1H1D MAFA NSD1 SIN3A TFAP2D ZNF595
CBFB EP300 HIST1H1E MAFB OLIG2 SMAD2 TFDP1 ZNF638
CDX2 EPC1 HIST1H2BC MAML1 PAX3 SMAD4 TFE3
CDX4 ERCC2 HIST1H2BD MAX PAX5 SMARCA1 TFEB

1 This list is obtained by crossing data from the known and candidate cancer genes lists (http://ncg.kcl.ac.uk/
statistics.php) with the list of known human transcription factors [5]).

Besides house-keeping transcription factors, some other transcription factors, as many other
class of proteins, are spatially, temporally and sequentially expressed in tissues during development,
cell renewal or differentiation processes; and any modification of their expression may result in
master deregulation of cell integrity or organism homeostasis leading to pathologies. This is the case
for neurodegenerative pathologies [6–10], diabetes or cardiac diseases [11–13] and cancers [13–21]
with either direct implication of transcription factors/repressors or epigenetic modifications of
the physical accessibility of specific genomic regions occurring after genetic alterations. Besides
some transcription factors are clearly associated with oncogenic addiction [22], only a small number
are currently targeted in clinic. Indeed, transcription factors were for a long time considered as
‘undruggable’ targets [23]. A better knowledge of their precise functions (expression, degradation

Lambert et al., Molecules 2018, 23, 1479; doi:10.3390/molecules23061479 



modulated by drugs targeting transcription factors. 
TABLE 1 presents illustrative examples of specific tran-
scription factors that modulate each of the properties 
highlighted in FIG. 1. The potential utility of transcription 
factor targeted drugs to modulate this range of proper-
ties, in contrast to the typically limited range of effects 
of various kinase inhibitors (mainly antiproliferative), 
strongly suggests these drugs would have unique effects 
that will be clinically relevant.

Successful targeting
Several previous reviews have described small- molecule 
modulators of transcription factors3,36–40. This Review 
focuses on the various different approaches that have 
been used to target transcription factors, with illustrative  
examples of each.

Targeting nuclear hormone receptor ligand binding 
domains. By far the most successful targeting of tran-
scription factors in cancer to date has been by means of 
small molecules that bind to specific nuclear hormone 
receptors41. Indeed, drugs that modulate the activity of 
the oestrogen receptor (ER), androgen receptor (AR), 
RAR and glucocorticoid receptor (GR) are currently 
used for treatment of breast cancer, prostate cancer,  
acute promyelocytic leukaemia (APL) and acute lympho-
blastic leukaemia (ALL), respectively41,42. Nuclear hor-
mone receptors have a DNA binding domain and a  
ligand binding domain (LBD), of which the latter binds 
to a small- molecule modulator (hormone) that alters its 
activity to regulate gene expression43–45. Agents targeting 
nuclear hormone receptors have definitive advantages in 
terms of binding to a site on the protein where a small 
molecule already binds, making the development of such 
agents more tractable.

Approximately 75% of breast cancers are ER- positive, 
that is, they express the ER46. In ER- positive breast 
cancers, ER signalling has clearly been established as 
a driver of proliferation, making the ER an important 
therapeutic target47. As illustrated in FIG. 2, drugs which 
bind to the ER to modulate its activity come in two 
forms, selective oestrogen receptor modulators (SERMs) 
and selective oestrogen receptor degraders (SERDs)47. 
SERMs such as tamoxifen bind to the LBD and block 
the conformational changes necessary for recruitment 

of co- activators, leaving the LBD in a conformation that 
recruits co- repressors instead, resulting in reduced target 
gene expression48. Interestingly, the effects of these drugs 
can be quite tissue specific, likely owing to the differing 
repertoire of co- activators and co- repressors expressed 
in different tissues, thus affording enhanced specific-
ity of action. For example, the SERM tamoxifen is an 
antagonist in breast cancer cells but shows partial agonist 
activity in endometrial cancer cells49,50. SERDs such as 
fulvestrant bind to the LBD and facilitate proteasome- 
mediated degradation of the ER, thus leading to reduced 
target gene expression. The poor bioavailability of fulves-
trant has led to further efforts in SERD development, 
including the agents AZD9496 and elacestrant47.

Similar to the case of the ER in breast cancer, the AR 
binds androgens such as testosterone or dihydrotestos-
terone to drive gene expression51. Binding of androgens 
to the AR releases it from the chaperone heat shock pro-
tein 90 (HSP90) so that it can translocate to the nucleus 
and bind to target genes to regulate expression51. Prostate 
cancer cells are highly dependent on androgens, an effect 
mediated by binding of androgens to the LBD of the AR 
to alter gene expression51, thus driving their prolifera-
tion and survival. Comparable to the action of drugs 
targeting the ER, drugs targeting the AR LBD to block 
androgen binding and thereby reduce AR- driven gene 
expression have been developed. The first generation 
of such agents included bicalutamide, flutamide and 
nilutamide41. In the case of patients whose disease has 
progressed to castration- resistant prostate cancer (CRPC), 
these agents have proven to have limited benefit, so 
second- generation compounds have been developed52. 
Enzalutamide is a more potent antagonist of androgen 
binding to the AR and also blocks the ability of the AR 
to translocate to the nucleus, with the latter effect having 
been demonstrated to be the primary driver of the thera-
peutic benefit53. Clinical trials of enzalutamide demon-
strated robust activity in patients with CRPC and was 
approved as a first- line treatment option for CRPC in 
2014 (REF.54). As described below, proteolysis targeting 
chimaera (PROTAC) approaches show considerable 
promise for generating compounds which can mediate 
proteasomal degradation of the ER as well as the AR.

Targeting essential protein–protein interactions. 
Protein–protein interactions of transcription factors 
with co- activators and co- repressors result in effects on 
gene expression at specific target sites in the genome. In 
addition, protein–protein interactions with other trans-
cription factors can lead to cooperative binding and 
specific localization in the genome. For example, the  
transcription factors RUNX1 and ETS1 physically interact,  
leading to cooperative binding to DNA55–57 and localiza-
tion to sites of neighbouring RUNX and ETS DNA bind-
ing motifs in the genome58. There has been an increasing 
level of success in the development of small- molecule 
inhibitors of protein–protein interactions3.

The transcription factor MLL is modified by chro-
mosomal translocations that fuse it in frame to one of 
over 90 partners, leading to acute myeloid leukaemia 
(AML) and ALL, both of which are characterized by poor 
prognoses59–62. Two regions in the MLL portion of these 

Targeting
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factor drivers

in cancer

Blocking
immune evasion

Blocking stem cell
properties such as
self-renewal

Disrupting autoregulatory
circuits that drive cancer

Blocking 
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immortality

Blocking 
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of resistance

Blocking EMT
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and/or cell death

Fig. 1 | Targeting transcription factor drivers in cancer. 
Schematic showing possible beneficial outcomes of 
inhibiting the activity of transcription factor drivers in 
cancer. EMT, epithelial- to-mesenchymal transition.

Bioavailability
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Castration- resistant 
prostate cancer
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progresses despite androgen 
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about TF action developed from decades of mecha-
nistic studies in simplified systems have significant 
potential to be misleading12. Concordantly, TF mech-
anism of action may be highly variable from cell type 
to cell type, gene to gene and binding site to binding 
site. When selecting possible targets to affect the func-
tion of a given TF, including individual domains of the 
TF itself or its co- regulatory binding partners, unbi-
ased functional data are therefore critical for effective  
decision- making.

Dysregulated transcription in disease
A principal reason why TFs are considered highly allur-
ing therapeutic targets is that transcriptional dysreg-
ulation plays an essential role across a wide variety of 
diseases3 (TABLE 1). As the fundamental drivers of selec-
tive gene expression, TFs are intimately involved in the 

dysregulated transcriptional programmes that are key 
to pathogenesis and, thus, represent some of the most 
direct targets for disrupting disease5. In this section, 
we highlight disease areas where TFs are important, 
while discussing common mechanisms of transcrip-
tional dysregulation and the roles that TFs play in this 
process (FIG. 3).

