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Current strategies and progress for targeting the
“undruggable” transcription factors
Jing-jing Zhuang1,2, Qian Liu3, Da-lei Wu2 and Lu Tie3

Transcription factors (TFs) specifically bind to DNA, recruit cofactor proteins and modulate target gene expression, rendering them
essential roles in the regulation of numerous biological processes. Meanwhile, mutated or dysregulated TFs are involved in a variety
of human diseases. As multiple signaling pathways ultimately converge at TFs, targeting these TFs directly may prove to be more
specific and cause fewer side effects, than targeting the upfront conventional targets in these pathways. All these features together
endue TFs with great potential and high selectivity as therapeutic drug targets. However, TFs have been historically considered
“undruggable”, mainly due to their lack of structural information, especially about the appropriate ligand-binding sites and protein-
protein interactions, leading to relatively limited choices in the TF-targeting drug design. In this review, we summarize the recent
progress of TF-targeting drugs and highlight certain strategies used for targeting TFs, with a number of representative drugs that
have been approved or in the clinical trials as examples. Various approaches in targeting TFs directly or indirectly have been
developed. Common direct strategies include aiming at defined binding pockets, proteolysis-targeting chimaera (PROTAC), and
mutant protein reactivation. In contrast, the indirect ones comprise inhibition of protein-protein interactions between TF and other
proteins, blockade of TF expression, targeting the post-translational modifications, and targeting the TF-DNA interactions. With
more comprehensive structural information about TFs revealed by the powerful cryo-electron microscopy technology and
predicted by machine-learning algorithms, plus more efficient compound screening platforms and a deeper understanding of TF-
disease relationships, the development of TF-targeting drugs will certainly be accelerated in the near future.
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INTRODUCTION
Transcription factors (TFs) recognize specific DNA sequences on
chromatin and recruit a complex transcriptional machinery to
decode the genome, which harbors over 1600 TFs among the
24,000 protein-encoding genes in human cells [1, 2]. It is essential
that TFs play their roles properly as part of the cross-talking and
dynamic TF network [1]. Usually TFs are expressed in a cell type-
specific manner to coordinate the gene expression programs
underlying a vast array of cellular processes [3]. Many TFs function
as “master regulators”, exerting control over processes of the
development and differentiation in eukaryotic systems that
require time- and tissue-specific transcriptional programs [4]. In
the past decades, evidence has mounted that TFs are critical
drivers of human diseases [5], such as cancer, cardiovascular
diseases, diabetes, obesity, and neurodegenerative diseases [6]. In
tumor cells, genes encoding TFs are often amplified, deleted,
rearranged via chromosomal translocation, or subjected to point
mutations that result in a gain- or loss-of-function [3]. A classic
example is the tumor suppressor p53, which is known to be
dysregulated in more than half of all human cancers [7].

The functional significance of TFs in many biological processes
and their aberrant activities in human diseases, together highlight
their potentials as therapeutic drug targets. However, TFs were
historically viewed as “undruggable” [8]. In contrast to kinases or
other target enzymes [9], which have measurable enzymatic
activities and associated binding pockets that small-molecule
drugs can be directed to [10], most TFs usually do not exhibit
defined ligand-binding pockets, with a few exceptions as described
below. In addition, TFs mainly act on protein-protein and protein-
DNA interactions, which are usually transient and often accom-
panied by relatively large and flat interfaces. As a result, the design
of small-molecule compounds aiming to interrupt or enhance
these TF-related interactions selectively by direct binding, becomes
a tough task. Moreover, the typically convex and highly positively
charged DNA binding interfaces of TFs, also make the develop-
ment of small-molecule inhibitors with drug-like properties
targeting these areas very much challenging [9].
Due to the fact that signaling pathways ultimately converge at TFs,

targeting these TFs directly may prove to be more specific and cause
less side effects, than targeting the upfront conventional targets in
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these pathways. Joint efforts from both academia and industry have
focused on the development of small-molecule drugs that would
specifically target a particular TF. With the insights into protein
structures and the understanding of biochemical and biomedical
properties of TFs, many “undruggable” TFs are successfully targeted,
and a considerable number of small molecules have been approved
or have entered clinical trials (Table 1). In this review, we classify TF-
targeting strategies roughly into two groups, “directly” or “indirectly”,
and summarize the current progress of TF-targeting drugs using these
strategies with several typical examples.

