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The aberrant function of chromatin regulatory networks (epigenetics) is a hallmark of cancer promoting oncogenic
gene expression. A growing body of evidence suggests that the disruption of specific chromatin-associated protein
complexes has therapeutic potential in malignant conditions, particularly those that are driven by aberrant
chromatin modifiers. Of note, a number of enzymatic inhibitors that block the catalytic function of histone modifying
enzymes have been established and entered clinical trials. Unfortunately, many of these molecules do not have
potent single-agent activity. One potential explanation for this phenomenon is the fact that those drugs do not

profoundly disrupt the integrity of the aberrant network of multiprotein complexes on chromatin.
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| 1. Introduction

The genomic DNA in eukaryotic cells is wrapped around a core histone octamer composed of Histone H2A (H2A),
Histone H2B (H2B), Histone H3 (H3), and Histone H4 (H4) [H[2E], This complex of DNA and histones is compacted
at different densities to chromatin, ranging from a simple chain of DNA and histones to highly condensed
metaphase chromosomes BIRIEIZEIL, The tight regulation of chromatin condensation and de-condensation is vital
for a healthy organism since it is crucial for the equal distribution of genetic information to the daughter cells during
cell division L1 Fyrthermore, the state of chromatin condensation and therefore the degree of DNA accessibility,
restricts or allows transcription factors and the RNA-polymerase machinery to physically interact with the DNA.
Therefore, the stringent regulation of chromatin accessibility is a critical determinant of proper spatial and temporal
regulation of gene transcription 1281141 |y cancer cells, the healthy chromatin homeostasis is disrupted by a

variety of mechanisms promoting aberrant transcription and potentially also cytogenetic alterations [2I[L8]IL7],

The dynamics of chromatin biology are regulated by a variety of post-translational modifications at the unstructured
core-histone tails (18], These modifications involve methylation, acetylation, and phosphorylation, as well as many
other less well characterized modifications like sumoylation, ADP-ribosylation, deimination, proline-isomerization,
and crotonylation [1811191201211[22] Early studies in the field have provided evidence that histone acetylation, a mark
that is broadly associated with active chromatin, diminishes the positive charge of histones, thereby loosening the
interaction between the histones and the negatively charged phosphate groups on the DNA, resulting in increased
DNA accessibility [231241125][261127][28][29] |5 2000, Brian Strahl and David Allis suggested a groundbreaking concept
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by proposing the model of the "histone code" [22. Several observations from their and other groups prompted the
idea that the complex array of post-translational modifications on histone tails serve as a binding platform for
reader proteins and associated multiprotein complexes and thereby orchestrate a complex network of regulatory
proteins on chromatin 22[BABLB2I33]34] This concept is the basis for our current understanding of the regulatory
dynamics on chromatin involving writers, erasers, and readers of histone modifications (Eigure 1). An example is
H3K27 acetylation, which is associated with active enhancers and promotors 28, The "writers" of this mark are the
acetyltransferases p300 and CBP that deposit H3K27ac to activate specific enhancers and promotors 231361,
Histone-deacetylases (like HDAC1 and 2) serve in an antagonistic fashion as "erasers" to remove the mark and
repress these regulatory elements. BRD4, that can associate with H3K27ac nucleosomes via its bromodomain, is a
"reader" that gets recruited to active promotors and enhancers through binding to H3K27ac [BZI3839]140]
Importantly, BRD4 associates with the multiprotein-complex of the transcription machinery and is essential for the
activation of RNA-polymerase 1l (RNA-Polll) by the superelongation complex 21, Therefore, altering the function of

readers, writers, or erasers in this system will have dramatic consequences for the homeostasis of gene
transcription [4Q1421[43[44][45][46]
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Figure 1. Schematic illustrating the concept of writers, erasers, and readers on the example of the H3K27ac-mark.
Multiprotein-complexes are recruited and/or associate with reader proteins for locus specific chromatin localization.

In this example, the superelongation-complex, which is required for RNAPolll activation, associates with BRD4.