Cancer. Dysregulated transcription is a hallmark of  
cancer, and TFs frequently serve as fundamental driv-
ers of oncogenic transformation, proliferation and 
survival74. TFs can be responsible for causing onco-
genic phenotypes by a range of diverse mechanisms. 
Overactivation and/or overexpression of TFs that control 
growth pathways often drives cancer proliferation75–77. 
Conversely, aberrant inactivation of tumour suppressor 
TFs enables evasion of apoptosis and cancer survival78,79. 

Table 1 | Selected examples of TFs that drive disease

TF Associated diseases Dysregulation mechanisms Refs

Cancer

MYC Various forms of cancer Amplifies oncogenic transcriptional programmes 89,90

MYB Various forms of cancer Overactivation by gene duplication, overexpression 
and genetic fusions to other proteins

84

E2F Various forms of cancer Overactivation by dysregulation of co- repressor pRB 19,287

TAL1 T cell acute lymphoblastic leukaemia Overexpression and overactivation 288

PAX3- FOXO1 Alveolar rhabdomyosarcoma Oncogenic fusion TF, dysregulates muscle 
development transcriptional programmes

95,289

p53 Various forms of cancer Downregulation by the ubiquitin–proteasome 
system or loss- of- function mutations

141,142

Autoimmune and inflammatory disease

STAT1 Atherosclerosis, infection Overactivation by signalling pathways 290

STAT3 Various forms of autoimmune and 
inflammatory disease, as well as 
cancer and diabetes

Gain- of- function mutations and/or overactivation 
by signalling pathways (cancer, autoimmune 
disease), or loss- of- function mutations  
(hyper IgE syndrome)

101,102,104,114

STAT6 Asthma and allergy Overactivation by signalling pathways 103

T- bet Multiple sclerosis, systematic lupus 
erythematosus

TH1 cell master TF, drives and/or increases severity 
of autoimmunity

106

GATA3 Atopic asthma, allergies TH2 cell master TF, drives and/or increases severity 
of autoimmunity

107,111

RORγt Psoriasis TH17 cell master TF, drives and/or increases severity 
of autoimmunity

109

FOXP3 IPEX Loss- of- function mutation 113

NF- κB Various forms of autoimmune  
and inflammatory disease, cancer

Overactivation by signalling pathways 77,98,99

Diabetes

HNF1α Maturity- onset diabetes of the young Loss- of- function mutation 117

HNF4α Maturity- onset diabetes of the young Loss- of- function mutation 117

NEUROD1 Maturity- onset diabetes of the young Loss- of- function mutation 117

Cardiovascular disease

GATA4 Maladaptive cardiac hypertrophy, 
congenital heart disease

Overactivation (cardiac hypertrophy)  
or loss- of- function mutation (congenital  
heart disease)

120,122

Nkx2-5 Congenital heart disease Loss- of- function mutation 122

Tbx5 Congenital heart disease Loss- of- function mutation 122

TF, transcription factor; TH1 cell, T helper 1 cell; TH2 cell, T helper 2 cell; TH17 cell, T helper 17 cell.
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A B S T R A C T

Transcription factors are central regulators of gene expression and critically steer development,
differentiation and death. Except for ligand-activated nuclear receptors, direct modulation of
transcription factor function by small molecules is still widely regarded as “impossible”.
This “un-druggability” of non-ligand transcription factors is due to the fact that the interacting surface

between transcription factor and DNA is huge and subject to significant changes during DNA-binding.
Besides some “success studies” with compounds that directly interfere with DNA binding, drug targeting
approaches mostly address protein–protein interfaces with essential co-factors, transcription factor
dimerization partners, chaperone proteins or proteins that regulate subcellular shuttling. An alternative
strategy represent DNA-intercalating, alkylating or DNA-groove-binding compounds that either block
transcription factor-binding or change the 3D-conformation of the consensus DNA-strand. Recently,
much interest has been focused on chromatin reader proteins that steer the recruitment and activity of
transcription factors to a gene transcription start site. Several small compounds demonstrate that these
epigenetic reader proteins are exciting new drug targets for inhibiting lineage-specific transcription in
cancer therapy.
In this research update we will discuss recent advances in targeting transcription factors with small

compounds, the challenges that are related to the complex function and regulation of these proteins and
also the possible future directions and applications of transcription factor drug targeting.

ã 2015 Elsevier Inc. All rights reserved.

1. Introduction

For a long time the classical targets for improving cancer
treatment have been receptors, kinases or other proteins involved
in signal transduction, whereas transcription factors have long
been considered as un-druggable targets. However, transcription
factors are the central regulators of gene transcription and a large

number of diseases, such as neurodegenerative disorders, diabetes
and also cancer are associated with the deregulation of transcrip-
tional networks. In fact it has been estimated that transcription
factors account for 20% of oncogenes in cancer [1]. The
understanding of these complex networks and pharmacological
strategies to modulate the activity of distinct transcription factors
will therefore be essential for the development of novel
therapeutic approaches.

Most current strategies to modulate gene expression during e.g.,
cancer treatment indirectly affect transcription factors activity,
since the inhibition of upstream kinases by specific small
molecules results in modulation of multiple downstream path-
ways and therefore usually does not affect one single transcription
factor. To further improve specific therapeutic intervention,
minimize side effects and develop a “patient-specific therapy”
the interest in directly targeting transcription factors has

Abbreviations: bHLH, basic helix-loop-helix; BET, bromodomain and extra-
terminal; DBD, DNA-binding domain; DNMT, DNA-methyltransferases; HSP, heat
shock proteins; HAT, histone acetyltransferase; HIF1, hypoxia-inducible factor-1;
HDAC, histone-deacetylase; KLF10, Kruppel-like factor 10; Mycro, Myc activity-
reducing organic; PAS, Per-ARNT-Sim domain; PK083, PhiKan083; P-TEFb, positive
transcription elongation factor b; RORgt, retinoic acid receptor-related orphan
receptor gamma t; Pol II, RNA polymerase II; STAT3, signal transducers and
activators of transcription 3; Th17, T-helper 17; TF, transcription factor.
* Corresponding author. Fax: +43 512 504 24680.
E-mail address: michael.j.ausserlechner@i-med.ac.at (M.J. Ausserlechner).
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¡ Ligand-activated nuclear receptors – ligand binding pocket –
“easy” to modulate by small molecules.

¡ Non-ligand transcription factors – huge interacting surface
between transcription factor and DNA and subject to
significant changes during DNA-binding – UNDRUGGABLE



HOW TO MODULATE A TF:

J. Hagenbuchner, M.J. Ausserlechner. Biochemical Pharmacology
107 (2016) 1–713 



TARGETING TRANSCRIPTION FACTORS:

Their inhibition (or
activation) at the
expression level

Their inhibition through
physical degradation

Their inhibition (or
activation) at the
protein/protein

interaction level,

Their inhibition (or
activation) through the

binding of a ligand-based
molecule in an

activation/inhibition
pocket

Their inhibition (or
activation) at the

protein/DNA binding level

Lambert et al., 2018. Molecules, 23, 1479; doi:10.3390/molecules23061479



NUCLEAR RECEPTORS AS TARGETS

Kronenberger et al., DOI: 10.5772/59666

Ligand Binding Pocket – “High Affinity” 
binding site – Good for drugs
X-ray crystal structure (rosiglitazone -
PPAR𝛄)
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Abstract
Purpose Breast cancer is the most common malignancy among young women of reproductive age. Adjuvant treatment with 
tamoxifen reduces the risk of recurrence in hormone-sensitive breast cancer. However, the use of tamoxifen is considered 
contraindicated during pregnancy, because of a limited number of case reports demonstrating potential adverse effects on the 
fetus. The objective of this report is to give a more broad overview of the available data on the effect of tamoxifen exposure 
during pregnancy.
Methods A literature review was performed using PubMed and the databases of the Netherlands Pharmacovigilance Centre 
Lareb and of the International Network on Cancer, Infertility, and Pregnancy.
Results A total of 238 cases of tamoxifen use during pregnancy were found. Of the 167 pregnancies with known outcome, 
21 were complicated by an abnormal fetal development. The malformations described were non-specific and the majority 
of cases concerned healthy infants despite exposure to tamoxifen.
Conclusion There seems to be an increased risk of fetal abnormalities when taking tamoxifen during pregnancy (12.6% in 
contrast to 3.9% in the general population), but the evidence is limited and no causal relationship could be established. The 
possible disadvantage of postponing or discontinuing tamoxifen for the maternal prognosis is unclear. Patients should be 
counseled about the use of tamoxifen during pregnancy instead of presenting it as being absolutely contraindicated.