DIRECTLY TARGETING TF
For most of TFs, it is hard to be targeted directly by small
molecules, due to their lack of a defined binding pocket. The
nuclear receptors (NRs) and the basic helix-loop-helix-PER-ARNT-
SIM (bHLH-PAS) proteins are two exceptional TF families that
usually possess an architecture harboring poteintial ligand-
binding sites, which not only interact with ligands but also exert
the consequent modulations of TF activities. In addition, covalent
binding by small molecules to reactivate certain TF mutants is also
an effective strategy to target TFs directly.

Targeting a defined binding pocket
Among the >1600 human TFs, the family of NRs containing only
48 members, provide the most druggable targets that have
achieved great success in clinical. About 16% of all the small-
molecule drugs approved by the US Food and Drug Administra-
tion (FDA) are believed to target NRs, ranking the third after the
other two well-known groups of drug targets, G-protein coupled
receptors (GPCRs, 33%) and ion channels (18%) [11]. NRs are a
family of ligand-regulated TFs that possess a DNA-binding domain
(DBD) and a ligand-binding domain (LBD). The binding of small-

molecule ligands induces conformational changes of NRs, which
can modulate their interactions with various transcriptional
coregulators (such as the coactivators or corepressors), thus
controlling the expression of downstream target genes [12]. The
activities of NRs can be modulated by small molecules that mimic
their natural ligands, making them ideal therapeutic targets. In
addition, the structural information for most of NR LBDs and a few
of full-length NR complexes, has been revealed in the past three
decades [13], and greatly facilitated the NR-targeting drug
discovery. Accordingly, a vast array of NR drugs and chemical
probes have been developed.
To delineate how NRs can be directly targeted, we take a

representative NR, androgen receptor (AR) as an example (Fig. 1).
Binding of androgens to AR LBD leads to the nucleus translocation
and initiates target gene expression [14]. AR signaling has been
proven as a critical driver in prostate cancers, making AR an
essential therapeutic target [15, 16]. To date, there have been two
generations of nonsteroidal AR antagonists approved in clinical to
treat prostate cancer [16]. Enzalutamide is the first second-
generation AR antagonist with more potent efficacy compared
with the first-generation drugs, and has been approved by US FDA
to treat three forms of advanced prostate cancers [16]. Besides, a
number of AR antagonists are undergoing clinical trials, such as
proxalutamide and EPI-7386. To meet the need of drugs that can
exert anabolic effects of androgens on muscle and bone through
AR signaling pathway and avoid undesirable side effects, the
selective AR modulators (SARMs) were synthesized and developed
over the past two decades [17]. Among them, GTx-024 is a first-in-
class SARM developed for cancer and stress urinary incontinence
in women [18].
Despite the NR family being most druggable among TFs,

targeting all family members of NRs is still a very challenging task.
For instance, some NRs especially those called orphan receptors,

Table 1. Representative examples of TF-targeting small-molecule modulators approved or in the clinical development.

Compound Target Mechanism of action Clinical trial status

Directly targeting TF

Proxalutamide AR AR antagonist Ongoing phase І, П and Ш trials

EPI-7386 AR AR antagonist Ongoing phase І trial

Enzalutamide AR AR antagonist Approved

GTx-024 AR Selective androgen receptor modulator Ongoing phase І, П and Ш trials

ARV-110 AR PROTAC Ongoing phase І/П trial

Fulvestrant ER Selective estrogen receptor degrader Approved

ARV-471 ER ERα-targeted PROTAC Ongoing phase І/П trial

Tamoxifen ER Selective estrogen receptor modulator Approved

Belzutifan HIF-2α Disrupt HIF-2α/ARNT interaction Approved

Arsenic Trioxide p53 Mutant p53-reactivating compound Ongoing phase І, П and Ш trials