In actual physiological systems, the complexity of the protein-network generated by the histone code is

complicated, since the regulatory elements of different marks are highly interconnected. Writers and erasers of
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histone modifications get recruited by reader proteins of other histone modifications, leading to a topologically
organized array of co-existing modifications and associated multi-protein complexes that define distinct regulatory
microenvironments at specific regions on chromatin impacting transcription and 3D-chromosome architecture 47
(48][491[501[51](52]  These regulatory networks are central mediators of embryonic development, lineage determination
during differentiation and cellular homeostasis [23I541551[56](571[58](591[60][611[62](63][64](65]  Consequently, aberrant
regulation of this network is a hallmark of cancer development and progression [LZIB8IE7I68I69[70]  Several of the
recurrently detected genetic abnormalities in patients with myeloid malignancies involve epigenetic modifiers like
DNMT3A, TET2, ASXL1, EZH2, IDH1/2, KMT2A, KAT6A, KDM5A, KDM6A, or NSD1 [ZUIZ2I7374] | the recent
years, it has become clear that mutations in some of these genes arise in hematopoietic stem cells of healthy
individuals during the process of aging ZRIZEITIE] The occurrence of these mutations was found to be associated
with an increased risk to develop myeloid malignancies as well as cardiovascular disease 2I[Z2BA The application
of novel single-cell sequencing approaches in primary material from patients with acute myeloid leukemia (AML)
and myeloproliferative neoplasia (MPN) revealed that these clonal mutations in epigenetic modifiers tend to co-
occur in dominant clones of patients that ultimately developed leukemia, implicating a synergistic pathogenic
function if occurring in the same cell. Mutations in signaling molecules, on the other hand, appeared to originate
later during disease evolution and showed a tendency not to co-occur within the same clone Bl These recent
findings strongly suggest, that epigenetic rewiring in specific hematopoietic clones is the foundation for the
development of myeloid malignancies and may explain the increasing incidence of myelodysplastic syndrome
(MDS), MPN, and AML in elderly individuals. Nevertheless, no pharmacological targeting approaches that show
promise in blocking expansion and molecular progression of these pre-leukemic clones have been established yet
clinically. Gaining a better understanding of the chromatin biology during this preleukemic disease state and
developing valid predictors of progression, as well as clinically active epigenetic mono- or combination therapies,
will be a central goal to prevent leukemia development in the future. However, much progress has been made in
the preclinical and clinical development of compounds interfering with the function of chromatin modifiers for use in
patients with fully developed cancer. In both myeloid malignancies and solid cancers, several of these molecules

have entered clinical trials and show activity in a variety of diseases [Z41[E21[83][84][85]

2. Inhibition of Histone Methylation on Chromatin: Recent
Clinical Advances and Challenges

Targeting histone-methylation pattern on chromatin is a scientifically and clinically exiting opportunity to interrogate
with disease-related epigenetic programs in vitro and in vivo. Given the fact, that a very specific set of
methyltransferases and de-methylases is responsible for the deposition and removal of specific methylation-marks,
the interrogation with distinct de-regulated pattern within the histone-code is possible. In contrast, histone
acetyltransferases and deacetylases act in a more promiscuous way. Those enzymes have a very broad spectrum
of targets among histones as well as non-histone proteins. Therefore, the molecular consequences of inhibiting
those enzymes are more complex and much less specific for certain epigenetic programs. Multiple inhibitory drugs
for methyltransferases, acetyltransferases, demethylases, and deacetylases have been developed and are

currently under preclinical or clinical investigation (2. In the history of drug-discovery, much experience has been
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gathered regarding the development and evaluation of enzymatic inhibitors [E8I87I88] Those drugs act as
competitive or allosteric inhibitors of catalytically active proteins, preventing the binding of an enzyme to its target
substrate and/or disturbing the structural integrity of its catalytic center. In the epigenetic space, proteins with
enzymatic activity play a crucial role as "writers" and "erasers" of histone modifications, as discussed above.
Therefore, molecules that inhibit the activity of those proteins have the potential to specifically interfere with the
global deposition of certain histone-marks. A number of these molecules have been developed for the treatment of
hematologic malignancies and solid cancers B3, The first inhibitors of histone modifiers that have been approved
for the treatment of cancer were inhibitors of histone-deacetylases. The first-in class molecule Vorinostat was
initially approved for cutaneous T cell lymphoma B2, Drug development efforts to improve the pharmacologic
properties led to the approval of Belinostat in 2014 for T-cell lymphoma and Panobinostat in 2015 for refractory
multiple myeloma. In myeloid malignancies, HDAC inhibitors show promise in clinical trials as monotherapy or in
combination with other drugs [E3IRABLR2  ysing this class of drugs for the precise interrogation of specific
epigenetic programs/mechanisms has however remained difficult. As mentioned above, HDACs act in a
promiscuous way erasing histone acetylation broadly across the genome. Furthermore, clinically active compounds
are mostly pan-HDAC-inhibitors without particular selectivity for a specific molecule. Therefore, distinct oncogenic
signatures or somatic mutations that confer sensitivity to HDAC-inhibition have not been established. More
recently, the evolving knowledge about epigenetic mechanisms and subsequent drug development efforts have led
to the establishment of a number of inhibitors of histone-methyltransferases. Histone methyltransferases appear to
act in a more selective fashion than acetyltransferases. This class of compounds may enable scientists and
clinicians for the first time to develop mechanistically driven and relatively well tolerated treatment regimens for
cancer therapy. In this review, we will focus on specific inhibitors of histone-modifying complexes that have recently

entered clinical trials (Table 1).