Keywords Tamoxifen · Breast cancer · Pregnancy · Teratogenicity · Fetal toxicity

Introduction

Breast cancer is the most common malignancy in women of 
reproductive age. In the Netherlands, 5% of the women who 
are diagnosed with breast cancer are younger than 40 years, 
which accounts for more than 700 women each year [1]. 
Because of the rising incidence of breast cancer with age 
and the trend to postpone childbirth, physicians are increas-
ingly confronted with breast cancer during pregnancy or in 
nulliparous women who still wish to conceive [2].

The majority of breast cancer patients aged 40 years or 
less will undergo adjuvant systemic treatment with chemo-
therapy, to be followed by adjuvant endocrine therapy in 
patients with hormone receptor-positive disease. The stand-
ard adjuvant endocrine treatment consists of tamoxifen 
for 5 years with the possibility to extend treatment up to 
10 years in breast cancer with high-risk features [2]. This 
endocrine regimen will reduce the absolute risk of recur-
rence until 15 years with 12% (33.2% vs. 45%) and the mor-
tality risk with 9% (24% vs. 33%) [2, 3].
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fusions are essential for their ability to induce leukaemia: 
an N- terminal motif that binds to the co- activators 
menin and LEDGF (also known as PSIP1)63,64, and the 
CXXC domain that binds specifically to non- methylated 
CpG motifs in the genome65. Based on functional data 
showing that the menin–MLL interaction is essential  
for MLL fusion- positive leukaemia63,64, Grembecka, 
Cierpicki and co- workers developed small- molecule 
protein–protein interaction inhibitors of the menin–
MLL fusion protein interaction, including MI-538 and 
MI-1481 (REFS66–70) (FIG. 3). Importantly, these inhibitors 
were clearly demonstrated to reduce the occupancy of 
MLL fusions at target genes as well as reduce expression 
of key genes that are drivers of MLL fusion- positive leu-
kaemia, including the genes encoding the homeobox 
transcription factors HOXA9 and MEIS1, establishing 
a well- validated mechanism of action for the com-
pounds66,69. These inhibitors were also shown to increase 
both differentiation and apoptosis of MLL fusion- 
positive leukaemia cells66,69. Subsequently, the group  
of Grembecka and Cierpicki further optimized this class of 
compounds for increased potency as well as f or absorption,  
distribution, metabolism, excretion, toxicity (ADMET) 
properties to develop orally bioavailable derivatives with 
efficacy in mouse models of MLL fusion protein- driven 
leukaemia68. Because hotspots on a binding epitope may 
cover a substantial area on the protein, it is frequently the 
case that small- molecule inhibitors of protein–protein 
interactions are of higher molecular weight than the aver-
age values observed for other orally bioavailable drugs. 
This can lead to ADMET challenges for these inhibitors. 
Grembecka and Cierpicki pointed out these challenges 
associated with optimization of the typically larger mol-
ecules, which are necessary to disrupt protein–protein 
interactions but also provided a demonstrable example 
of success in this regard. In this case, substantial medici-
nal chemistry optimization that focused on the ADMET 
properties led to considerable improvement. This class 

of compounds has been licensed to Kura Oncology and 
the investigational new drug (IND) application has been 
approved by the US Food and Drug Administration 
(FDA) (TABLE 2). Phase I trials are planned for 2019. 
In addition, Syndax Pharmaceuticals has developed a 
menin–MLL inhibitor which is progressing towards 
clinical testing (TABLE 2).

Two of the genes encoding the heterodimeric tran-
scription factor CBF, composed of RUNX (RUNX1, 
RUNX2 or RUNX3) and CBFβ subunits, are frequent 
targets of mutations in human leukaemia. The RUNX1 
gene is disrupted by various chromosomal trans-
locations and point mutations18. The CBFB gene is 
disrupted in ~10% of patients with AML by the inver-
sion of chromosome 16 (inv(16)(p13q22)), and less 
frequently by the variant t(16;16)(p13q22), with both 
translocations always observed in the M4Eo subtype of 
AML71. This inversion breaks and joins the CBFB and 
myosin 11 (MYH11) genes, encoding the fusion pro-
tein CBFβ–SMMHC18. Heterozygous knock- in mice 
for Cbfb–Myh11 lack definitive haematopoiesis, a simi-
lar phenotype to that seen for the complete knockout 
of Runx1 or Cbfb72. The CBFβ–SMMHC fusion protein 
acts as a dominant repressor of CBF function, binding 
RUNX1 through the CBFβ and SMMHC portions of the  
fusion protein and dysregulating the expression of 
multiple genes required for normal haematopoiesis73. 
My colleagues and I developed an inhibitor (AI-10-49) 
that disrupts the protein–protein interaction between 
CBFβ–SMMHC and RUNX1 via binding to the CBFβ 
portion of the fusion protein74 (FIG. 3). This compound is 
potent and shows excellent specificity in inhibiting the 
binding of CBFβ–SMMHC to RUNX1 but not inhibiting 
the binding of wild- type CBFβ to RUNX1. Furthermore, 
we have shown that this compound restores expression 
of RUNX1 target genes by restoring RUNX1 occupancy 
on these genes, thus establishing a clear mechanism 
of action (FIG. 3). This inhibitor increases survival in a 
genetically engineered mouse model of inv(16)-positive 
leukaemia, which combines Cbfb–Myh11 and NrasG12D 
alleles74. In addition, we have shown that AI-10-49 
increases apoptosis of human primary inv(16)-positive  
leukaemia cells as well as decreasing their colony- 
form ing ability74. More recently, in collaborative work 
with Castilla and co- workers, we have shown that treat-
ment of inv(16)-positive AML cells (an ME-1 leukaemia 
cell line) with this inhibitor increases RUNX1 occupancy 
across the genome and decreases MYC expression 
10-fold via RUNX1 binding to a specific set of enhancer 
elements and mediating a switch from activating (SWI/
SNF complex) to repressive (polycomb repressive com-
plex (PRC)) chromatin complexes at these enhancers75. 
As expected based on the context- dependent functions 
of RUNX1, we observed 591 genes upregulated greater 
than two fold and 696 genes downregulated less than 
two fold after 6 h of treatment with AI-10-49. Included 
among these are the well- validated targets of repression 
by CBFβ–SMMHC, such as RUNX3, colony- stimulating 
factor 1 receptor (CSF1R) and CCAAT/enhancer bind-
ing protein α (CEBPA), all of which are upregulated by 
AI-10-49 treatment. This compound has been licensed 
to Systems Oncology for clinical development.
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Fig. 2 | Targeting oestrogen receptor function. Schematic showing the regulation of 
gene expression by the nuclear hormone receptor oestrogen receptor (ER) and by small- 
molecule modulators of ER function. a | The oestrogen steroid hormone oestradiol binds 
to the ligand binding domain (LBD) of the ER to induce a conformational change that 
facilitates co- activator recruitment and activation of gene expression. b | Binding of a 
selective oestrogen receptor modulator (SERM) to the LBD blocks co- activator 
recruitment and thereby blocks gene activation. c | Binding of a selective oestrogen 
receptor degrader (SERD) promotes proteasome- mediated degradation of the ER , 
thereby blocking gene activation. DBD, DNA binding domain.
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Abstract
Purpose Breast cancer is the most common malignancy among young women of reproductive age. Adjuvant treatment with 
tamoxifen reduces the risk of recurrence in hormone-sensitive breast cancer. However, the use of tamoxifen is considered 
contraindicated during pregnancy, because of a limited number of case reports demonstrating potential adverse effects on the 
fetus. The objective of this report is to give a more broad overview of the available data on the effect of tamoxifen exposure 
during pregnancy.
Methods A literature review was performed using PubMed and the databases of the Netherlands Pharmacovigilance Centre 
Lareb and of the International Network on Cancer, Infertility, and Pregnancy.
Results A total of 238 cases of tamoxifen use during pregnancy were found. Of the 167 pregnancies with known outcome, 
21 were complicated by an abnormal fetal development. The malformations described were non-specific and the majority 
of cases concerned healthy infants despite exposure to tamoxifen.
Conclusion There seems to be an increased risk of fetal abnormalities when taking tamoxifen during pregnancy (12.6% in 
contrast to 3.9% in the general population), but the evidence is limited and no causal relationship could be established. The 
possible disadvantage of postponing or discontinuing tamoxifen for the maternal prognosis is unclear. Patients should be 
counseled about the use of tamoxifen during pregnancy instead of presenting it as being absolutely contraindicated.

