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The dynamic nature of histone post-translational modifications such as methylation or acetylation makes
possible the alteration of disease associated epigenetic states through the manipulation of the associated
epigenetic machinery. One approach is through small molecule perturbation. Chemical probes of epige-
netic reader domains have been critical in improving our understanding of the biological consequences
of modulating their targets, while also enabling the development of novel probe-based reagents. By
appending a functional handle to a reader domain probe, a chemical toolbox of reagents can be cre-
ated to facilitate chemiprecipitation of epigenetic complexes, evaluate probe selectivity, develop in vitro
screening assays, visualize cellular target localization, enable target degradation and recruit epigenetic
machinery to a site within the genome in a highly controlled fashion.
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Chemical probes have become instrumental tools for the biological community as they can be used to elucidate
the roles of their molecular targets in biology and evaluate the therapeutic significance of a wide array of protein
classes [1–3]. Such a chemical genetics approach allows for concrete conclusions to be drawn regarding the biological
outcome of direct chemical inhibition of a specific domain within a target, in contrast to traditional genetic
approaches such as shRNA which ablate the entire protein [4–6]. Specifically, the need for chemical probes for
epigenetic protein targets has been fueled by the emergence of epigenetic proteins as potential therapeutic targets
in a wide range of diseases [7,8]. A plethora of high-quality chemical probes have been described in recent years
for all classes of epigenetic proteins – the readers, writers and erasers – and their utility in biological systems has
been reviewed extensively [9–13]. We and others have focused on the development of chemical probes for epigenetic
reader domains that bind acetyl-lysine (Kac) and methyl-lysine (Kme), and bromodomain antagonists are perhaps
the poster child for the ‘probe-to-biology-to-drug’ revolution in chromatin regulation [9,14].

Despite remarkable successes with bromodomain ligands and other reader antagonists, the development and
use of epigenetic reader chemical probes has also revealed some limitations. First, achieving complete selectivity
for a member of an epigenetic reader family has proven challenging in some cases, which can make validation
of a single target in disease difficult [1,5]. Chromatin reader families such as the bromo- and extra-terminal
domains (BET) and chromodomains exemplify this challenge as homologs often exhibit high sequence similarity
and conserved binding motifs [15–17]. While we have employed target class screening strategies involving both
negative selections and competitor exchange kinetics in an attempt to circumvent this, exquisite selectivity often
remains difficult [18]. Second, some families of Kme reader proteins bind their substrate via a surface groove binding
mode, characterized by a wider, more accessible binding pocket and often an extensive hydrogen bond network
between the reader domain and the peptide backbone of the endogenous substrate [19]. As a result, the development
of peptidomimetic chemical probes which preserve these native interactions to gain high affinity is an attractive
strategy in targeting these domains; however, peptidic ligands often suffer from poor cell permeability which can
make achieving effective cellular concentrations difficult [1,18]. Finally, the noncatalytic nature of chromatin reader
domains can make the evaluation of cellular inhibition via a chemical genetics approach less straightforward.
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Figure 1. Functionalization of chemical probes enhances their utility. The addition of a variety of functional handles
to previously characterized chemical probes allows for their use in a wide array of biological and biochemical
platforms.

Similarly, chromatin reader domains are often part of large multidomain proteins which participate in intricate
protein complexes and localize to chromatin in a multivalent manner [20], and such multivalent-binding modes can
make eliciting a biological response as a result of antagonism of a single reader domain difficult [21–24].

Although epigenetic reader probes often have these inherent limitations, they have enabled the community to
investigate understudied targets from this protein family in a way that would have otherwise not been possible.
Importantly, their utility can be greatly expanded through the creation of chemical tools, or chemical probes
functionalized with a unique handle to enable applications beyond just target antagonism (Figure 1). This can
allow probes to facilitate a greater breadth of biological experiments, as well as novel assays for the identification of
new ligand starting points. Herein, we describe advancements in the use of chemical tools derived from chemical
probes, with a focus on epigenetic reader probes. We will specifically concentrate on applications that have been
uniquely facilitated by such tools to enable biological discovery.