APR-246 p53 Mutant p53-reactivating compound Ongoing phase І, П and Ш trials

COTI-2 p53 Mutant p53-reactivating compound Ongoing phase І trial

Indirectly targeting TF

AMG232 MDM2 Disrupt MDM2-p53 interaction Ongoing phase І trial

APG-115 MDM2 Disrupt MDM2-p53 interaction Ongoing phase І and П trials

HDM201 MDM2 Disrupt MDM2-p53 interaction Ongoing phase І and П trials

Bardoxolone methyl Keap1 Disrupt Keap1-Nrf2 interaction New drug application

ABBV-075 BRD2/3/4 Inhibitor of BRD2/3/4 Ongoing phase І trial

Baricitinib JAK Inhibitor of JAK Approved

Roxadustat PHD Inhibitor of PHD Approved

Daprodustat PHD Inhibitor of PHD Approved

AR androgen receptor, ER estrogen receptor, HIF-2α hypoxia-inducible factor 2α, MDM2murine double minute 2, Keap1 Kelch-like ECH-associated protein 1, BRD
Bromodomain-containing protein, JAK the Janus kinase, PHD prolyl hydroxylase domain.
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do not have assigned endogenous ligands or obvious ligand-
binding pockets [19]. Besides, the expression of NR splice variants
that lack the LBDs in some diseases can render traditional drugs
ineffective, such as for the AR-V7, a splice variant of AR [20, 21].
Traditional NR-targeting drugs all bind to the LBD pockets. More
recently, NR coactivator binding inhibitors have also been
developed to modulate NR activities [22].
In addition to NRs, the bHLH-PAS family has been identified as

the second TF family that possess potential ligand-binding
pockets within their PAS domains and thus may serve as a new
group of drug targets [23, 24]. One representative member of this
family is the hypoxia-inducible factor 2α (HIF-2α), which contains a
defined binding pocket of about 300 Å3 in the PAS-B domain [25].
HIF-2α dimerizes with its obligate partner, the HIF-β subunit also
called aryl hydrocarbon receptor nuclear translocator (ARNT), to
form a transcriptionally active heterodimer [26]. Under normoxia,
HIF-prolyl hydroxylase domain (PHD) proteins conduct the
hydroxylation of Pro405 and Pro531 in the oxygen-dependent
degradation domain (ODDD) of HIF-2α, leading to the subsequent
ubiquitination and proteasomal degradation (Fig. 2) [27].

Meanwhile, within the C-terminal transactivation domain (CTAD)
of HIF-2α, Asn847 can also be hydroxylated by the factor inhibiting
HIF (FIH) enzyme, further decreasing HIF-2α activity by blocking its
interactions to coactivators [28]. Under hypoxia, the oxygen-
dependent PHD and FIH enzymes are deactivated, allowing HIF-
2α’s accumulation and translocation to promote the transcription
of gene programs closely associated with angiogenesis, erythro-
poiesis, cell proliferation, and migration [26].
The tumor suppressor von Hippel-Lindau protein (pVHL) is a

component of the E3 ubiquitin-ligase complex that mediates HIF-
2α degradation [29, 30]. Approximately 90% of the patients with
clear cell renal cell carcinoma (ccRCC) exhibit pVHL inactivation,
resulting in an excessive level of HIF-2α proteins [31]. Moreover,
HIF-2α has been identified as a key oncogenic driver in ccRCC,
rendering it a promising drug target for this type of kidney cancer
[27, 32]. The first crystal structure of the HIF-2α PAS-B domain
revealed a water-bound internal cavity that potentially accepts
artificial ligands [33], and thus initiated a successful campaign of
structure-based drug discovery that has transformed from bench
to bedside. PT2385, a small-molecule compound that can bind

Fig. 2 Targeting the HIF-2α signaling pathway. Under normoxia, HIF-2α protein is hydroxylated and degraded to maintain a low level. Under
hypoxia, HIF-2α accumulates and dimerizes with ARNT to active target gene expression. PHD inhibitors block HIF-2α degradation and activate
the HIF-2α signaling pathway. The binding of an antagonist disrupts HIF-2α/ARNT interaction and blocks the HIF-2α signaling pathway. The
binding of an agonist enhances HIF-2α/ARNT interaction and activates target gene expression.

Fig. 1 Targeting the androgen receptor (AR) signaling pathway. Schematic representation showing the regulation of AR downstream genes
by small-molecule modulators. a Androgens or SARMs bind to AR LBD and induce conformational changes that facilitate the recruitment of
coactivators and activation of gene expression. b The binding of antagonists to LBD blocks the AR signaling pathway. c, d The binding of
PROTAC molecules to AR LBD (c) or DBD (d) promotes proteasome-mediated degradation of AR and decreases the activity of AR signaling
pathway.
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into the PAS-B pocket of HIF-2α and disrupt HIF-2α/ARNT
interactions through allosteric effects, is the first HIF-2α antagonist
entering clinical trials [34]. Belzutifan (PT2977/MK-6482) is an
upgraded version of HIF-2α antagonist with improved pharmaco-
kinetic profiles [35] and it obtained the approval from FDA in
August 2021 for the treatment of cancers associated with the VHL
disease, including ccRCC. In addition, the function of HIF pathway
may be suppressed in patients with chronic kidney disease (CKD),
in contrast to the situation in patients with ccRCC [36]. Enhancing
the activity of HIF-2α to increase erythropoietin (EPO) expression
and iron metabolism could ameliorate renal anemia in CKD [37].
The recently discovered HIF-2α agonists bind into the same PAS-B
pocket as antagonists, yet allosterically causing stabilizing effects
on the HIF-2α-ARNT heterodimer [38]. Overall, bidirectional
regulation of HIF-2α activity by small-molecule ligands has a great
potential in the treatment of various diseases driven by or related
to HIF-2α.