Keywords Tamoxifen · Breast cancer · Pregnancy · Teratogenicity · Fetal toxicity

Introduction

Breast cancer is the most common malignancy in women of 
reproductive age. In the Netherlands, 5% of the women who 
are diagnosed with breast cancer are younger than 40 years, 
which accounts for more than 700 women each year [1]. 
Because of the rising incidence of breast cancer with age 
and the trend to postpone childbirth, physicians are increas-
ingly confronted with breast cancer during pregnancy or in 
nulliparous women who still wish to conceive [2].

The majority of breast cancer patients aged 40 years or 
less will undergo adjuvant systemic treatment with chemo-
therapy, to be followed by adjuvant endocrine therapy in 
patients with hormone receptor-positive disease. The stand-
ard adjuvant endocrine treatment consists of tamoxifen 
for 5 years with the possibility to extend treatment up to 
10 years in breast cancer with high-risk features [2]. This 
endocrine regimen will reduce the absolute risk of recur-
rence until 15 years with 12% (33.2% vs. 45%) and the mor-
tality risk with 9% (24% vs. 33%) [2, 3].
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Results
Between April 14, 1992, and March 30, 2001, 7169 women 
were initially enrolled into the trial and randomly 
assigned to the two treatment groups. 15 women were 
subsequently found to be ineligible because of previous 
breast cancer diagnosis (nine of those assigned to placebo 
and six assigned to tamoxifen), leaving a total of 
7154 women in the trial (3579 in the tamoxifen group and 
3575 in the placebo group). Median follow-up for this 
analysis was 16·0 years (IQR 14·1–17·6), and a total of 
110 043 women-years of follow-up have been accrued 
(tamoxifen: 55 419, placebo: 54 624). Most women (6639 
[93%] of 7154) have had more than 10 years of follow-up, 
and the cumulative number of women-years of follow-up 
are 69 074 before 10 years and 40 969  thereafter. Median 
age at study entry was 49·9 years (IQR 46·0–55·0), and 
3858 (54%) of 7154 women were postmenopausal. 4002 
(56%) of 7154 had a body-mass index (BMI) higher than 
25 kg/cm², and 2876 (40%) of 7154 used menopausal 
hormone therapy at some point during the active 
treatment phase of the trial. Use of this treatment during 
the trial was slightly, but not signifi cantly, higher in 
women assigned to tamoxifen.7 Appendix p 3 shows 
other baseline demographics. Most women (6939 [97%] 
of 7154) were entered into the trial because of a family 
history of breast cancer, but a few (572 [8%]) were enrolled 
on the basis of having a benign breast lesion associated 
with increased breast cancer risk.

At the time of data cutoff , treatment allocation still 
remains largely masked for investigators and 
participating women who have not developed breast or 
any other cancer (2702 [75·5%] of those assigned to 
tamoxifen vs 2646 [74·0%] of those who received placebo). 
After 10 years’ follow-up, 603 women joined the IBIS-II 
trial, of whom 302 were randomly assigned to anastrozole 
and were censored at that time.

A total of 601 breast cancers were reported before the 
cutoff  date of May 1, 2014 (251 [7·0%] in 3579 women in 
the tamoxifen group vs 350 [9·8%] of 3575 in the placebo 
group; table 1). We found a signifi cant reduction in the 
occurrence of all breast cancers in the tamoxifen group 
compared to the placebo group (HR 0·71 [95% CI 
0·60–0·83], p<0·0001). We observed a signifi cant 
reduction in the fi rst 10 years of follow-up (HR 0·72 
[95% CI 0·59–0·88], p=0·001), which was slightly greater 
in subsequent years (0·69 [0·53–0·91], p=0·009). Figure 1 
shows the Kaplan-Meier-based cumulative incidence 
curves for all breast cancers (and for oestrogen receptor-
positive invasive cancers) according to follow-up period. 
After 20 years of follow-up, the estimated risk of 
developing all types of breast cancer was 12·3% (95% CI 
10·1–14·5) in the placebo group compared with 7·8% 
(95% CI 6·9–9·0) in the tamoxifen group, indicating that 
the number needed to treat for 5 years to prevent one 
breast cancer in the next 20 years was 22 (95% CI 19–26). 
Figure 2 shows the hazard rates by year for tamoxifen and 
placebo and confi rms the continuing benefi t of tamoxifen 
versus placebo over the entire 20-year follow-up period. A 
test for proportionality of hazards indicated no departure 
from the proportional hazards assumption during the 
entire follow up period (p=0·9).

A similar pattern was observed for invasive oestrogen 
receptor-positive breast cancer (table 1, fi gure 1). 
A signifi cant reduction in cancer occurrence with 
tamoxifen was recorded in the fi rst 10 years of follow-up, 
which was maintained in subsequent years (table 1, 
fi gure 2). The number needed to treat to prevent one 
invasive oestrogen receptor-positive breast cancer was 29 
(95% CI 26–34).

A signifi cant reduction for tamoxifen was also recorded 
for ductal carcinoma in situ, but only in the fi rst 10 years 
of follow-up (table 1). No signifi cant eff ect with tamoxifen 
was recorded for invasive oestrogen receptor-negative 
breast cancer (table 1, fi gure 3). There were more 
oestrogen receptor-negative breast cancers in the 
tamoxifen group after 10 years of follow-up than in the 
placebo group (ten cancers in the tamoxifen group vs 
four in the placebo group; HR 2·45 [0·77–7·82], p=0·13). 
The preventive eff ects of tamoxifen did not diff er 
according to tumour size, nodal status, or grade, since 
there was substantial overlap in the confi dence intervals 
and no signifi cant trends (table 1, appendix p 4).

Women who had menopausal hormone therapy during 
the 5 years of active treatment had signifi cantly less 
benefi t from tamoxifen than those who did not (p=0·04; 
table 1, fi gure 3). This eff ect was larger for women who 
developed invasive oestrogen receptor-positive cancers 
(users of menopausal hormone therapy HR 0·87 [95% CI 
0·64–1·19] vs non users 0·55 [0·42–0·72]; p=0·03). There 
was no signifi cant diff erence between women aged 
50 years or younger than in older women throughout the 
follow-up periods (table 1, fi gure 3). No interactions were 
recorded with other demographic factors (appendix p 4).