Biotin: the utility knife of chemical biology
One of the most ubiquitous handles in chemical biology is biotin. The small size of the compound paired with
its high, covalent-like affinity (Kd = 10-14 M) and multivalent (4:1) binding with streptavidin makes it a powerful
tool for affinity-based applications [25]. Biotin can be affixed to a probe via a variety of functional groups and often
a polyethylene glycol (PEG) linker of varying lengths is included as a spacer between the biotin handle and the
parent probe (Figure 2A). This linker generally allows the chemical probe to bind its target unencumbered by the
biotin tag. As with most functional handles, the positioning of the PEG-biotin is critical to avoid diminishing
target binding and often guided by extensive structure–activity relationships (SAR), x-ray or NMR structural data,
or molecular modeling. In our laboratory, we have been able to take advantage of the surface-groove binding mode
of our peptidomimetic chemical probes that target the Kme reader chromodomain family and affix PEG-biotin
tags to the C-terminus which is largely solvent exposed. In the case of UNC3866, a chemical probe for the PRC1
chromodomains (dissociation constant (Kd) of ∼100 nM for CBX4 and -7), only a two-fold reduction in binding
potency for the target proteins is observed upon addition of PEG11-biotin [26].

Chemiprecipitation-based applications
One of the most common applications of a biotinylated probe is its use as a chemiprecipitation reagent (Figure 2B).
Such pull-down experiments from cell lysates have become a powerful method to confirm probe interaction with its
target protein in a complex cellular environment. We and others have used this technique to demonstrate that epige-
netic reader probes engage their endogenous, full length protein targets by either western blot analysis or proteomics,
whereas biophysical assays are generally conducted with recombinant protein and isolated domains [15,26–28]. This
method is especially powerful as extremely high potency is not necessarily required for effective chemiprecipitation.
Furthermore, through addition of the parent probe as a soluble competitor to block pull-down of the target(s), the
specific nature of the interaction can be further demonstrated [15,26,27]. In the case of UNC3866, whole cells were
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Figure 2. Applications of biotinylated reader domain chemical probes. (A) The general structure of a chemical probe
(orange star) tagged with biotin (green circle), with the two moieties connected via a PEG-linker (yellow oval). (B)
Biotin tagged probes targeting reader domains are capable of pulling down intact protein complexes as determined
by western blot or proteomics analysis. (C) The genomic localization of the probe and its target reader protein can be
assessed via Chem-seq which couples chemical affinity capture via a biotinylated ligand with massively parallel DNA
sequencing. (D) Biotinylated chemical tools can serve as tracer ligands in in vitro TR-FRET assays to screen for new
reader domain ligands and evaluate ligand potency to establish SAR. (E) Protein microarrays can be used to assess
chemical probe selectivity within the reader target class by incubation with a biotinylated chemical tool and
visualization with fluorescent streptavidin.
FL: Fluorophore; PEG: Polyethylene glycol; SA: Streptavidin; SAR: Structure–activity relationships; TR-FRET:
Time-resolved fluorescence energy transfer.

incubated with increasing concentrations of chemical probe prior to lysis and chemiprecipitation. The ability of
UNC3866 to block chemiprecipitation of CBX7 with biotinylated UNC3866 additionally highlighted its ability
to penetrate the cell membrane and engage endogenous CBX7 in whole cells [26].