PROTAC
In recent years, proteolysis-targeting chimera (PROTAC) technol-
ogy has been developed and turned out to be a potential
therapeutic method to treat various diseases caused by protein
overexpression [39, 40]. A PROTAC molecule consists of a ligand
(mostly small-molecule inhibitor) for the protein of interest (POI), a
ligand of an E3 ubiquitin ligase (E3), and a linker region covalently
connecting the two ligands. Upon binding to POI, the PROTAC
molecule can recruit E3 for proximity-induced ubiquitination of
POI, which is then subjected to degradation by endogenous 26S
proteasome. PROTAC only requires a ligand that binds to the POI,
which may not necessarily affect POI’s function. In addition, the
catalytic nature of PROTAC suggests that it requires lower drug
exposure to achieve certain efficacy. Based on the mechanism of
action, PROTAC can potentially target any type of protein,
including the previously “undruggable” class of therapeutic
protein targets [41].
The ability of PROTAC molecules to degrade TFs, scaffolding

proteins, and other proteins without an enzymatic function would
greatly expand the druggable proteome [42]. The relatively simple
chemical structure of PROTAC allows the rapid conversion of
protein ligands into effective degraders, potentially making the
target proteome susceptible to therapeutic intervention. Further-
more, elucidation of a target-PROTAC-ligase ternary structure
could be essential for the design of PROTAC molecules based on
ligands with weak binding affinities to target proteins [40].
PROTAC technology has been successfully used to design
compounds that mediate the degradation of estrogen receptors
(ER), as well as AR [43]. ARV-471, an ERα-targeting PROTAC
developed by Arvinas Inc, is now in phase II clinical study to treat
patients with ER positive/human epidermal growth factor receptor
2 (HER2) negative locally advanced or metastatic breast cancer.
ARV-110, also developed by Arvinas Inc, is an AR-targeting
PROTAC undergoing clinical trials to treat metastatic castration-
resistant prostate cancer (Fig. 1). Recently, Geun Taek Lee et al.
reported MTX-23, which can target both AR-V7 splice variant and
full-length AR protein by binding to AR’s DBD rather than its LBD
[44]. This PROTAC molecule has shown a good anti-tumor activity
both in vitro and in vivo (Fig. 1).

Mutant protein reactivation
Mutations are often correlated with the dysfunction of TFs in
various biological processes. Usually, the conformational changes
of mutated proteins will result in impairment or loss of their
functions. The TF p53 is a widely investigated and desirable target
for cancer treatment, as it is found to be inactivated in most of
human malignancies [45]. Mutation and its abnormal interaction
with murine double minute 2 (MDM2)/murine double minute
4 (MDM4) are the two main mechanisms for p53 inactivation
[45, 46]. The TP53 gene encoding the p53 protein is the most

frequently mutated gene in human cancers [47]. Missense
mutations account for 75% of all TP53 mutations in cancer and
result in the loss of wild-type (WT) function [45, 47]. Among the
missense mutations, R175, G245, R248, R273, and R282 are the five
most frequently affected residues located in the DBD [48].
Targeting p53 mutants to restore their normal function is a
promising strategy for tumors with mutated p53 [48]. p53 mutants
have been viewed as “undruggable” for various reasons, such as
lack of binding pockets for small molecules and their subcellular
location in the nucleus [45]. Despite all of this, a number of small
molecules that can reactivate p53 mutants have emerged over the
past two decades, of which arsenic trioxide, APR-246, and COTI-2
have progressed to clinical evaluations.
Arsenic trioxide has been used to treat acute promyelocytic