Figure 1: Cumulative incidence of breast cancers over time
All breast cancers (solid lines) and invasive oestrogen receptor-positive breast cancers (dashed lines), according to 
treatment group and duration of follow-up.
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In total, 666 cancers other than breast cancer were 
reported (table 2). 315 (8%) other cancers occurred in 
women in the placebo group compared with 351 (9%) in 
the tamoxifen group (OR 1·13 [0·96–1·32], p=0·3) 
(table 2). Although not signifi cant, there were more 
endometrial cancers in the tamoxifen group than the 
placebo group, but the excess was confi ned to the fi rst 
5 years of active treatment, with no subsequent diff erence  
(table 2). Other gynaecological cancers were distributed 
similarly between the two treatment groups (table 2). 
Signifi cantly fewer gastrointestinal cancers occurred in 
women receiving tamoxifen than in those receiving 
placebo (42 in the tamoxifen group vs 63 in the placebo 
group; OR 0·66 [95% CI 0·44–0·99], p=0·038; table 2). 
Non-melanoma skin cancers were signifi cantly increased 
in the tamoxifen group, whereas there was a similar 
incidence of melanoma skin cancers between the two 
treatment groups (table 2). More cases of lung cancer were 
reported with tamoxifen (32 cases) than with placebo 
(24 cases), although this diff erence was not signifi cant and 
was only observed in the fi rst 10 years of follow-up 
(table 2). No specifi c treatment or time-period diff erences 
were recorded for other cancers (table 2).

Further data about minor side-eff ects were not recorded 
since the last publication7 because no eff ects were 
anticipated to occur more than 5 years after completion of 
treatment. However, information about major 
thromboembolic, cerebrovascular, and cardiac events 
continued to be collected (appendix p 3). At last data 
cutoff  (May, 2014), there was a signifi cantly higher 
incidence of deep vein thrombosis in women receiving 
tamoxifen than those receiving placebo (50 [1·4%] of 3579 
women receiving tamoxifen vs 29 [0·8%] of 3575 women 
receiving placebo; OR 1·73 [95% CI 1·07–2·85], p=0·02; 
appendix p 3). However, the increased risk was only 
during the fi rst 10 years of follow-up (46 [1·3%] in the 
tamoxifen group vs 25 [0·7%] in the placebo group; 
OR 1·87 [95% CI 1·11–3·18], p=0·011). No signifi cant 
diff erences between treatment groups were recorded for 
major cardiovascular events (13 [<1%] of 3579 women in 
the tamoxifen group vs 17 [<1%] of 3575 women in the 
placebo group; OR 0·76 [95% CI 0·34–1·67],  p=0·46) or 
cerebrovascular accidents (30 [1%] tamoxifen vs 28 [1%] 
placebo; 1·07 [0·62–1·86], p=0·80).

A total of 348 deaths were reported up until the cutoff  
date (182 [5·1%] of 3579 women in the tamoxifen group 
and 166 [4·6%] of 3575 women in the placebo group; 
table 3). There was no signifi cant diff erence in mortality 
between groups (OR 1·10 [95% CI 0·88–1·37], p=0·4). 
The higher number of deaths in the tamoxifen group were 
confi ned to the fi rst 10 years of follow-up (86 deaths in the 
tamoxifen group vs 71 in the placebo group), and a similar 
number of deaths were reported thereafter (96 tamoxifen 
vs 95 placebo). Table 3 shows the specifi c causes of deaths. 
Overall, tamoxifen had no eff ect on breast cancer-specifi c 
mortality (31 deaths with tamoxifen vs 26 with placebo; 
OR 1·19 [95% CI 0·68–2·10], p=0·8). A few more breast 

cancer deaths occurred in the tamoxifen group after 
10 years of follow-up, although this diff erence was not 
signifi cant (18 tamoxifen vs nine placebo; OR 2·00 
[0·85–5·06], p=0·08). There was no evidence to suggest 
that these late deaths were associated with use of 
menopausal hormone therapy during the trial 
(six tamoxifen vs three placebo; p=0·33) or the 
development of oestrogen receptor-negative tumours 

Figure 2: Smoothed annual hazard rate curves for breast cancer
All breast cancers (solid lines) and invasive oestrogen receptor-positive breast cancers (dashed lines), according to 
treatment group.
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Figure 3: Forest plot for subgroup analyses according to follow-up periods (0–10 years vs ≥10 years)
Horizontal lines are 95% CIs.
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Tamoxifen for prevention of breast cancer: extended long-
term follow-up of the IBIS-I breast cancer prevention trial
Jack Cuzick, Ivana Sestak, Simon Cawthorn, Hisham Hamed, Kaija Holli, Anthony Howell, John F Forbes, on behalf of the IBIS-I Investigators*

Summary
Background Four previously published randomised clinical trials have shown that tamoxifen can reduce the risk of breast 
cancer in healthy women at increased risk of breast cancer in the fi rst 10 years of follow-up. We report the long-term 
follow-up of the IBIS-I trial, in which the participants and investigators remain largely masked to treatment allocation.

Methods In the IBIS-I randomised controlled trial, premenopausal and postmenopausal women 35–70 years of age 
deemed to be at an increased risk of developing breast cancer were randomly assigned (1:1) to receive oral tamoxifen 
20 mg daily or matching placebo for 5 years. Patients were randomly assigned to the two treatment groups by 
telephone or fax according to a block randomisation schedule (permuted block sizes of six or ten). Patients and 
investigators were masked to treatment assignment by use of central randomisation and coded drug supply. 
The primary endpoint was the occurrence of breast cancer (invasive breast cancer and ductal carcinoma in situ), 
analysed by intention to treat. Cox proportional hazard models were used to assess breast cancer occurrence and 
mortality. The trial is closed to recruitment and active treatment is completed, but long-term follow-up is ongoing. 
This trial is registered with controlledtrials.com, number ISRCTN91879928.

Findings Between April 14, 1992, and March 30, 2001, 7154 eligible women recruited from  genetics clinics and breast 
care clinics in eight countries were enrolled into the IBIS-I trial and were randomly allocated to the two treatment 
groups: 3579 to tamoxifen and 3575 to placebo. After a median follow up of 16·0 years (IQR 14·1–17·6), 601 breast 
cancers have been reported (251 [7·0%] in 3579 patients in the tamoxifen group vs 350 [9·8%] in 3575 women in the 
placebo group; hazard ratio [HR] 0·71 [95% CI 0·60–0·83], p<0·0001). The risk of developing breast cancer was 
similar between years 0–10 (226 [6·3%] in 3575 women in the placebo group vs 163 [4·6%] in 3579 women in the 
tamoxifen group; hazard ratio [HR] 0·72 [95% CI 0·59–0·88], p=0·001) and after 10 years (124 [3·8%] in 3295 women 
vs 88 [2·6%] in 3343, respectively; HR 0·69 [0·53–0·91], p=0·009). The greatest reduction in risk was seen in invasive 
oestrogen receptor-positive breast cancer (HR 0·66 [95% CI 0·54–0·81], p<0·0001) and ductal carcinoma in situ (0·65 
[0·43–1·00], p=0·05), but no eff ect was noted for invasive oestrogen receptor-negative breast cancer (HR 1·05 [95% CI 
0·71–1·57], p=0·8).

Interpretation These results show that tamoxifen off ers a very long period of protection after treatment cessation, and 
thus substantially improves the benefi t-to-harm ratio of the drug for breast cancer prevention.

Funding Cancer Research UK (UK) and the National Health and Medical Research Council (Australia).