Biotinylated chemical tools can also enable the pull-down of intact protein complexes of which the target
is a member, confirming that the probe engages its target in the context of its protein partners. For example,
biotinylated UNC3866 was shown to effectively chemiprecipitate core components of PRC1 (RING1B, BMI-1
and HPH2) through direct engagement with the CBX chromodomains [26]. Interestingly, although UNC3866
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is capable of interacting with all five polycomb CBXs in vitro, biotinylated UNC3866 selectively pulls down
endogenous CBX4, -7 and -8 and is unable to engage CBX2 or CBX6 in this context, perhaps due to the
inaccessibility of the chromodomain-binding site within PRC1, suggestive of potential differences between the
CBX homologs within a cellular environment. Ligands for EED, the Kme reader component of PRC2, including
EED226 and UNC5114 have also been biotinylated and shown to pull-down all core PRC2 components including
EED, EZH2 and SUZ12 from cell lysates by both western blot and chemoproteomics [27,29]. Importantly, the
ability to chemiprecipitate protein complexes allows these chemical tools to be utilized in an unbiased fashion for
the discovery of new protein partners of the target of interest via analysis by mass spectrometry [30,31]. Similarly,
such an unbiased chemoproteomics approach can also be critical in broadly evaluating chemical probe selectivity
as it enables unanticipated targets of the probe to be identified. Subsequent co-immunoprecipitation experiments
can be performed to distinguish between proteins that are identified via chemoproteomics due to interaction with
the primary target versus direct interaction with the biotinylated probe.

Chemical inhibitor-based ChIP
As epigenetic reader proteins continue to reveal their relevance in cancer and the potential benefits from small
molecule intervention are becoming increasingly clear, it is important to understand how chemical probes and
their targets interact genome-wide to gain better insight into global chromatin regulatory processes. Biotinylated
tool compounds can serve as synthetic alternatives to antibodies to map the direct interactions of the chemical
tool and its target(s) with chromatin throughout the genome (Figure 2C). Utilizing a biotinylated derivative of
the BET bromodomain inhibitor JQ1, Anders et al. demonstrated genome-wide localization of the chemical tool
and BRD4 uses a method that combines ligand affinity capture and massively parallel DNA sequencing known as
Chem-seq [32,33]. In this experiment, live cells were incubated with biotin-JQ1 followed by chemical cross-linking
of chromatin bound proteins to DNA and isolation and fragmentation of the DNA. DNA sequences associated
with biotin-JQ1 were then enriched using streptavidin beads and identified via sequencing to be mapped to the
genome. Importantly, comparison of these results with those generated via ChIP-seq with antibodies for BRD2,
BRD3 and BRD4, the biological targets of JQ1, revealed that biotinylated JQ1 was localized to sites of actively
transcribing genes that were also occupied by the BRD isoforms. It should be noted that there remains the possibility
that biotinylated ligands targeting epigenetic reader domains will dislodge their protein target from chromatin,
particularly if there are no other chromatin interacting domains to facilitate protein localization in the presence
of the inhibitor. In this case, cells can be fixed prior to addition of the biotinylated chemical tool. This approach
is also more amenable to biotinylated chemical tools that lack sufficient cellular permeability to achieve necessary
intracellular concentrations. Tyler et al. implemented a similar strategy, and in order to circumvent potential
permeability issues they synthesized JQ1 with a chemically reactive moiety to ‘build’ the biotinylated JQ1 tool
molecule intracellularly via bioorthogonal chemical ligation by click chemistry [34]. Overall, this method highlights
the potential for biotinylated chemical tools to enhance our understanding of probe-binding sites through the
genome and the mechanisms by which probes alter gene expression programs.

Development of novel screening assays
While the applications discussed above largely focus on the use of biotinylated tools to improve biological un-
derstanding of their epigenetic reader targets, these reagents can also be extremely valuable for the development
of novel assays. In contrast to the enzymatic writer and eraser target classes, the development of high-throughput
in vitro assays for reader proteins is uniquely challenging in part because of their lack of catalytic activity which
obviates substrate conversion assays. Assay development for epigenetic readers is also hindered by the relatively low
affinity of reader domains for their cognate histone targets, with dissociation constants in the mM range for some
proteins. This can make achieving a useful assay window and practical protein concentrations for high-throughput
screening difficult [35]. Therefore, the use of functionalized chemical tools to improve existing assays and develop
new assays to screen for novel hits compounds is of great significance in the field of epigenetics.