leukemia clinically by targeting promyelocytic leukemia/retinoic
acid receptor alpha (PML-RARα) [49]. A recent study reported that
arsenic trioxide could stabilize p53 folding and reactivate p53
mutants for tumor suppression by its binding to p53 cysteine
residues covalently [50]. The therapeutic effects of arsenic trioxide
in refractory cancer patients with p53 mutations are evaluated in
different clinical trials.
APR-246 is a prodrug that is subsequently converted to

methylene quinuclidinone (MQ) through hydrolysis [48]. MQ
binds to the cysteines covalently in the p53 DBD and induces
the refolding of mutated p53 to WT conformation [51]. For the
mutant R175H, Cys124 and Cys277 are identified as essential
target residues for APR-246 mediated reactivation [51]. The clinical
safety and efficacy of APR-246 have been investigated prelimina-
rily, and it is currently undergoing a clinical trial in phase III in
patients with TP53 mutation-related myelodysplastic syndromes.
Another p53-reactivating compound in clinical trials is COTI-2, a

thiosemicarbazone derivative. Surface plasmon resonance (SPR)
assays showed that COTI-2 could bind to p53 mutants directly,
and flow cytometry assays indicated that it could efficiently induce
apoptosis in p53-mutated cell lines such as BT549, Hs578T, and
CAMA1 [52]. COTI-2 is currently undergoing a phase I clinical trial
to assess the safety and tolerability in patients with advanced and
recurrent malignancies.

INDIRECTLY TARGETING TF
Targeting PPI of TFs
Protein-protein interactions (PPIs) play essential roles in numerous
physiological processes and are often dysregulated in diseases.
Therefore, PPIs have also been considered as potential therapeutic
targets [53]. Mutational analysis of protein surfaces reveal that
usually a limited number of key residues contribute to most of the
binding energy, suggesting that inhibition of PPIs by small
molecules is feasible [54]. Generally, TFs interact with other
proteins (such as different TFs, coactivators or corepressors) and
bind to the specific DNA sequences to regulate the expression of
target genes. A number of TF modulators have been developed by
targeting PPIs recently [9, 55].
For tumors retaining a WT p53, studies are mostly focused on

blocking interactions between p53 and MDM2, MDM4 or both
proteins to enhance the p53 protein level. The development of
MDM2 inhibitors that can interrupt the MDM2-p53 interaction has
achieved great progress, along with the disclosed details from the
co-crystal structures of MDM2-p53 and MDM2-Nutlin-2 [56, 57].
Several small molecules that can mimic the interaction between
p53 and MDM2 are in different stages of clinical trials as MDM2
inhibitors, such as BI-907828 [58], RG7112 [59], RG7388 [60], NVP-
CGM097 [61], AMG232 [62], SAR405838 [63], DS-3032b [64], APG-
115 [65] and HDM201 [66]. The crystal structure of MDM4-p53
complex shows that the p53-binding pocket of MDM4 is smaller
and differently shaped compared with the p53-binding pocket of
MDM2 [67]. To date, only a few MDM4 inhibitors have been
developed. The stapled peptide ALRN-6924 developed by Aileron
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Therapeutics is currently in several clinical trials, acting as an
MDM2/MDM4 dual inhibitor [68]. Blocking MDM2-p53 interaction
by MDM2 PROTAC degraders is another attractive strategy. The
compound MD-224 was designed by conjugating MDM2 inhibitor
MI-1061 to a cereblon E3 ligase ligand, and showed more effective
effects on tumor regression compared with MI-1061 [69].
Another similar example is to activate the nuclear factor

erythroid 2-related factor 2 (Nrf2) by targeting its PPI with Kelch-
like ECH-associated protein 1 (Keap1), a component of the Culins
3-based E3 ligase that can mediate the degradation of Nrf2 [70].
Under normal conditions, Nrf2 is in the cytoplasm and interacts
with Keap1 to maintain a low protein level [71]. Under stress
conditions, Keap1 is modified covalently by oxidative and
electrophilic insults, resulting in nuclear translocation of Nrf2
and subsequent activation of the Nrf2 signaling pathway [72]. Nrf2
regulates the expression of more than two hundred genes that
can protect the human body against oxidation and inflammation-
related diseases, such as neurodegenerative diseases [73–75].
With the elucidation of the co-crystal structures of Keap1 and Nrf2
peptides, a large number of Keap1-Nrf2 inhibitors targeting their
PPI have been reported, including small molecules and peptides
[76, 77]. Among these PPI inhibitors, bardoxolone methyl is
undergoing several clinical trials, and its New Drug Application
(NDA) was accepted by FDA for the treatment of CKD caused by
Alport syndrome in April 2021.