Copyright © Cuzick et al. Open Access article distributed under the terms of CC BY.

Introduction
Breast cancer remains the most common type of cancer 
in women, with an estimated incidence of 1·6 million 
cases per year worldwide.1 Tamoxifen is a well-established 
and eff ective treatment for oestrogen receptor-positive 
breast cancer.2 Four large randomised clinical trials have 
shown that tamoxifen reduces the incidence of oestrogen 
receptor-positive breast cancer in women at high risk of 
developing the disease.3–9 A recently published meta-
analysis of all prevention trials investigating selective 
oestrogen receptor modulators has shown that these 
drugs signifi cantly reduce the incidence of all breast 
cancer (including ductal carcinoma)  in the fi rst 10 years 
of follow-up  (hazard ratio [HR] 0·62 [95% CI 
0·56–0·69]).10 The HR for tamoxifen was 0·67 (95% CI 
0·59–0·76), but this was maintained for the entire 
10-year period (HR 0·62 [95% CI 0·53–0·73] in years 0–5 

and 0·78 [0·62–0·97] in years 5–10), whereas little follow-
up information was available after 5 years for the other 
selective oestrogen receptor modulators.10

The International Breast cancer Intervention Study  I 
(IBIS-I) was initiated in 1992 and recruited women at high 
risk of developing breast cancer to receive oral tamoxifen 
(20 mg daily) or matching placebo. The initial report 
showed a signifi cant reduction (odds ratio [OR] 0·68 
[95% CI 0·50–0·92]) for all types of breast cancer 
(including ductal carcinoma in situ) after a median follow-
up of 4·2 years (IQR 2·67–5·58).6 After a median follow-up 
of 8 years (IQR 6·35–9·61), an updated report showed the 
signifi cant reduction for all types of invasive breast cancer 
continued (risk ratio 0·73 [95% CI 0·58–0·91]) with 
tamoxifen.7 In both reports, a risk reduction by tamoxifen 
was only seen for oestrogen receptor-positive breast cancer 
and ductal carcinoma in situ. As has been reported 
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A B S T R A C T

The development of targeted therapies has been a consistent goal for hormone-related diseases treatment. As a
result of increased knowledge of the role of androgens in different diseases, anti-androgen treatment is becoming
increasingly important in targeted therapy.

Androgens play an important role in different disorders, therefore, androgen receptor signalling is a crucial
factor in pathological conditions. The androgen receptor is a transcription factor activated by the testosterone
metabolite 5α-dihydrotestosterone and regulates the expression of genes related to sexual differentiation,
growth and survival of prostate cells, and to a certain extent, cancer progression.

Herein, we review anti-androgen therapies in cancer and other selected diseases and provide examples where
anti-androgen drugs can be used as both main and supportive treatments in the multimodal therapeutic scheme.
Even in diseases with low serum levels of testosterone or DHT, anti-androgen therapy plays an important role in
new treatments. Therefore, the use of anti-androgens is an appealing strategy in which to overcome resistance to
primary treatment by assuring better therapy results. In this review, we take into account both older generation
hormonal drugs and the new drug classes. Additionally, we review recent studies that suggest new anti-androgen
agents have not entirely replaced some of the old standards.

1. Introduction

The concept of hormonal therapy in prostate cancer (PCa) treatment
was born in the 1940s, when it was proven that patients benefited from
castration and estrogen injection what finally resulted in therapy with
GnRH agonists (Huggins and Hodges, 1941).

The effect of androgens on prostate epithelial cells and surrounding
stroma are multi-factorial. Testosterone transport into the prostatic
epithelial cell, where it is converted by 5α-reductase and stimulates the
cytoplasmic androgen receptor by its active metabolite 5α-dihy-
drotestosterone (DHT), results in potentiation of numerous cellular
processes by increasing transcription of genes affected by the androgen
receptor (AR). These include increasing angiogenesis due to upregula-
tion of epithelial growth factor (EGF) and vascular endothelial growth
factor (VEGF), along with increased epithelial proliferation and de-
creased apoptosis (Brawer, 2006). Alterations in androgens and the AR
are associated with several diseases, including prostate cancer and
androgen insensitivity syndrome (Crawford, 2004). The AR is a tran-
scription factor activated by testosterone and DHT and regulates the

expression of genes related to sexual differentiation, growth and sur-
vival of prostate cells, and cancer progression (Bolton et al., 2007; Tan
et al., 2015; Zhu and Kyprianou, 2008). The target genes contains an-
drogen-responsive elements includes prostate-specific antigen (PSA)
and transmembrane protease serine 2 (TMPRSS2), Myc proto-oncogene
protein (MYC), vascular endothelial growth factor (VEGFA), inter-
leukin-6 (IL6) protein kinase C delta (PRKCD), and several genes in-
volved in steroid metabolism and regulation of the redox environment
(Bolton et al., 2007; Jariwala et al., 2007; Jin et al., 2013).

The primary aim of androgen deprivation therapy (ADT) is to re-
duce the circulatory level of androgens and their associated signalling
mechanisms in androgen responsive tissues, such as the prostate. It is
still debatable if they are more beneficial if applied as monotherapy or
maximum androgen blockade (MAB) (Ayyathurai et al., 2009; Lin et al.,
2011). Interestingly, several drugs used in hormonal therapy for pros-
tate cancer were found to have an alternative application and are
successfully used in the treatment of other diseases. In the past few
years, several anti-androgen drugs were developed and grouped in
different structural classes (Fig. 1).
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PCa is diagnosed using a combination of TNM classification of
malignant tumours, histological characteristics of a prostate biopsy, as
well as PSA levels (Heidenreich et al., 2011). In men diagnosed with
lower risk, localised cancer, treatment options include active surveil-
lance, radical prostatectomy (RP), or radiotherapy (RT). Those with
higher risk, but still potentially curable disease, will often require
multiple interventions including RP ± RT, as well as ADT as an ad-
juvant. However, these treatments are not effective in all patients, and
biochemical recurrence occurs in approximately 25% of patients
(Freedland et al., 2005). Actually, ADT is the current standard of
treatment for patients with following reccurence or diagnosed with
metastatic disease. The aim of this therapy is to greatly lower level of
circulating androgens that drive PCa growth and survival. Despite an
initial clinical response, the majority of patients fail ADT and develop
CRPC, a state of disease progression which occurs despite surgical or
chemical castration (Chandrasekar et al., 2015). Short term responses
to systemic chemotherapy or other androgen receptor-targeted thera-
pies may occur. CRPC results in the death of 29,000 American men each
year (Chandrasekar et al., 2015; Siegel et al., 2017). The high morbidity
of this disease urgently necessitates the development of novel treatment
strategies.

The most common therapy bases on reduction of testosterone to the
level of castration. Androgen deprivation therapy in PCa treatment may
be achieved by surgical castration (bilateral orchiectomy), pharmaco-
logical castration (gonadotropin-releasing hormone (GnRH) agonists
and antagonists, estrogenic compounds) or antiandrogen therapy
(substrates with high affinity to androgen receptor which block tes-
tosterone binding) (Singer et al., 2008). Pharmacological castration
may be achieved with different drugs like diethylstilbestrol, GnRH
antagonists and GnRH agonists (Salciccia et al., 2016). Pharmacological
castration has many medical benefits – ease of drug administration,
avoidance of surgery or reversibility (Kolinsky et al., 2016). On the
other hand, patients who underwent it reported worsening sexual
functions and most of them will never return to baseline of sexual ac-
tivity (Donovan et al., 2018). Patients who want to maintain sexual
potential may choose antiandrogen therapy. ADT has other, less or
more severe side effects like hot flushes, decrease of libido, impairment
of sexual and cognitive functions, fatigue, unfavourable metabolic
changes, cardiovascular disease, coronary heart disease, depression,
dementia, osteoporosis and bone fracture, and others (Ahmadi and
Daneshmand, 2013; David Crawford and Moul, 2015; Nguyen et al.,
2018; Rhee et al., 2015).