A recent paper from Rectenwald et al. describes a general platform for screening methyl-lysine reader domains
using a Time-Resolved Fluorescence Energy Transfer assay (Figure 2D) [36]. This is a proximity-based assay that
relies on the interaction between a biotinylated tracer ligand and 6X-His tagged protein to initiate energy transfer.
The Time-Resolved Fluorescence Energy Transfer assays that were developed for the chromodomains of CBX2,
CBX4, CBX7, CBX8 and CDYL2 made use of biotinylated UNC3866 as a potent bait ligand. In each case,
the higher affinity of this inhibitor-based chemical tool for the chromodomain relative to biotinylated histone

10.4155/fmc-2019-0274 Future Med. Chem. (Epub ahead of print) future science group



Getting a handle on chemical probes of chromatin readers Review

peptides (e.g., H3K9me3 and H3K27me3) allowed for a significant reduction in the amount of protein and other
reagents required for the assay, while similarly increasing the assay throughput. A focused screen of CBX2 using this
assay produced UNC3866 as a top hit as expected, and encouragingly, the IC50 value matched favorably with the
previously reported Kd determined by isothermal titration calorimetry [26]. Therefore, a single biotinylated chemical
tool enabled the development of a suite of robust assays to screen for novel chromodomain inhibitors in a target
class fashion [18].

Protein microarray approaches
Protein microarrays can be useful tools in evaluating ligand selectivity or binding trends within a target class.
Although rarely quantitative, they provide a rapid and inexpensive means to profile ligand binding across a large
number of purified protein targets. Bedford and colleagues have developed extensive arrays for epigenetic readers,
spanning more than 200 domains and numerous protein families in some cases [37,38]. Using GST fusion proteins
immobilized on glass slides, binding to biotinylated ligands can be detected via incubation with fluorescently tagged
streptavidin (Figure 2E). We and others have utilized this technology in conjunction with our biotinylated tool
compounds to facilitate broad profiling of Kme reader chemical probes. For example, a microarray that contained
close to 100 chromatin effector proteins was incubated with biotin-UNC3866 which yielded a preliminary
qualitative assessment of the molecular targets of UNC3866 [26]. These results were then followed up with a
quantitative analysis of the binding affinities by isothermal titration calorimetry.

A similar approach was taken to evaluate the selectivity of UNC1215, a Kme reader chemical probe that targets
the MBT domains of L3MBTL3 [28]. In this case, despite validation in numerous orthogonal assays, binding
between biotin-UNC1215 and L3MBTL3 was not observed on the array. A similar result was obtained with
biotinylated H4K20me2, the endogenous substrate of L3MBTL3. This could be due to instability or improper
folding of L3MBTL3 upon immobilization to the surface, inaccessibility of the protein binding site or protein
precipitation from freeze/thaw cycles, among other things. Therefore, while this method is a powerful approach to
examine ligand selectivity within the reader domain protein class using biotinylated tools, negative results can be
difficult to interpret.

Protein microarrays can also be powerful target class screening tools for the discovery of inhibitors with unique
selectivity profiles. Bae et al. utilized a microarray of 98 Kme reader proteins to screen a series of biotinylated
UNC1215 analogs [39]. This ‘library-on-library’ screening approach led to the discovery of compounds with either
increased or decreased specificity relative to UNC1215, and in one case, a compound was identified that interacted
with the Tudor domain containing protein SPIN1. Follow-up structural studies facilitated the rational design of
SPIN1 inhibitors with increased potency and selectivity. This study highlights the ability to use this platform and
biotinylated chemical tools for Kme reader domains to ‘target-hop’ and identify ligands with unique selectivity
profiles for further development into novel chemical probes.