Blockade of TF expression
Among the multitudinous TFs, MYC oncoproteins (C-MYC, L-MYC,
and N-MYC) are regarded as the most desirable and intractable
targets for treating cancers [15, 78]. MYC proteins regulate over
2000 genes related to cell growth, differentiation, proliferation,
apoptosis, angiogenesis, DNA repair, metabolism, and stem cell
formation [79–81]. Dysregulation of MYC expression occurs in up
to 70% of human cancers by many different mechanisms, such as
altered protein stability, gene amplification, chromosomal trans-
location, mutation, and loss of p53 [82–88]. Given its crucial role in
cancer formation, progression, and maintenance, MYC is recog-
nized as an ideal target for treating malignancy [89]. However,
MYC has been traditionally considered as undruggable due to the
lack of defined binding pocket, intrinsically disordered structure,
nuclear localization, and its essential function in multiple
physiological regulations [78, 79]. Despite these challenges,
several strategies targeting MYC to treat cancers have been
developed in recent years.
One of the well-studied strategies is to inhibit MYC expression

by epigenetic regulation. Bromodomain-containing protein 4
(BRD4), as a chromatin reader, can interact with a large number
of TFs directly [90]. Besides, BRD4 can bind to acetylated
nucleosomes located in the vicinity of TF-occupied enhancers
and promoters to boost TF-mediated activation without direct TF
interactions [90]. BRD4 inhibitors have been shown to down-
regulate the expression of MYC and exhibited anti-tumor activity
in various animal models [91–93]. To date, several small molecules,
including GSK525762, CPI-0610, ABBV-075, and AZD5153 that
target BRD4 have advanced into clinical trials to treat hematolo-
gical and solid tumors [94].
Besides the application of small-molecule compounds, various

nucleic acid-based strategies have also been developed to target
the expression of TFs. For example, siRNA molecules have been
used to inhibit MYC expression as well as some other TFs, such as
the signal transducers and activators of transcription 3 (STAT3)
and HIF-1α [95, 96]. In addition, the cutting-edge CRISPR/Cas
technology is also employed to target TFs by gene editing
(deletion) for the treatment of certain diseases [97]. Interestingly,
recent studies have shown that multiple highly structured mRNAs
possess pockets with properties suitable for small molecules
recognition, providing a new strategy for targeting the expression
of TFs [98].

Targeting the PTMs of TF
The post-translational modifications (PTMs) such as ubiquitination,
hydroxylation, methylation, acetylation, and phosphorylation, play
pivotal roles in orchestrating the TF activities from various aspects,
including their subcellular localization, protein stability, protein-
protein interactions and sequence-specific DNA binding [99].
Therefore, these multiple PTMs of TFs provide a large number of
potential therapeutic targets for the treatment of various diseases
[100].
The Janus kinase (JAK)/STAT signaling pathway mediates

various cellular processes, including cell proliferation, inflamma-
tory response, stem cell maintenance, and differentiation [101].
STATs phosphorylated by JAKs subsequently translocate into the
nucleus and mediate downstream gene transcription. Aberrant
activation of the JAK/STAT pathway has been observed in different
immune-mediated diseases and cancers [102, 103]. Since JAKs act
upstream of STATs along the signaling axis, targeting JAKs to
block the JAK/STAT signaling pathway is feasible. The JAK
inhibitors, baricitinib, filgotinib, tofacitinib and upadacitinib have
been approved to treat rheumatoid arthritis, while fedratinib and
ruxolitinib have been approved for the treatment of myelofibrosis.
As mentioned above, another representative PTM-targeting

strategy is the inhibition of HIF-α hydroxylation by the PHD
enzymes, which is an indirect way to activate the HIF-2α signaling
pathway (Fig. 2). PHD inhibitors have been developed mainly by
the structure-based drug design (SBDD) method and inhibit PHD
catalytic activities by binding to the ferrous-iron-containing active
site [104]. Roxadustat is the first approved PHD inhibitor, which
was launched in China in 2018 to treat renal anemia in CKD. In
August 2021, roxadustat was also approved by European
Commission. Other PHD inhibitors, including daprodustat, vada-
dustat, enarodustat and molidustat have also been approved in
Japan with the same indication as roxadustat.