The aim of GnRH agonists and antagonists therapy is to interrupt
testosterone synthesis in testies. GnRH is secreted in hypothalamus and
stimulates production of luteinizing hormone by pituitary what finally
leads to synthesis of testosterone in Leydig cells (Singer et al., 2008).
Testosterone decrease has been proven in both therapies, however
adrenal production of testosterone is still possible, as same as androgen
synthesis in cancer cells.

GnRH agonists interfere this pathway by continuous production of
GnRH and resulting persistent stimulation of pituitary receptors (Gamat
and McNeel, 2017). It results in downregulation of those receptors and
decrease of testosterone production. Treatment with GnRH agonists
decreases serum testosterone level, however parallel increase of lutei-
nizing hormone leads to spike of testosterone level for 1–2 weeks called
a ‘surge’. It is responsible for part of side effects in patients known as
‘flare phenomenon’ (Bubley, 2001). Pre- and after-treatment with an-
tiandrogens or estrogens is required to avoid side effects.

GnRH antagonists block the GnRH receptor directly in pituitary
(Kittai et al., 2018; Singer et al., 2008). The impairment of LH pro-
duction is immediate and decrease of testosterone is devoid of ‘flare’,
characteristic for GnRH agonists. Therapy with GnRH antagonists has
no risk of androgen surge, therefore requires no additional treatment
with antiandrogens or estrogens. However, it is related with risk of an
anaphylactic reaction and greater risk of other severe side effects when
compared to surgical castration (Mongiat-Artus and Teillac, 2004; Sun
et al., 2016).

Many studies have shown the benefit of using ADT for localized
high-risk prostate cancer in conjunction with radiotherapy (Bolla et al.,
2002; D'Amico et al., 2004). ADT is typically used for metastatic
prostate cancer but may also be applied together with radiotherapy for
intermediate or high-risk disease. Sole ADT or with adjuvant radio-
therapy have not prolonged survival in patients with low-risk or very
low-risk disease (May et al., 2019). In general, androgen deprivation
results in remission in 80–90% of men with advanced PCa and results in
a median progression-free survival from 12 to 33 months. At that time,
a castration-resistant phenotype usually emerges, leading to a median
overall survival from 23 to 37 months since the time of initiation of
ADT (Denis and Murphy, 1993).

ADT is also recommended for older patients or those who had
higher comorbidity scores due to greater risk of potential side effects
associated with surgery or RT. However, this population is also at high
risk for side effects of ADT, including osteoporosis and subsequent
fractures. Long term use of ADT may increase the relative risk of frac-
ture by 45% (Fizazi et al., 2017). The increased relative risk of fracture
is an important factor as it is a significant risk factor for death (Ost
et al., 2018). Kaipia et al. studied the risk of hip fracture among men
treated with ADT and found that nearly 25% of men with prostate
cancer suffering a hip fracture had been treated with ADT for low-risk
cancer (Kaipia et al., 2014).

2.1. Old generation hormonal drugs

2.1.1. Steroidal anti-androgens
Steroidal compounds were the first approach to anti-androgen

hormonal therapy. Initial drugs such as cyproterone acetate and die-
thylstilbestrol competitively blocked testosterone and its active meta-
bolite from binding to the androgen receptor (Crawford et al., 2018).
Their efficiency was comparable to the orchiectomy but had numerous
side effects. Significant cardiovascular and liver toxicity limited the
drugs widespread use (Bessone et al., 2016; Crawford et al., 2018).
Administration of 1mg diethylstilbestrol daily causes prolonged sur-
vival in patients with advanced prostate cancer (Byar and Corle, 1988).
The dosage of 1mg was not associated with the significant cardiovas-
cular toxicity observed with higher doses but did afford a high degree of
castration which was not achieved in the lower dose cohort (Brawer,
2006). Development of other steroidal anti-androgens such as meges-
trol acetate and medroxyprogesterone acetate did not solve this

Table 1
Applications of selected anti-androgens.

Drug Application

Cyproterone acetate Prostate cancera

Hirsutism (excessive hair loss)a

Alopecia (hair loss)a

Early pubertya

Amenorrhoea (lack of menstrual period)a

Acnea

Transgender therapyb

Flutamide Prostate cancera

Acne and seborrhoeab

Hirsutismb

Alopecia (hair loss)b

Hidradenitis suppurativab

Bicalutamide Prostate cancera

Breast cancerb

Enzalutamide Prostate cancera

Breast cancerb

Ovarian cancerb

Kidney cancer (before surgery)b

a Approved by European Medicinal Agency (EMA) in monotherapy or ex-
clusively in combined therapy.

b Investigational drug (clinical trials).

S. Student, et al. European Journal of Pharmacology 866 (2020) 172783
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GLUCOCORTICOIDS

The use of glucocorticoids in childhood leukemia represented a real 
therapeutic success story since its introduction 50 years ago.

Activate transcription

Inhibit transcription

Inhibit  transcription 
triggered by Fas/Jun

Inhibit  transcription 
triggered by NF-𝛋B



TARGETING TRANSCRIPTION FACTORS:

Their inhibition (or
activation) at the
expression level

Their inhibition through
physical degradation

Their inhibition (or
activation) at the
protein/protein

interaction level,

Their inhibition (or
activation) through the

binding of a ligand-based
molecule in an

activation/inhibition
pocket

Their inhibition (or
activation) at the

protein/DNA binding level

Lambert et al., 2018. Molecules, 23, 1479; doi:10.3390/molecules23061479



Lindau (VHL) and the transcription factor hypoxia- 
inducible factor 1α (HIF1α)92,93. Under normoxic con-
ditions, HIF1α is hydroxylated on proline, leading to 
binding to VHL, which mediates ubiquitylation and sub-
sequent degradation of HIF1α by the proteasome. This 
keeps the level of HIF1α low under normoxic conditions. 
Under hypoxic conditions, the levels of HIF1α go up due 
to lower levels of hydroxylation, leading to reduced ubiq-
uitylation and proteasomal degradation94. Crews and 
co- workers developed small- molecule inhibitors of the 
VHL–HIF1α interaction that bind to VHL92,93 and have 
found utility in the PROTAC approach to mediating 
degradation of target proteins described below.

Another example of manipulation of the interaction 
of an E3 ligase and a transcription factor involves the 
use of thalidomide and its derivatives in the treatment 
of multiple myeloma. The mechanism of action of thali-
domide in this disease was unclear until it was shown to  
enhance the binding of the E3 ligase cereblon (CRBN)  
to the Ikaros transcription factors IKZF1 and IKZF3, key 
drivers in multiple myeloma95. This results in protea-
somal degradation of the IKZF proteins. This mecha-
nism of action can have distinct pharmacodynamic 
advantages as the proteasomal degradation of the target 
protein requires the cell to synthesize new protein to 
recover activity, which takes time and therefore can lead 
to more durable inhibition and reduced dosing needs. 
This suggests the possibility that activators of binding of 
substrate proteins to one of the ~400 E3 ligases in humans 
may provide an attractive approach for pharmacological 
manipulation of transcription factors. These studies have 

also led to the use of thalidomide and its derivatives in 
the PROTAC approach to target proteins for proteasomal  
degradation described below.