Lighting up chemical probes with fluorophores
Fluorescent labeling of chemical probes creates powerful tools for a variety of applications in chemical biology and
their uses have been extensively described [40–42]. From subcellular localization to assay development, fluorescent
small molecules allow for a unique set of scientific inquires to be addressed with relative ease. Further, a wide array of
fluorophores are available to develop such bioorthogonal tools which range in chemical structure, physiochemical
properties and excitation and emission wavelengths in order to tailor the tool for a desired application [43]. For
example, great consideration was taken in the selection of mero76, a cell penetrant long wavelength merocyanine
dye, to functionalize UNC1215 [28,44]. The choice of this dye was driven by the desire to achieve a cell permeable and
cell stable fluorescent tool to examine the colocalization of UNC1215 with GFP tagged L3MBTL3 and demonstrate
cellular target engagement. Additionally, there is little spectral overlap between GFP and mero76 [40]. Using this
fluorescent chemical tool, it was shown that mero76-UNC1215 colocalizes with full length L3MBTL3 in cells and
that this interaction was compound dependent (Figure 3). Furthermore, the fact that mero76-UNC1215 did not
displace GFP-L3MBTL3 from its nuclear loci revealed that the Kme-binding function of L3MBTL3 is likely not
the only element contributing to the nuclear localization of L3MBTL3. This study represents an excellent example
of utilizing a fluorescent chemical tool to better demonstrate cellular target engagement of the chemical probe. In a
separate study, live cell imaging of BRD4 was achieved by functionalizing JQ1 with a dual tag containing a diazirine
and a cyclopropane moiety, which could facilitate both chemical cross-linking with BRD4 via UV irradiation and
fluorescent labeling of BRD4 using copper-free bioorthogonal chemistry in situ, respectively [45].
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Figure 3. Fluorescent chemical probes demonstrate cellular target engagement. UNC1215 was tagged with the cell
penetrant, long wavelength merocyanine dye mero76 and mero76-UNC1215 was shown to colocalize with
GFP-L3MBTL3, indicating that UNC1215 engages its target in cells. Localization of mero76-UNC1215 was perturbed
with the addition of untagged UNC1215.

Fluorescent conjugation can also be used to facilitate fluorescence-based assays and screening applications for
epigenetic reader proteins in a similar fashion to the biotinylated tool compounds discussed above. Barnash
et al. describe the development of a peptidomimetic combinatorial screening strategy to identify ligands for the
chromodomain containing protein CDYL2 [15]. Here, hit compounds identified in the screen were synthesized
with an alkyne moiety at the C-terminus for further modification through click chemistry to append fluorescein.
The binding affinities of these ligands for a panel of seven closely related chromodomain containing proteins
were then determined by fluorescence polarization to simultaneously evaluate potency and selectivity within the
family [46]. Fluorescent analogs of reader inhibitors can also be utilized as tracer ligands in competition-based assays
to screen for novel binders or evaluate SARs in a more high-throughput fashion. This was nicely demonstrated with
a peptidic inhibitor of EED (compound 3) identified by combinatorial chemistry which was C-terminally labeled
with fluorescein to enable a robust EED fluorescence polarization assay and establish SAR trends [27].

Targeted protein degradation with bivalent degraders
Epigenetic chemical probes can be powerful assets in elucidating the roles of their targets in chromatin biology;
however, the noncatalytic and multivalent nature of reader proteins can often result in uncertainty as to whether or
not potent reader domain ligands will elicit a strong biological response [9,28,47]. An emerging strategy in chemical
biology is the use of bivalent degrader compounds to hijack the cell’s ubiquitin ligase and proteasome machinery
to degrade a protein of interest (POI) rather than simply inhibit its function. This approach has been extensively
reviewed elsewhere for a variety of protein classes and targets [48–54]. The basic architecture of a bivalent degrader
involves three core components: a ligand that binds the POI targeted for degradation, a linker moiety and a ligand
that recruits an E3 ubiquitin ligase. Unlike biotin and fluorophore handles, which can be appended to a ligand
without too much concern for the length or composition of the linker connecting the two moieties, the two ligands
of a bivalent degrader must be linked in a precise fashion to facilitate the formation of a ternary complex and
subsequent ubiquitination of the POI.