Targeting interactions between TF and DNA
DNA alkylating drugs have been used in clinical to treat cancers
for almost 70 years, as the first class of drugs targeting DNA [105].
In the past two decades, many new advances have been made in
the development of small molecules that can bind to DNA
specifically to regulate TF activities [106]. For example, Hiroshi
Sugiyama’s group recently developed a novel class of artificial TF-
mimicking chemicals based on pyrrole-imidazole polyamides,
which could target specific DNA sequences and regulate gene
expressions [107]. However, to date no DNA-binding small
molecule as the regulator of TF has been approved due to its
poor specificity.

CONCLUSION AND PERSPECTIVE
The development of TF-targeting drugs has been a successful
achievement in the past decades, with multiple small-molecule
drugs being approved or entering clinical trials. However,
targeting TFs selectively and efficiently is still full of challenges.
One of the reasons is the insufficiency of structural information of
TFs, especially for those containing intrinsically disordered regions
[108]. Since TFs are generally targeted by small-molecule
chemicals (rather than large-molecule biologicals) due to their
intracellular localization, it is crucial to obtain three-dimensional
structures of TFs and identify proper ligand-binding sites for the
design and discovery of drugs directly targeting those TFs. X-ray
crystallography has produced numerous TF protein structures
since 1950s. It has been a dominant tool to get protein structures
until the advent of cryo-electron microscopy (cryo-EM). Although
the most comprehensive structures of full-length ER or AR in
complex with their large coactivators solved by cryo-EM are
currently suffering from the low resolutions (>10 Å) [109–111], it is
still very hopeful to reveal the detailed structural basis of how TFs
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interact with coactivators, corepressor or other partners in the
near future, possibly by the improved sample preparation and
upgraded microscopy. In addition to the experimental approaches
to solve protein structures, machine-learning algorithms have
made a significant breakthrough in determining a protein’s
structure based on its amino-acid sequence. AlphaFold2, devel-
oped by Google AI offshoot DeepMind, has recently demonstrated
very high accuracy in protein structure modeling [112, 113].
Meanwhile, David Baker’s group developed a deep-learning
approach-based algorithm called RoseTTAFold to generate
structure models [114]. As for the characterization of intrinsically
disordered proteins, it is usually more suitable to combine NMR
spectroscopy and molecular dynamics approaches [115–117]. All
these above techniques are still more or less evolving to better
illustrate the structural pictures of TFs, providing more information
and even guidance to the future design of drugs targeting TFs
directly or indirectly.
Another challenge comes from the lack of efficient screening

platforms and functional assays for TFs. Unlike enzymes whose
activities often can be tested biochemically, the transcriptional
activities of TFs usually can only be measured in a cellular system
by approaches such as qPCR of target genes and luciferase
reporter assays. Therefore, traditionally the majority of high-
throughput screenings for TF-targeting small-molecule drugs are
transcription activity-based cellular platforms, which tend to show
a relatively high off-target rate and often need further confirma-
tion on the mechanism of action for hit compounds. As a result, a
variety of biochemical screening strategies based on direct
interactions have been widely adopted to discover new TF
modulators with high throughput in recent years, such as the
thermal shift assay [118], affinity selection-mass spectrometry (AS-
MS) [119], SPR [120], and small molecule microarrays [121]. In
addition, the incorporation of DNA-encoded libraries (DELs) in
screenings has been an emerging technology [122]. It is
noteworthy that the positive compounds obtained from the
above direct interaction-based screenings need to be tested again
using proper functional assays for their abilities to modulate TF
activities. Nevertheless, compounds binding to definite TF targets
can also be used in the development of PROTAC molecules.
Finally, a comprehensive understanding of the physiological

functions of TFs, especially their causal relationships with a specific
disease, is crucial for the drug development. Given the complexity
of multiple signaling pathways converging at TFs, the optimal
strategy to target a specific TF directly or indirectly has to be
chosen in the context of potential crosstalk between pathways.
Small-molecule modulators of TFs or related proteins in their
pathways are very useful and convenient tools to help explore TF
functions. Since many NR-targeting drugs are derivatives of
endogenous NR ligands, identifying new intrinsic cellular ligands
of TFs would be a key breakthrough for both functional study and
drug design. Along with the knowledge accumulation of TF
biological functions and technology advancement of hit com-
pound discovery, more previously “undruggable” TFs will become
amenable targets for new “first-in-class” drugs.
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