In addition to enhancement of E3 ligase activity, inhibi-
tion of deubiquitinases (DUBs) can result in enhanced poly-
ubiquitylation and degradation of transcription factors. 
The DUB ubiquitin- specific-processing protease 10  
(USP10) protects SLUG and SNAI2, key transcription 
factor drivers of EMT, from degradation96. DUB3 binds, 
deubiquitylates and increases cellular levels of the EMT 
transcription factor SNAIL1 (REF.97) and also protects 
SLUG and TWIST98. Levels of MYC, a critical tran-
scription factor driver in many cancers, are enhanced by 
USP22 (REF.99). Thus, pharmacological agents to inhibit 
DUBs have the potential to reduce the levels of trans-
cription factors that are required for cancer growth and 
metastasis. The ETS family transcription factors ERG  
and ETV1 have been shown to be the targets of chromo-
somal translocations with transmembrane protease ser-
ine 2 (TMPRSS2), which are observed in 80% of primary 
prostate cancer samples from patients27. The expression of 
TMPRSS2 is androgen- regulated, resulting in overexpres-
sion of ERG or ETV1 in these prostate cancers27,100–102. The 
protein level of ERG is regulated by ubiquitylation, with 
TRIM25 acting as the E3 ligase for ERG and USP9X act-
ing as the DUB103,104. One report on the use of the small- 
molecule USP9X inhibitor WP1130 showed decreased 
levels of ERG in the human prostate cancer cell line VCaP 
in vitro and reduced tumour volume in a mouse xenograft 
using VCaP cells103, providing support for this approach 
to targeting transcription factor activity. Although quite  

Deubiquitinases
(DUBs). Enzymes that remove 
ubiquitin from proteins.

! Thalidomide
! Lenalidomide
! Pomalidomide

a Transcription factor degradation
via enhanced E3 binding

b Transcription factor 
degradation via DUB inhibition

c Transcription factor protection
from degradation via disruption
of E3 binding

TF

TF TF TF

E3 ligase

E3 ligase
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Fig. 4 | Approaches to modulate transcription factor stability by way of regulating ubiquitylation. a | Enhanced 
transcription factor (TF) degradation by small- molecule-promoted E3 ubiquitin ligase binding, leading to ubiquitylation and 
proteasome- dependent destruction of the protein of interest. For example, thalidomide and its derivatives that inhibit the 
growth of multiple myeloma cells do so by binding to a specific pocket in the E3 ubiquitin ligase cereblon (CRBN), enhancing 
CRBN interaction with the Ikaros family proteins IKZF1 and IKZF3, key drivers of multiple myeloma, and enhancing their 
ubiquitylation. b | Enhanced TF degradation by small- molecule inhibition of a deubiquitinase (DUB) specific for that TF, 
leading to higher levels of ubiquitylation and enhanced proteasomal degradation. For example, the DUB ubiquitin- 
specific-processing protease 9X (USP9X) deubiquitylates the transcription factor ETS- related gene (ERG), a critical driver 
of prostate cancer. Treatment with the USP9X inhibitor WP1130 leads to enhanced ubiquitylation and proteasomal 
destruction of ERG. c | Reduced TF degradation by small- molecule disruption of E3 ubiquitin ligase binding, leading to 
reduced ubiquitylation and reduced proteasomal degradation. For transcription factors that act as tumour suppressors, 
increasing their protein level via this approach could have therapeutic value. Ub, ubiquitin; VHL , von- Hippel Lindau.
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Fig. 4 | Approaches to modulate transcription factor stability by way of regulating
ubiquitylation. 

Bushweller. Nature Reviews in Cancer 2019, 19; 611. 
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Fig. 1. Inhibition of transcription factor/co-factor interaction and targeting of the transcription factor DNA-binding domain. Inhibition of transcription factor (TF) activity can
be achieved by preventing the dimerization with co-factors (A) or other transcription factors (B). RITA and Nutlin-3 prevent the interaction of p53 with MDM2 and thereby
increase its stability. Deguelin binds to the HIF1a chaperone HSP90 and thereby destabilizes HIF1a. The MYC inhibitors Mycro1 and 2 prevent dimerization of MYC with its co-
transcription factor MAX. THS-044 and acriflavine prevent the heterodimerization of HIF1 subunits. Alternatively, drugs may directly bind into the DNA-binding domain
(DBD) of a transcription factor (C) such as the p53-inhibitory compounds PRIMA-1, NSC319726 and PhiKan083 and thereby prevent DNA-binding or even target cancer-
specific mutations (PhiKan083). DBD-binding is also the mode of action of the FOXM1-inhibitor FDI-6 and of the STAT3 inhibitor inS3-54.
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Fig. 2. Changing access to DNA by chromatin remodeling and DNA-intercalating small molecules. Histone-acetyltransferases (“writers”) transfer acetyl-residues to distinct
lysines located at the N-terminal ends of histones, which, together with other posttranslational modifications, increases the accessibility of the DNA. Bromodomain-
containing BET-proteins (“readers”) recognize these acetylated lysines, bind them via their bromodomains and steer transcription factors to transcription start sites. Histone
deacetylases (“erasers”) remove acetylation marks from lysines and contribute to shut down of transcription. The histone-deacetylase inhibitors vorionostat and belinostat
prevent histone-deacetylation and show promising results in clinical trials. BET-inhibitors JQ1, I-BET762 and I-BET151 bind into the acetyl-lysine interacting bromodomain on
BET-proteins and interfere with the “reader” function (A). An alternative strategy involves DNA-intercalating compounds like echinomycin, ethidium bromide or distamycin A
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• Trabectedin (Yondelis®, ET-743) : a marine-
derived natural product that was initially
isolated from the marine
ascidian Ecteinascidia turbinata

• First evidence since late 1960’s
• Structural elucidation in 1990 (Rinehart et

al. and Wright et al.)

Larsen et al., 2015

TRABECTEDIN AS EXAMPLE



SUPPLY – FIRST BIG PROBLEM!

¡ Yield from native ascidians -
0.0001%

¡ Aquaculture 
¡ Productivity:

¡ 2001 – 80 ton 
¡ 2004 – 100 ton 
¡ Max – 250 ton

¡ Yield:
¡ 0.5 and 4.0 μg g-1

Quantity was enough for the 
clinical trials, BUT not viable 
for commercial purpose.

Cuevas & Francesch, 2009. NPR 26: 322-337. 



Elias James Corey
Emeritus Professor Harvard U.
Nobel Prize in Chemistry, 1990 Pseudomonas fluorescens
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MECHANISM OF ACTION
¡ Bind covalently to the exocyclic amino group of guanines in the minor groove of DNA

D’Inalci et al., 2014, British J Cancer 111: 646

D’Inalci and Galmarini, 2010, Mol Cancer Ther; 9(8); OF1–7.



BLOCKADE AND DEGRADATION OF
RNA POLYMERASE II

Larsen et al., Cancer Chemother Pharmacol (2016) 77:663–671



MECHANISM OF ACTION

D’Inalci and Galmarini ., 2010, Mol Cancer Ther; 9(8); OF1–7.



MECHANISM OF ACTION

Jimenez et al., 2018. Clinics, 73, e482s.
YOUTUBE  VIDEO!



UNIQUE FEATURES:
¡ Trabectedin was the first compound able to displace an 

oncogenic transcription factor from its target promoters 
with high specificity.

¡ Cells deficient in nucleotide excision repair (NER) are 
generally more sensitive to cisplatin while they are partially 
resistant to trabectedin

¡ Cells deficient in homologous recombination (HR) (e.g., with 
mutations of BRCA1 or BRCA2 genes) are sensitive to 
trabectedin as well as to platinum compounds

D’Inalci et al., 2014, British J Cancer 111: 646



CLINICAL USES:
¡ YONDELIS® is the only treatment recently approved specifically for 

unresectable or metastatic liposarcoma or leiomyosarcoma after an 
anthracycline-containing regimen

¡ Presence of the fusion protein FUS-CHOP or EWS-CHOP – acting as 
abnormal transcrition factors. Trabectedin blocks the trans-activating 
ability of these chimaeras by displacing the oncogenic fusion protein, 
inducing rediferenciation.

www.yondelis.com



Lotufo’s Lab