Bivalent degraders are attractive for targeting chromatin reader proteins when high-quality ligands are sparse and
inhibition alone does not result in a strong phenotype [10,50]. Further, the catalytic nature of bivalent degraders can
circumvent potential limitations associated with weak-binding ligands, as achieving extremely high potency for Kme
reader domains can be particularly challenging. Interestingly, bivalent degraders have also been shown to invoke
highly selective degradation independent of ligand selectivity [50]. This is particularly relevant for chromatin reader
proteins where exquisite target selectivity within a family of homologs can be hard to achieve with small molecules.
For example, despite the immense investment in ligands for BET bromodomains in recent years, a high-quality
chemical probe that selectively inhibits BRD2, BRD3 or BRD4 has yet to be realized. Despite this challenge,
Zengerle et al. recently demonstrated the selective degradation of BRD4 with their bivalent degrader MZ1 which is
composed of the BET chemical probe JQ1 linked to a recruiter of the von Hippel-Lindau (VHL) E3 ubiquitin ligase
(Figure 4A). While MZ1 is capable of degrading all three BET bromodomains at high concentrations (1 μM),
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Figure 4. Bivalent degrader approach affords selective degradation of BRD4. (A) Structure of the bivalent degrader,
MZ1, which contains a bromo- and extra-terminal domain targeting ligand (JQ1) and a ligand for VHL. (B) MZ1
achieves selective degradation of BRD4 even though JQ1 is about equipotent for BRD2, BRD3 and BRD4.
VHL: von Hippel-Lindau.

incubation with lower concentrations of MZ1 revealed selective degradation of BRD4 over BRD2 and BRD3
(Figure 4B). Remarkably, through the development of this JQ1-based bivalent chemical tool, one now has the
ability to specifically interrogate BRD4-mediated biology in a way that was previously not possible [55]. Building on
this success, Gadd et al. solved a structure of the BRD4-MZ1-VHL ternary complex and utilized structure-based
design to rationally develop novel BRD4 degraders which exhibit enhanced efficacy and selectivity in cells [56].
Importantly, BET targeted chemical degraders have demonstrated improved efficacy over their chemical probe
counterparts in various disease models suggesting a potential clinical advantage. For example, using the pan-BET
degrader ARV-771, Raina et al. found that BET degradation resulted in dramatically improved efficacy in cellular
models of castration-resistant prostate cancer and a castration-resistant prostate cancer mouse xenograph model as
compared with BET inhibition alone [57].

Chemical probes targeting other bromodomains have also been successfully tagged to facilitate target degradation.
Bassi et al. demonstrated that while small molecule inhibition of the bromodomains of PCAF/GCN5 using the
potent binder GSK4027 (IC50 = 50 nM) showed little effect on modulating cytokine production, a PCAF/GCN5
chemical degrader (GSK983) effectively modulated the expression of multiple inflammatory cytokines mirror-
ing PCAF-deficient immune cells [58]. In another study, ligands for the bromodomains of the SMARCA2 and
SMARCA4 ATPases enabled the development of potent degraders of these BAF complex subunits. Encouragingly,
degradation of SMARCA2 and SMARCA4 with ACBI1 led to pronounced antiproliferative effects and cell death
across multiple cancer cell lines, suggesting that this may be a viable strategy to treat tumors sensitive to the loss of
SMARCA2 and -4 [59].