Table 1. Clinical development stage of histone methyltransferase enzymatic inhibitors.

Drug Target Clinical phase Indication
Tazemetostat

EZH2 approved Rhabdoid tumors, Follicular lymphoma
(EPZ-6438)

Diffuse Large B-Cell Lymphoma, Prostate Cancer, Synovial

Tazemetostat . . .
Sarcoma, Epitheloid Sarcoma, Mesothelioma, Squamous-cell
EZH2 phase 2 ) ) ) ) )
Carcinoma, Urothelial Carcinoma, Ovarian and Endometrial
(EPZ-6438)
Carcinoma, Melanoma,
GSK2816126 EZH2 phase 1 Diffuse Large B Cell Lymphoma, Follicular Lymphoma, Other

Non-Hodgkin's Lymphomas, Solid Tumors, Multiple Myeloma
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Diffuse Large B-Cell Lymphoma, Prostate Cancer, Advanced
CPI-1202 EZH2 phase 2 )
Solid Tumors

Pinometostat

DOTI1L phase 2 Acute Myeloid Leukemia, Acute Lymphatic Leukemia
(EPZ-5676)
Tranylcypromine  LSD1 phase 2 Acute Myeloid Leukemia, Myelodysplastic Syndrome
ladademstat

LSD1 phase 2 Alzheimer’s Disease
(ORY-2001)
Bomedemstat Essential Thrombocythemia, Polycythemia vera,

LSD1 phase 2 Myelofibrosis, Acute Myeloid Leukemia, Myelodysplastic
(IMG-7289) Syndrome

3. Disrupting Protein-Protein Interactions to Target
Epigenetic Complexes

Despite the recent advances in the development and clinical establishment of enzymatic inhibitors of chromatin
modifiers, major challenges remain on the way to development of more clinically efficacious drugs that target
chromatin complexes. As described above, most enzymatic inhibitors of histone-modifying enzymes that have been
assessed to date show only modest clinical activity, particularly when administrated as single agents. Several of
these compounds showed sufficient on-target activity in vivo (as measured by global reduction of histone
methylation) and were relatively well tolerated. Still, the clinical responses observed were not as extensive as might
have been predicted based on the phenotypes described in preclinical model systems using genetic-inactivation
and small molecule inhibitors. In recent years, a growing body of evidence suggests that inhibition of any single
enzymatic activity/function in a chromatin complex may be insufficient to perturb epigenetic homeostasis and
control gene expression in cancers cells. This has recently been demonstrated for complexes containing EZH2 and
LSD1 [SSI24]95] Similarly, pharmacologic inhibition of DOT1L's methyltransferase function shows modest and
delayed responses in vitro and in vivo when compared to genetic inactivation that demonstrated DOT1L’s essential
function in MLL-rearranged leukemia [28IE7IS8I99NL00]I0LI102]103]  Therefore, we expect approaches that disrupt

chromatin associated complexes more extensively may be more therapeutically efficacious.
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Another major issue is that only a relatively small fraction of essential proteins on chromatin have enzymatic
activity, so the spectrum of potential applications for catalytic inhibitors is naturally limited. Recent advances in the
development of inhibitors of protein—protein interactions open up a novel field of potential applications, particularly
in the epigenetic space, were a large proportion of the dense network of multiprotein-complexes cannot be
pharmacologically addressed using enzymatic inhibitors. In the past few years, a variety of compounds disrupting
epigenetic protein—protein interactions have been synthesized and established mostly in vitro 224, |n this section,
we will focus on Menin-MLL inhibitors and bromodomain-inhibitors since these molecules have already been

intensively investigated in preclinical studies and entered early-phase clinical trials.