Bromodomain containing proteins have been more widely targeted using this chemical degradation strat-
egy largely due to the increased availability of bromodomain chemical probes and clinical candidates in some
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cases [14,54,60–64]; however, this approach could be equally powerful in unlocking the therapeutic potential of other
classes of chromatin readers such as Kme reader proteins. We recently reported UNC6852, a first-in-class chemical
degrader of PRC2 which is composed of the potent EED ligand EED226 linked to the VHL ligand VH032 (Fig-
ure 5A) [65]. UNC6852 is capable of selectively degrading EED as well as the other core PRC2 components SUZ12
and EZH2, as confirmed by proteomics analysis (Figure 5B). Further, UNC6852 results in a decrease in H3K27me3
which is installed primarily by PRC2 and reduced cell proliferation in DB cells harboring an EZH2Y641N gain of
function mutation. This study provides confirmation that Kme reader proteins can be successfully targeted through
a bivalent degrader approach and suggests that this strategy can be extended to other members within this target
class.

Directing biological activity: genomic targeting of epigenetic reader probes
When tagged with the appropriate machinery, the utility of epigenetic reader probes can be further expanded
through their ability to recruit endogenous chromatin modifying complexes to targeted loci in order to regulate the
expression of target genes (Figure 6A). Such applications of epigenetic bioengineering at the interface of chemistry
and biology which combine the flexibility of pharmacologic manipulation with the specificity of DNA-binding
elements are of great interest [66,67]. Additionally, they can provide attractive alternatives to using genetic fusion
proteins for genomic localization. In recent years, numerous research groups have taken complimentary approaches
to achieve genomic targeting of epigenetic reader probes, often in a temporal fashion, in turn hijacking the
cells natural machinery, manipulating the epigenetic landscape and allowing for loci-specific alterations of gene
expression [68]. Importantly, these approaches may inform new therapeutic strategies to target a variety of disease
states caused by transcriptional dysfunction.

Synthetic transcription factors
Natural transcription factors typically bind near a gene and recruit associated transcriptional machinery to nearby
promoters through unique protein–protein interactions resulting in increased gene expression [69]. The genomic
‘address’ of transcriptional regulation is largely determined by the DNA-binding domain of the transcription
factor [69,70]. The use of synthetic transcription elongation factors (Syn-TEFs) to control cell fate is an emerging
technology [66,71]. Syn-TEFs can be designed to specifically regulate the genomic location and timing of transcrip-
tion, allowing for a level of control not achievable by simple overexpression of transcription factors [66,72]. Syn-TEFs
are bivalent molecules composed of a DNA-binding domain that can be tailored for a specific promoter sequence
and a small molecule ligand, tethered by a linker region [70]. Pyrrole- and imidazole-based polyamides have emerged
as a unique class of synthetic DNA binders as they can be programmed to bind specific DNA sequences, thus
allowing for localization of Syn-TEFs and transcription elongation at targeted loci [70–75].

A landmark example from the Ansari laboratory demonstrated the ability to localize a Syn-TEF and induce
transcription in a heterochromatic environment (Figure 6B) [67]. Specifically, they utilized a Syn-TEF with a DNA-
binding domain that targeted a GAA repeat to enable transcription of the frataxin (FXN) gene, which is held in
a heterochromatic state in Friedreich’s ataxia (FRDA), a terminal neurological disorder [76]. The DNA-binding
domain was tethered to JQ1 to localize BRD4 to the FXN gene, as BRD4 binds to areas of active transcription and
engages P-TEFb to stimulate transcription through phosphorylation of Pol II [77,78]. Upon treatment of FRDA
cells with the JQ1-derived Syn-TEF, FXN expression was selectively activated in a dose-dependent manner without
altering BRD4 occupancy at endogenous loci and global transcriptome profiles. Furthermore, these results were
recapitulated in primary cells derived from FRDA patients and in mice transplanted with human cells carrying
an FXN-Luc gene. Overall, Syn-TEFs are powerful chemical biology tools enabled by high-quality chemical probes,
particularly epigenetic reader probes such as JQ1 which can recruit transcriptional machinery to chromatin in a
precise fashion to alter transcription.

dCas9 targeting systems
The development of technologies utilizing the DNA-binding protein Cas9 and its mutant analog which lacks
endonuclease activity (dCas9) have similarly allowed for genomic-specific alterations in gene expression [68,79–