4. Hijacking the Proteasome for Targeted Protein
Degradation

In the recent years, targeted protein degradation has evolved as a novel and emerging strategy in drug
development [L03II108I107] Two major concepts to achieve targeted protein degradation have been established and

are currently exploited in drug discovery:

"Immunomodulatory drugs” like the FDA-approved compounds Thalidomide, Lenalidomide, and Pomalidomide
exert their therapeutic function by selective degradation of a variety of zinc-finger transcription factors, including
IKZF1 and IKZF3. Those molecules act as a "molecular glue" that binds to its target and subsequently recruits a
cereblon E3-ligase complex, leading to polyubiquitination and proteasomal degradation of the target [108I109]
Recent advances in drug discovery strategies have led to screening approaches that allow to exploit this molecular
glue concept to design degraders that specifically target other target proteins, opening up the opportunity to

address a variety of drug targets including epigenetic modifiers in the future [LQIL11]

PROteolysis TArgeting Chimeras (PROTACS) are bifunctional molecules high affinity ligands of ubiquitin ligases
like cereblon (CRBN), Von Hippel-Lindau (VHL), or DCAF16 are linked to a highly specific binder to the protein of
interest (20811071 The design and application of PROTACSs is rapidly evolving in part due to the fact that highly
selective binders of target protein are available for a variety of target proteins in the form of established small
molecules that bind to enzymatic pockets or other protein domains. PROTACs successfully targeting kinases,

nuclear receptors, and epigenetic modulators have recently been established 198!,

In the space of bromodomain-targeting, the differences between bromodomain-inhibition and targeted
bromodomain-protein-degradation have been demonstrated and exemplify the potential of this novel targeting
approach. In contrast to BET-competitive inhibition, targeted degradation of BRD4 using the optimized degrader
molecule dBET6 led to a global breakdown of transcription, therefore having more rapid and dramatic
consequences in cancer cells 212, The partial selectivity of BRD4-inhibtion for cancer specific enhancer and super-
enhancer programs was not observed with this BRD4 degrader. This data demonstrated, that indeed BRD4 is a
common essential gene with a non-redundant function in transcriptional elongation in malignant as well as normal
cells. Therefore, the degradation of BRD4 has detrimental consequences, indicating a clear mechanistic difference

to bromodomain-inhibition. Presumably, these differences are due to a more rapid and profound disruption of the
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transcription machinery at actively transcribed genes. Even though it might be challenging to manage toxicity of
this type of treatment in more advanced pre-clinical stages of development, BET-degradation by dBET6 has been
shown to be an efficient and tolerable treatment strategy in a mouse model of glioblastoma, indicating a potential
therapeutic window in some transcriptionally driven cancers 113l Nevertheless, based on the current data, it is
guestionable if BRD4 degradation is a viable therapeutic approach for targeted therapy rather than a cytotoxic
treatment with a therapeutic window in aggressive cancers, similar to chemotherapy. However, these data clearly
demonstrate different functional consequences when one uses small molecules to inhibit a protein’s function as

compared to complete eradication of the protein.

A clearer example for the potential therapeutic advantages of bromodomain-protein degradation are the pre-clinical
observations made in synovial sarcoma regarding targeting of BRD9. As opposed to BRD4, BRD9 is a selective
dependency in certain cancer types, including AML and synovial sarcoma [141151116] BRD9 is a part of the
mammalian SWI/SNF chromatin remodeling complex, more specifically the ncBAF complex L1718 pysfunctional
BAF-complexes have a specific relevance in synovial sarcoma, since the disease is driven by SS18-SSX fusion
oncogenes. SS18 itself is a part of mammalian BAF-complexes, therefore, its involvement in oncogenic fusions in
synovial sarcoma drives aberrant SWI/SNF function. Importantly, genetic targeting of BRD9 using different single-
guide RNAs was detrimental for synovial sarcoma cells. A selective inhibitor of the BRD9-bromodomain on the
other hand showed only modest cellular activity at reasonable drug concentrations. ChIP-sequencing
demonstrated that BRD9-bromodomain inhibition only led to a sub-complete dissociation of BRD9 from chromatin
(Eigure 2). When utilizing a PROTAC of BRD9 (dBRD9A), the therapeutic efficacy in synovial sarcoma could be
substantially improved due to elimination of BRD9 and a suspected higher degree of ncBAF complex disruption
(1141 These findings have prompted the development of orally bioavailable degraders of BRD9. The first clinical trial

investigating one of these compounds in synovial sarcoma are projected to start by the end of 2021.

steady state Bromodomain inhibition Targeted degradation

enhancer
activation

BI7372 -
I-BRD9 Z

Figure 2. Schematic of the ncBAF-complex and the molecular consequences of BRD9-inhibition and BRD9-
degradation. The chromatin remodeling function of the ncBAF complex is essential in maintenance of SS18-fusion
driven synovial sarcoma (left). BRD9-bromodomain-inhibition leads to only a partial dissociation of the complex
limiting cellular efficacy (middle). Targeted degradation of BRD9, on the other hand, de-stabilizes the complex to a

greater extent, enabling increased cellular efficacy (right).
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