85]. Recently, the Muir laboratory utilized a unique split intein-mediated protein trans-splicing technique to site
specifically link dCas9 with chemical probes to recruit chromatin-binding proteins at specific genetic elements
(Figure 6C) [84,86]. This method has the distinct advantage over standard bioconjugation techniques in that it can
be performed in cell media allowing for delivery of the reaction product directly to cells. They utilized the epigenetic
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ubiquitylation marks the complex for degradation and it is recruited to the proteasome, resulting in degradation of
the core PRC2 components (EZH2, EED and SUZ12).
VHL: von Hippel-Lindau.
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CEM: Chemical epigenetic modifiers; FXN: Frataxin
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reader probes JQ1 and UNC3866 as synthetic cargo to recruit their target reader domains (BET bromodomains and
PRC1 chromodomains, respectively) to specific genomic loci and in turn harness endogenous cellular transcriptional
machinery. A two-hybrid luciferase-based assay under the control of a Gal4 promoter revealed that dCas9-JQ1
could localize to its target Gal4 sequence and initiate transcription through the recruitment of endogenous BET
proteins. Additionally, they were able to demonstrate genomic localization of endogenous BRD4 by ChIP-qPCR.
Similarly, dCas9-UNC3866 was capable of selectively recruiting PRC1 machinery to target sites. This method can
be easily expanded to include a variety of chemical cargos to generate a unique set of probe-based tools to study
nuclear processes and highlights the ability to direct an epigenetic chemical probe to a specific region of chromatin
using the dCas9-targeting vehicle.

Chemical epigenetic modifiers
A similar system exploiting the power of dCas9 was recently developed by the Hathaway laboratory which utilizes
chemical epigenetic modifiers (CEM). CEMs are gene-regulating bifunctional molecules consisting of an epigenetic
probe that can recruit chromatin machinery tethered to a ligand that binds to a DNA-protein anchor, which in
this case is FK506, a potent ligand for FKBP (Figure 6D). Through the use of a dCas9-FKBP fusion protein,
the CEMs can be targeted to any genomic location [83]. CEMs are highly tunable reagents and have the added
advantage of being cell permeable via passive diffusion. CEMs have recently been developed incorporating a variety
of bromodomain chemical probes including those for the BET bromodomains, CBP/p300 and BRPF1, all of
which are associated with euchromatin and active transcription [87]. In each case, a significant increase in gene
activation was seen upon CEM addition in a dose-dependent and gene-specific manner. Specifically, all CEMs were
capable of inducing expression of endogenous target gene MYOD1 at nanomolar concentrations, with the BET
bromodomain recruiting CEM (CEM87) showing the greatest activity. This highlights the value of being able to
easily utilize a variety of CEMs to tailor the expression of endogenous genes. Additionally, ChIP-seq analysis for
BRD4 at the MYOD1 gene post CEM87 treatment showed genomic localization consistent with MYOD1 target
sites.

Conclusion & future perspective
The development of a high-quality chemical probe for an epigenetic reader domain is an immense accomplishment
in its own right; however, it is clear that the innovation need not stop there. While epigenetic reader probes have
the potential to aid in validating new targets, increase biological understanding of these targets, and translate into
compounds of therapeutic value, their utility can be greatly expanded through the generation of tools based on
the probe. The diverse handles that can be appended to a probe to create bivalent molecules are not limited to
those discussed herein; yet, is remarkable how much can be accomplished through the addition of a simple biotin
tag. Furthermore, recent chemical genetic approaches facilitated by probe-based protein degraders and epigenetic
bioengineering strategies using probes to tightly regulate gene expression patterns truly epitomize chemical biology
and highlight the importance of this field. Notably, the development of such epigenetic tool compounds to enable
further biological discovery has largely been facilitated thanks to the disclosure of chemical probes to the scientific
community. By continuing to make novel, first-in-class probes publicly available, we can undoubtedly depend
on the creativity of the chemical biology community to develop innovative tools and probe-based applications to
further promote scientific discovery.
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